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Abstract

:

Kiwifruit decline syndrome (KiDS) has affected kiwifruit orchards for more than ten years in the Mediterranean area, severely compromising productivity and causing extensive uprooting. The affected plants go through an irreversible and fast wilting process. The problem has not been solved yet, and a single cause has not been identified. In this work, we carried out a survey on ten five-year-old healthy kiwifruit cv. Hayward plants cultivated in an area strongly affected by KiDS and characterised by a rising temperature and vapor pressure deficit (VPD). Five plants were located in a KiDS-affected orchard. Our goal was to assess the hydraulic conductance of asymptomatic plants in a KiDS-affected area where rising climate change stress is underway. Our hypothesis was that a rising temperature and VPD could impair xylem functionality, leading the plants to develop strategies of tolerance, such as vessel narrowing, or stress symptoms, such as cavitation or implosion, inducing a higher risk of KiDS onset. Hydraulic conductance was investigated using a physiological and morphological approach to detect trunk sap flow, trunk growth and daily diameter variations, leaf gas exchanges and temperature, stem water potential, and the root xylem vessel diameter and vulnerability to cavitation. A strong xylem vessel narrowing was observed in all plants, with the highest frequency in the 30–45 µm diameter class, which is an indicator of long-term adaptation to a rising VPD. In some plants, cavitation and implosion were also observed, which are indicative of a short-term stress response; this behaviour was detected in the plants in the KiDS-affected orchard, where a high leaf temperature (>39 °C), low stomatal conductance (<0.20 mol H2O m−2 s−1) and transpiration (<3 mmol H2O m−2 s−1), low stem water potential (<−1 MPa), high vulnerability to cavitation (3.7 μm mm−2), low trunk sap flow and high daily stem diameter variation confirmed the water stress status. The concurrence of climate stress and agronomic management in predisposing conditions favourable to KiDS onset are discussed, evidencing the role of soil preparation, propagation material and previous crop.
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1. Introduction


The worldwide kiwifruit production in 2021 amounted to about 6,850,000 metric tons. The top kiwifruit-producing country in the world is China with approximately 2,380,787 metric tons per year; New Zealand is the second kiwifruit-producing country with about 628,496 metric tons per year, and Italy is the third with 416,060 metric tons produced annually [1].



Over the last decade, kiwifruit cultivation has been challenged by several threats. Serious damages to kiwifruit orchards arose from the bacterium Pseudomonas syringae pv. actinidiae [2], and recently, from the insect Halyomorpha halys [3]. Since 2012, a new syndrome has been reported in Italy, and in 2020, it affected 25% (6600 ha) of the Italian kiwifruit production area [4]; this value rose to about 36% (more than 9000 ha) in 2022, with regions such as Veneto and Piedmont severely compromised (>80% and 70% incidence, respectively) [5]. Since its appearance, the possible causes of this syndrome have been largely investigated, and several designations have been attributed to it—(i) KD = Kiwifruit Decline, (ii) KVD = Kiwifruit Vine Decline, (iii) KVDS = Kiwifruit Vine Decline Syndrome, (iv) KiDS = Kiwifruit Decline Syndrome, (v) KEDS = Kiwifruit Early Decline Syndrome and (vi) “moria del kiwi”—describing the same symptoms arising in the root system and the canopy. In the present work, we adopted the “KiDS” designation. In KiDS-affected plants, the roots show poor and superficial growth and widespread brown, soft-rotting areas, the cortical layers are hypertrophic and detached from the central cylinder, and fine feeder roots are absent; the canopy goes through an irreversible and fast wilting process, suddenly appearing in the middle of the vegetative season, with stunted fruit growth and drop. The root symptoms precede canopy wilting, and once affected, the plants usually die within 2 years [6,7,8].



Several factors have already been investigated in terms of the possible origin of this syndrome such as soil-borne pathogens, waterlogging, environmental conditions, agronomic and soil management, but none of the stress factors investigated so far can be considered the sole cause of KiDS onset [9,10,11,12,13,14,15,16,17,18]. Therefore, the occurrence of this syndrome is still unexplained, and it is generally recognised as the likely consequence of multiple concurring factors.



As symptoms start from the roots, most studies have focused on the soil, looking for possible biotic or abiotic stress factors. The study of soil microbioma has evidenced an association of KiDS-affected plants with a significant loss of microbial biodiversity and with the presence of opportunistic pathogens, such as oomycetes or saprophytic bacteria [6,13,14,15,17]. The improvement of soil biological fertility through the addition of organic matter or selected rhizospheric microbial consortia has been assessed, with scarce results, as the KiDS onset was not prevented [19,20]. Soil ridging and watering management aimed at avoiding water excess and flooding have also been tested, as kiwifruit roots are highly sensitive to hypoxic conditions, but also–these treatments were not sufficient to stop KiDS from spreading [16,18,20,21,22,23,24,25]. A recent statistical survey carried out using Multiple Correspondence Analysis (MCA) on 125 Italian kiwifruit orchards showed that seven factors were related to KiDS occurrence: the propagation material (from micropropagation), the age of the propagation material (one year), the presence of PSA (Pseudomonas syringae pv actinidiae), the previous crop (tree crop), the soil cationic exchange capacity (CEC, low), soil salinity (low) and soil chalk (low) [26].



Recently, a possible role of climate change has been proposed, highlighting the influence of high air and soil temperatures and vapor pressure deficit (VPD) on kiwifruit plant physiology and anatomy [19,20,27,28,29,30]. Rising temperatures and a VPD following climate change are considered among the main causative agents of plant decline and reduced crop productivity [31,32]. Anisohydric plants, like kiwifruit, are particularly damaged by global warming, due to reduced stomatal sensitivity, which makes them more vulnerable to a rising VPD and a negative carbon balance induced by high temperatures, which prevents root growth; indeed, anisohydric plants do not even benefit from watering under drought stress [31]. Kiwifruit is also strongly vulnerable to hydraulic conductance failure due to very large xylem vessels, fleshy texture and a high evaporative demand [32,33]. According to the cohesion–tension theory of water transport, water molecules are pulled through the xylem under tension and due to hydrogen bonds among them, following the water potential gradient between leaves and roots. Then, the xylem must withstand both the mechanical stresses associated with negative pressure and the risk of air entering the hydraulic pathway. Therefore, transport failure can occur due to the collapse of the conduit walls (implosion) or the rupture of the water column through air seeding (cavitation) [34,35,36,37,38,39,40]. Implosion may restrict hydraulic transport by reducing the conduit diameter and may also trigger cavitation [40]. The reduced hydraulic conductivity can determine a cascade of physiological responses such as the stomatal restriction of transpiration and photosynthesis [41,42] or leaf abscission [43].



Plants exposed to drought stress and to a high evaporative demand develop adaptation strategies to reduce the risk of cavitation and implosion, which can vary between different species and within the same species [31]. Frequently adopted strategies for long-term adaptation are decreasing the xylem vessel diameter, because large xylem vessels are more exposed to cavitation, and increasing the vessel wall thickness, because thinner walls are more exposed to implosion [31,37,44,45].



KiDS-affected plants’ main symptom is wilting; thus, a possible involvement of hydraulic conductance failure can be assumed. Therefore, it can be hypothesised that climate could also play a role, concurring with other stress factors, in KiDS occurrence. In KiDS-affected plants, a decrease in the xylem vessel diameter has been reported, which can be considered a form of adaptation to drought stress and a rising VPD [20]. Climatic stress can also cause reduced photosynthetic activity, due to high temperatures and stomatal closure; this can result in a negative carbon balance, at the cost of xylogenesis and of vessels wall thickening, promoting the risk of implosion as well.



In this work, we carried out an in-field survey in a strongly KiDS-affected area in Northern Italy, where–rising VPD and temperatures have been detected in recent decades [46], in order to explore the hydraulic conductance of cultivated kiwifruit plants. Ten healthy plants of Actinidia chinensis var. deliciosa (cv. Hayward) were chosen for the detection of physiological and morphological parameters related to water uptake and flow and the plant water status; the trunk sap flow rate, diameter growth and daily diameter variation and leaf temperature were monitored during two years. Physiological parameters were detected during the growing season. The leaf gas exchanges, stem water potential and root xylem vessel diameter, density and area were analysed, and the vulnerability to cavitation index was calculated. The soil temperature was also monitored, and weather data were collected from the nearest agrometeorological station. Five plants were chosen among the healthy plants in an orchard in which 40% of plants showed KiDS symptoms (O1), while another five plants were located in an orchard not affected by KiDS (O2). The two orchards were close, planted in the same year and similarly managed; they differed in terms of their planting conditions: soil preparation, previous crop and propagation material. Our goal was to assess and describe the hydraulic conductance of asymptomatic plants under productive conduction in a KiDS-affected area where rising temperatures and VPD were detected in recent decades. Our hypothesis was that the rising temperature and VPD impaired xylogenesis and xylem functionality, leading the plants to develop strategies of tolerance, such as vessel narrowing, or stress symptoms, such as cavitation or implosion, and that impaired hydraulic conductance could contribute to the exposure of plants to a higher risk of KiDS onset, mostly when subjected to other predisposing factors such as those previously identified [26]. As far as we know, the possible role of the hydraulic conductance in KiDS onset under a changing climate has not been explored so far. The newly acquired knowledge could contribute to focusing on possible effective strategies for agronomic management designed to prevent KiDS onset.




2. Materials and Methods


2.1. Trial Set Up


The study was carried out in two orchards located in the province of Cuneo in Piedmont (Northern Italy), where KiDS caused the uprooting of about 40% of kiwifruit orchards over the last 10 years. The locations of the site and of the investigated orchards are shown in Figure 1.



The orchards were very close but affected differently by KiDS; five plants were chosen among the healthy plants of the orchard in which 40% of plants showed KiDS symptoms (O1), while the other five plants were located in an orchard not affected by KiDS (O2). The orchards were planted in the same year and similarly managed; they differed in their planting conditions: soil preparation, previous crop and propagation material (Table 1).



The plants chosen were identified as follows: A, B, C, D and E in O1 and F, G, H, I and J in O2. B and J were male plants. Each plant was equipped with sensors for the monitoring of daily stem diameter variation and growth, trunk sap flow and leaf temperature; the monitoring lasted two years (2021 and 2022) and was stopped at the end of the second year due to the decision of the owner of O1 to uproot the row.



During the vegetative seasons, physiological determinations were carried out by detecting leaf gas exchanges and stem water potential. Anatomical analyses were carried out via light microscopy on roots sampled at the end of the vegetative season.



The soil temperature and water potential were monitored in both orchards, and weather data were collected from the nearest agrometeorological station. The data collected were analysed for the reference period corresponding to potentially greater climate stresses. The corresponding days of the year (DOYs) ranged from 154 (3 June) to 258 (15 September) for both years (2021 and 2022).




2.2. Field Site Description and Management


The location and main characteristics of the orchards are reported in Table 1.



The altitude and climatic zone were identical, and the agronomic management was very similar. According to the Köppen–Geiger classification [47,48], the area was characterised by a Cfa (i.e., warm temperate) climate, without a dry season and with hot summers. In both investigated orchards, the soils were classified as Dystric Fluventic Eutrudept, coarse-loamy, mixed, nonacid and mesic [49] or Fluvic Cambisol [50]. The physical and chemical soil characteristics of both orchards are reported in Table 2. The soil texture was loamy in both orchards, with a little lower clay and higher sand content in O2, which also showed higher values of organic carbon, CEC, a Ca/K ratio and assimilable iron, while assimilable phosphorus was lower.



Water management (Table 3) was carried out using a drip irrigation system, and the volumes required to restore soil depletion were determined based on soil moisture detected at two depths (20 cm and 40 cm) using soil moisture sensors (Watermark, Irrometer Company Inc., Riverside, CA, USA). Overall, irrigation volumes in 2021 were higher in O1, particularly from August to October, while in 2022, in O2, they were more than double compared to those in O1.




2.3. Environmental Measures


2.3.1. Weather Data


Weather data such as precipitation (mm), air temperature (°C), solar radiation (W m−2), relative humidity (%), wind speed (m s−1) and vapour pressure deficit (VPD, kPa) were obtained from the nearest available weather station (METOS® station, Pessl Instruments GmbH, Weiz, Austria) (Coordinates N 44.658546, E 7.460144).




2.3.2. Soil Temperature


The soil temperature was monitored at two depths (20 cm and 40 cm) using temperature sensors, and the data were recorded using a datalogger (WATERMARK Monitor-900M) and downloaded periodically.





2.4. Physiological and Biometric Measures


2.4.1. Leaf Gas Exchanges


The measurements were carried out during 2021 (DOYs 195, 201, 209 and 215 at different times of the day: 09:30 a.m., 13:30 p.m. and 17:00 p.m.) and 2022 (DOY 143 in the morning between 09:30 and 11:30 a.m.) on five plants per orchard, and on three leaves (apical, young and fully developed) per plant.



Photosynthesis (A, µmol CO2 m−2 s−1), stomatal conductance (gs, mol H2O m−2 s−1) and transpiration (E, mmol H2O m−2 s−1) were measured using an InfraRed Gas Analyser (IRGA, Portable Photosynthesis system Li-Cor, Ecosearch, Montone, Italy).




2.4.2. Stem Water Potential


The measurements were carried out during 2022 (DOY 143 between 13:00 and 14:30 p.m.) on five plants per orchard, and on two leaves per plant.



Leaves were covered with aluminium bags for 30 min to reach balance between leaf and stem water potentials and then picked from the middle of the shoot to measure the stem water potential (SWP, MPa) [51] using a pressure chamber (Ecosearch S.R.L., Montone, Italy) according to Scholander et al. [52].




2.4.3. Leaf Temperature


Leaf temperature was monitored using LT-1T sensors, and the data were logged using a data logging system SDI-12 Standard (version 1.3) (Edaphic Scientific, Melbourne, VIC, Australia) from June 2021 to September 2022 (DOYs 154-258); the sensors were placed on one leaf per plant in four plants per orchard.




2.4.4. Sap Flow


The trunk sap flow was monitored from June (DOY 154) 2021 to September (258) 2022 in five plants per orchard using a Heat Pulse Velocity Sensor (Implexx, Melbourne, VIC, Australia). The stainless steel needles had a diameter of 0.0013 m and length of 0.030 m, and a 0.006 m distance was between the heater and temperature needles. Negative temperature coefficient (NTC) thermistors, with an accuracy of ±0.2 °C and a resolution of 0.001 °C, were in each temperature probe at 0.010 m and 0.020 m, respectively. The heater probe had a typical resistance of 38 Ω and dissipated approximately 4 W of power per 3 s heat pulse. The total energy applied per heat pulse was ~400 J m−1. The thermistors and heater element were controlled through a serial-to-digital interface (SDI-12, Implexx Sense, Melbourne, Australia) that measured temperature at a resolution of 0.2 sand precisely controlled a 3 s heat pulse.



Data were logged at 30 min intervals using a data logging system (CR300 datalogger, Campbell scientific, Shepshed, Leicestershire, UK) and used to calculate the trunk cumulative sap flow (L) and the trunk daily sap flow rate (L/h−1).




2.4.5. Dendrometric Measurements


Diameter dendrometers (DD-S2, Ecomatik, Munich, Germany) were placed in the trunk at a height of about 100 cm above ground on three plants per orchard. The sensor resolution was 0.2 µm and the accuracy was ±0.1%. The data collected were used to calculate the trunk growth and the daily diameter variations.





2.5. Anatomical Analyses of Roots


2.5.1. Slice Preparation for Light Microscopy


At the end of the vegetative season in 2022, structural root samples (about 1 cm in diameter) were collected from each plant, rinsed under running water to remove soil residues and pre-treated in a 9:1 water–glycerol solution. Cross sections of 20 μm in thickness were obtained using a Leitz 1516 rotary microtome (Leica, Wetzlar, Germany) and bleached using a sodium hypochlorite 5% solution. After rinsing with water, slices were mounted on slides for microscopic analysis. The slides were observed using a Leica DM2000 LED light microscope (Leica, Wetzlar, Germany), and images were acquired using a digital camera (Leica DFC450C) and the Leica LASX 5.0.3.2480 software.




2.5.2. Image Analysis and Scripting and Xylem Vessel Measurements


ImageJ (open-source software) was used for image processing [53]. In detail, for this work, we used Fiji v2.14.0 [54], an updated version of the software enabling the ability to create codes using the programming language Python (v3.8), which allows the processing time to be accelerated [55].



The images acquired using the Leica LASX software were colour composites, i.e., each image consisted of different layers (or channels) that can be processed separately or merged into one RGB image. For this procedure, the composites were converted into binary 8-bit grayscale images, where every pixel corresponds to a digital number ranging from 0 (absolute black) to 255 (absolute white). The images were then processed using the built-in Threshold function. The aim of this step is to discriminate between white and grey-to-dark pixels. We observed that the most accurate thresholding results were obtained using the Triangle algorithm [56], which can be easily implemented and provides the best results when there is a dominant background peak. This method, also known as Minimum Error Thresholding, allows a threshold value to be selected that is able to minimise the difference between object and background pixels, while maximising the separability between the 2 classes of pixels. For this method, the threshold value was determined by normalising the height and dynamic range of the pixel intensity histogram of the image [57]. After the thresholding procedure was performed, the image was processed using the Analyze Particles function (also called ParticleAnalyzer, PA), returning information for each particle (i.e., each group of pixels that can be considered a separate item) within the image. Since white pixels could identify elements other than the xylem vessels (e.g., intracellular space, parenchymatic cells, etc.), thresholding values could be applied to minimise the PA’s overestimation. Thresholding values regarding the minimum size of the elements and minimum circularity were specified. Circularity [58] is defined as follows:


  C i r c u l a r i t y = 4   π   ·     Area   P e r i m e t e  r 2     








with values ranging from 1 (i.e., a perfect circle) to 0 (i.e., an increasingly elongated polygon).



Three slices per plant were acquired and processed using ImageJ/Fiji v2.14.0. The PA was performed over a region of interest (ROI) of 1 mm2. As a result, different parameters were obtained for every vessel observed within the ROI regarding area, perimeter and Feret’s diameter.



Feret’s diameter, which represents the longest distance between any two points along the boundary of an object [59,60], is considered a crucial metric for characterising the size and shape of plant structures (e.g., vessels) [61]. Its ability to capture the overall spatial dimensions of plant structures, enables variations in size and shape to be quantified and compared across different specimens and treatments within an experimental design. This metric proves particularly useful in assessing plant responses to environmental factors, growth conditions or genetic modifications, aiding in the understanding the physiological processes.



In each image, the xylem vessel density (vessels number mm−2), vessel area (μm mm−2) and vessel diameter (μm) were detected; the frequencies of distribution, classified by different diameter sizes, were also calculated.




2.5.3. Xylem Vessel Vulnerability to Cavitation Index (VI)


To assess and quantify the vulnerability to cavitation, the vulnerability index (VI) [62,63] was used, and it was calculated as follows:


  V I =  D   V D     








where D is the vessel diameter (μm), and VD, the vessel density (vessel number mm−2).





2.6. Statistical Analysis


ANOVA and least significant difference (LSD) analyses were carried out by assuming a p-value threshold ≤ 0.05. Data were processed using Excel (MS 16 Software) and PAST (v4.08) [64].





3. Results


3.1. Weather Data


Figure 2 shows the trend of the VPD and minimum, maximum and average air temperatures recorded during the reference period (from DOYs 154 to 258) in 2021 and 2022.



The weather data recorded during the two years are in line with the trends of growing temperatures and VPD observed during the last ten years within the study area [30]. As indicated in the annual regional reports from ARPA [65], 2022 was the warmest year for the whole historical climatic series (1958–2022) over the whole region.



The maximum daily temperatures reached very high values at DOY 227 (35.34 °C) in 2021 and at DOY 206 (37.04 °C) in 2022. The number of days with temperature values higher than 30 °C were 41 and 75 in 2021 and 2022, respectively.



The VPD in 2021 was higher than 2 for 58 days, and higher than 3 for 8 days. In 2022 the number of days overpassing such thresholds increased, scoring VPD values higher than 2 for 77 days and higher than 3 for 31 days. The highest values detected were 3.97 in 2021 (DOY 199) and 3.78 in 2022 (DOY 203).




3.2. Soil Temperature


Figure 3 shows the trends for soil temperature at 0–20 cm (Figure 3a,b) and at 21–40 cm (Figure 3c,d) in O1 and O2 during the reference period (DOYs 154 to 258) in 2021 and 2022.



Soil temperature was always higher in O1 at both detected depths (20 and 40 cm) and remained higher than 20 °C for long periods during summer. The soil temperature of O1 was higher in 2022 than in 2021 at both the superficial and deep layers.




3.3. Leaf Gas Exchanges


In Figure 4, the mean values of stomatal conductance (Figure 4a) and transpiration (Figure 4b) recorded during the growing season of five plants from O2 and O1 are reported. In Figure 5, the mean values of stomatal conductance and transpiration recorded during 2021 in different days and at different times of the day are reported.



Stomatal conductance was always significantly lower in plants from O1 throughout the growing season (Figure 4a), especially in the morning and in the afternoon (Figure 5). Also, transpiration was lower in plants from O1 (Figure 4b). Figure 6 shows the relationship between photosynthesis and leaf stomatal conductance (Figure 6a) and the relationship between transpiration and leaf stomatal conductance (Figure 6b). Photosynthesis was related to stomatal conductance without differences between plants from O1 and O2, while transpiration was lower in plants from O1 when related to stomatal conductance (Figure 6b).




3.4. Stem Water Potential (SWP)


Figure 7 shows the stem water potential recorded for plants from O1 and O2; the data shown are the mean values of the data recorded from five plants per orchard.



Significant differences were detected between plants from O1 and O2 for the SWP. The SWP ranged from −0.9 to −1.2 MPa in plants from O1, while in plants from O2, the values ranged from −0.4 to −0.7 MPa.




3.5. Leaf Temperature


Data of the daily maximum leaf temperature recorded in 2021 and 2022 from leaf temperature sensors are shown in Figure 8. The leaf temperature was always higher in plants from O1 than in O2, exceeding 30 °C during 82 days in 2021 (Figure 8a) and 89 days in 2022 (Figure 8b) in O1, and during 14 days and 25 days in 2021 and 2022, respectively in O2. Leaf temperatures exceeding 39 °C were detected only in O1, during 18 and 24 days in 2021 and 2022, respectively. Temperatures of 40 °C were recorded on DOYs 183 and 200 in 2021 in plants from O1, while the highest value was 34 °C on DOY 228 in plants from O2.




3.6. Sap Flow


In Figure 9, the values of sap flow recorded in 2021 and 2022 from plants from O1 and O2 are shown. The values of the sap flow rate, calculated as the mean of all data recorded from DOY 154 to DOY 258 are shown in Figure 9a, while the cumulative daily sap flow detected on DOY 258 is shown in Figure 9b.



Both the sap flow rate (L h−1) and cumulative sap flow (L) were higher in plants from O2 compared to those from O1, with a strong difference in 2022. A discrete variability between the individual plants was observed: the final cumulative sap flow values at the end of the monitored period ranged from 320 L (plant J) to 695 L (plant I) in O2 and from 135 L (plant A) to 608 L (plant E) in O1 in 2021, and from 263 L (plant F) to 653 L (plant H) in O2 and from 90 L (plant A) to 204 L (plant E) in O1 in 2022.



The values of the daily stem sap flow rate recorded from June to September during the vegetative season of the two years (2021 and 2022) are shown in Figure 10. The daily stem sap flow rate showed diurnal variation characteristics, exhibiting a unimodal distribution every day. Plants from O1 showed a progressive decrease in the daily maximum flow rate starting from the second half of June 2021, becoming less than half in comparison to the plants from the O2 during summer and remaining low throughout the whole following year.



The hourly frequency of the daily maximum sap flow rate shown in Figure 11 was different between O1 and O2: in O2, the peaks occurred between 1:00 and 2:00 p.m. in both years, while the most frequent occurrence in O1 was at 11:00 a.m. in 2021 and at 7:00 a.m. in 2022.



The plants with the highest cumulative sap flow were those in which the highest sap flow rate peak frequency dropped during the central hours of the day: in O1, the plants with peak values between 11:00 a.m. and 02:00 a.m. (C–E) showed higher cumulative sap flow values, while in the other plants, evidencing a lower cumulative sap flow (A, B), the sap flow rate dropped during the central hours of the day.




3.7. Dendrometric Measurements


Trunk diameter growth and daily cycles of diameter fluctuations monitored during vegetative season (from DOY 154 to 258) of the two years 2021 and 2022 are reported in Figure 12.



In both years, a regular trunk growth was detected within O2 from June (DOY 152) until DOY 244 (2021) and DOY 240 (2022), followed by a slightly slowing growth rate. In 2021, trunk growth started regularly within O1 in June (DOY 152), but it showed an early slowing from DOY 175 until mid-July (DOY 196), when the growth stopped; in 2022, the growth was almost nil.



The daily stem diameter variations, resulting from the cycles of shrinkage and swelling during the day as a consequence of the water status of the tree [66,67], were much larger in plants from O1, particularly during the second year.



The superposed daily dynamics of the sap flow rate and stem diameter are reported for some sample days in Figure 13. It can be observed that these dynamics correspond to the model proposed by Herzog et al. [68] for plants from O2 (Figure 13b), while the maximum sap flow rate detected early in the morning in plants from O1 corresponds exactly to the maximum stem diameter (Figure 13a).




3.8. Root Xylem Vessel Diameters


The distributions of the vessel diameter sizes of each plant examined and of the mean value of five plants per orchard are reported in Figure 14. The plants from O2 were characterised by a higher frequency of vessels within a diameter ranging from 31 to 45 μm (mean value 35%), with a maximum >60% in plant J and the exception of plant F, of which its maximum was in the 46–60 μm class. The diameter of the vessels was never higher than 135 μm within the O2 plants, except for plant G, while plants from O1 showed a broader distribution toward wider diameters, reaching 210 μm. Also, the frequency mean value of plants from O1 was highest in the 31 to 45 μm class, but it was lower (<25%), and in plant B, the maximum was in the 121–135 μm class.




3.9. Root Xylem Vessel Density, Vessel Area and Vulnerability to Cavitation


The root xylem vessel density, vessel area and vulnerability to cavitation index (VI) detected in each plant and the mean values of five plants per orchard are reported in Table 4, where the final cumulative sap flow detected in 2022 is also reported. Plants from O2 evidenced a higher vessel density, with a 31.3 vessels mm−2 mean value, and individual values were always ≥24 vessels mm−2. Plant J scored the highest vessel density (53.3 vessels mm−2) and the lowest vessel area (<700 μm2 mm−2). Conversely, plants from O1 were characterised by a lower mean vessel density (25.2 vessels mm−2), with the lowest value detected in plant A (15.5 vessels mm−2), of which its vessel area was relatively high (>3500 μm2 mm−2), and the highest value detected was in plant E (37 vessels mm−2). The mean vessel area of plants from O1 was more than double in comparison to plants from O2.



VI values were lower for plants from O2, with a mean value of 2.08 μm mm−2; the highest VI was detected in plant G (3.05 μm mm−2), while plant J scored the lowest value (0.82 μm mm−2). Within the O1, the mean VI value was 3.7 μm mm−2; two plants (A and B) showed very high VIs (>5 μm mm−2), while plant E showed the lowest value (1.79 μm mm−2); the VI value of plant E was also lower than most of those of plants from O2.





4. Discussion


Kiwifruit is a woody liana, with very long flexible vines and shallow fleshy roots. Xylem vessels are large to allow high rates of water conductancel; in cultivated Actinidia spp., the xylem vessel diameters in younger stems are up to 80 μm [33], but larger diameters (up to 500 μm) are signalled in secondary xylem [69], and root xylem vessel diameters range from 120 to 500 μm [70]. For these reasons, kiwifruit is potentially highly vulnerable to water transport failure under drought stress.



In our survey, water availability was always optimal; however, the plants in O1 evidenced a water stress status, confirmed through the SWP, stomatal conductance and transpiration, which were significantly lower than those in O2: indeed, SWP, stomatal conductance and transpiration are considered the most precise indicators of the water status in plants. Moreover, the water volumes required for irrigation throughout the vegetative season were lower in O1, indicating a generally lower water uptake from the soil. As expected, due to the lower transpiration, a significantly higher leaf temperature was also detected in plants from O1 throughout the whole vegetative season; indeed, transpiration regulates the homeostasis of leaf temperature, and when transpiration is reduced due to low water availability or other stress factors inducing stomata closure, the leaf temperature can increase to harmful levels. Photosynthetic activity is directly hindered by high temperatures as well as by drought stress [70,71]; this could have contributed to the early growth arrest observed in plants from O1. Moreover, CO2 assimilation rose with the increases in the stomatal conductance in all plants, whereas transpiration for the same stomatal conductance was lower in plants from O1 when compared to plants from O2. This suggests that the reduced water flow from roots to leaves was not mainly caused by low stomatal conductance, but by xylem disfunction. This hypothesis is also supported by the fact that no significant correlation was found between stomatal conductance and sap flow rate when measured simultaneously (correlation coefficients: −0.50 and −0.53 in O2 and O1, respectively). So, the volume of water flow through the xylem vessels seems not to be driven only by stomatal opening. Then, these data evidence that an impediment to the water flow through the xylem vessels was mostly present in plants from O1, so it can be inferred that the water stress status in these plants was due to impaired xylem functionality.



Water transport through xylem is mediated by negative pressure due to the water potential gradient between leaves and roots; when this gradient is high, water tension can become critical within the xylem vessel lumen causing cavitation or implosion, which greatly affect xylem hydraulic transport [35,72,73,74]. Under drought stress or when subjected to strong evaporative demand, plants can adopt different strategies of adaptation in order to limit the risk of impaired hydraulic conductance. Among these long-term strategies, plants can reduce sensitivity to cavitation by reducing the xylem vessel diameter. Decreased root xylem vessel diameters were observed in KiDS-affected plants, and this was proposed to be the result of a progressive adaptation to climate change, particularly to an increasing vapor pressure deficit [19,20]. Narrow xylem vessels provide safety from cavitation; nevertheless, a reduced xylem hydraulic conductance can also result, as well as a consequently reduced growth rate under favourable conditions [75]. A different strategy of adaptation to drought stress is the thickening of xylem vessel walls to withstand collapse. This implies a higher xylem construction cost; then, when photosynthetic efficiency is impaired, i.e., by high temperatures or by stomatal closure, the ability of the plant to defend itself from implosion can be hindered.



In our study, the sap flow monitored throughout two years showed a very significant difference among the two plant groups: both the cumulative sap flow and hourly sap flow rates were significantly higher in plants from O2 than from O1, suggesting an affected hydraulic conductance in the latter, particularly in 2022, which was a very hot and dry year. Plants from O1 showed a progressive decrease in the daily maximum flow rate starting from mid-June 2021, becoming less than half in comparison to the plants from the O2 during summer, and without recovery in autumn or in the following year. In O2, the maximum daily flow rate appeared with the highest frequency in the middle of the day during the whole two-year period, whereas in O1, the flow rate did not show a specific maximum peak during the day in the first year, while it showed a maximum early in the morning in the second year. Indeed, from September 2021, when the flow rate was already strongly lowered in plants from O1, and during the whole 2022, a peak of high flow rate began to appear early in the morning, approximately one hour after sunrise, followed by a sharp drop. This behaviour could be considered a sign of an emerging recovery of the flow after the night break, immediately stopped by an interruption of the flow through the xylem, that could be ascribed to xylem vessel hydraulic failure induced by sudden negative pressure occurring at the stomata opening.



In order to focus on the possible cause of the hydraulic failure, the root xylem vessel diameters were analysed. Interestingly, the more represented frequency classes of the distribution of xylem vessel diameters were between 30 and 45 μm; then, in all plants, the xylem vessels were considerably narrower in comparison to the usual values reported in the literature, in the range of 120–500 μm [70]. This could be considered a general sign of the long-term adaptation to climate change of kiwifruit plants in this area, where a progressively rising VPD has been detected, as narrow vessels are less exposed to cavitation risk [19,20]. A broader distribution toward wider diameters was observed in plants from O1, indicating a lower adaptive ability and higher exposure to the risk of cavitation.



Moreover, the root xylem vessel density and area and the vulnerability to cavitation index were checked, and these parameters were examined in parallel with the cumulative sap flow. From the comparison between the two orchards, it emerged that plants from O1 are characterised by a higher vulnerability index, higher vessel area and lower vessel density than those of plants from O2, but with mean value differences not statistically significant; however, interesting information was also deduced by examining the characteristics of each plant. In plants from O1, the cumulated sap flow indicatively rose with increases in vessel density and with decreases in the vulnerability index; in particular, plants A and B are characterised by significantly higher vulnerability indexes, high vessel areas and low vessel densities, and significantly lower cumulated sap flows. Then, it could be speculated that both cavitation and a reduced xylem vessel number in roots may have contributed to the hydraulic failure of the whole plant, reducing the sap flow in the trunk, stem water potential and stomatal conductance and transpiration in leaf. However, plant E showed a very low VI (also lower than those of plants from O2) high vessel number, and its cumulative sap flow was the highest among plants from O1, but lower than those of all plants from O2. Moreover, the behaviours of plants from O2 were different, and no clear relation could be observed between the sap flow, vessel density and area and VI. So, it can be deduced that other factors, as well as cavitation and vessel density, could have affected the efficiency of the xylem water transport.



A possible hint could arise from the results of the dendrometric monitoring. This measurement allows us to check the growth trend and the water status of a plant at once: indeed, stem diameter changes consist of an irreversible component, due to growth, and a variable component, due to moisture content, that show a diurnal cycle. Diurnal diameter changes provide information about the sap flow and the water tension within the stem [44,45,68,76,77]. Under negative pressure within xylem vessels, the stem shrinks proportionally to the evaporative demand and to the wood density and elasticity. In our study, the dendrometric analysis revealed an early seasonal growth arrest and significantly higher daily stem diameter variations (SDVs) in plants from O1 compared to those from O2. The two orchards were very close, so the evaporative demand was presumably the same; then, the higher SDVs could indicate a higher elasticity of the wood of plants from O1, probably due to thinner vessel walls and lower lignification. The weak vessel walls, as well as the early seasonal growth arrest, can result from scarce photosynthetic efficiency, due to a low stomatal conductance, high leaf temperature and low SWP. Scarce photosynthetic efficiency hinders carbon storage to the detriment of root growth and turnover, xylogenesis, the refilling of embolised vessels, xylem vessel wall thickness, wood density and starch accumulation. The lack of thick xylem vessel walls makes the plant more vulnerable to implosion, which decreases sap flow by decreasing the vessel lumen diameter [35,40]; moreover, implosion can also trigger cavitation. Implosion and cavitation can also explain leaf petiole wilt, which appears as one of the earliest KiDS symptoms causing leaves to tilt downward, which sometimes anticipates leaf wilting.



Cavitation can also be responsible for stomatal closure [35,78]; so, the lower stomatal conductance detected since early morning in plants from O1 could be the consequence of cavitation occurring early in the day, soon after sunrise. This is also confirmed by overlapping the daily dynamics of sap flow rate and stem diameter, which revealed a very unusual behaviour in plants from O1: shrinkage was very marked even if the sap flow rate was very poor, and the maximum sap flow rate was detected early in the morning, corresponding exactly to the maximum stem diameter. This behaviour is unusual with respect to the model proposed by Herzog et al. [68], in which the daily maximum sap flow rate follows a declining phase of the stem radius. Indeed, during the night, the stem diameter usually increases, as stem rehydration takes place due to water storage replenishment, driven by a changing water potential in the absence of sap flow with an exchange of water between the xylem and phloem and related tissues (mainly cambium and parenchyma cells). In the morning, the sap flow increases after the sun reaches its maximum, usually in the middle of the day, corresponding to the stem shrinking phase; the minimum stem diameter is instead normally reached just before sunset, when the sap flow rate is in a decreasing phase. This behaviour was observed for plants from O2, but not for plants from O1, which were unable to both prevent cavitation and refill cavitated vessels. Moreover, toward the end of the vegetative season, in plants from O1, the maximum daily shrinkage showed a reduction; this could be explained by a progressive depletion of plant water storage due to the lack of sufficient water uptake from the soil, and it is an index of a very serious water stress status [44]. Then, the arrest of growth can be explained concurrently by scarce photosynthetic activity and by inefficient hydraulic conductance, which cause scarce water and nutrient uptake even if available in the soil.



Therefore, the broader distribution toward wider diameters of root xylem vessels, their higher vulnerability to cavitation, the higher daily stem diameter variation and the higher stem vulnerability to implosion that characterise the anatomical features of O1 plants in comparison to O2 plants can explain the lower trunk sap flow; consequently, the lower stomatal conductance, transpiration and SWP can be explained by the lower amount of water that is delivered to the leaves, and the plants show symptoms of drought stress, even if water in the soil was assured through irrigation. A lower transpiration can explain higher leaf temperatures, due to the loss of homeostasis. High leaf temperatures and a low stomatal conductance can cause lower photosynthetic activity, thereby explaining the lower growth and lower resistance to implosion.



The interaction of cavitation, implosion and low vessel density could determine the conditions for KiDS symptom onset. This means that both short- and long-term responses to climate stress expose plants to the risk of KiDS development.



The different behaviours of plants from O1 and O2 could be due to a different timing of responses to climate stress, and the different timings could be due to other weakening factors, which can be searched for among the differences between the two orchards. The main differences were as follows: (i) the propagation material (cuttings and micropropagation through meristem culture in O2 and O1, respectively), (ii) soil preparation (ridged and flat soil in O2 and O1, respectively) and (iii) previous crop (grass and peach in O2 and O1, respectively). Other differences were also observed in the soil: (i) organic matter, CEC, the Ca/K ratio, assimilable iron (higher in O2) and (ii) phosphorus (higher in O1). In a previous survey carried out in 2022 on 125 Italian kiwifruit orchards [62], seven parameters were identified as significantly related to KiDS occurrence: (i) the propagation material (from micropropagation), (ii) the age of the propagation material (one year), (iii) the presence of PSA (Pseudomonas syringae pv actinidiae), (iv) the previous crop (tree crop), (v) the soil CEC (low), (vi) the soil salinity (low) and (vii) the soil chalk (low). In the present study, some of these results were confirmed: (i) the propagation material, (ii) the previous crop and (iii) the soil CEC.



Very interesting inputs come from the roles of the propagation material and previous crop. KiDS occurrence is related to the propagation material produced through micropropagation. Plants from cuttings develop larger root systems than plants grown through micropropagation, as observed by several farmers during the uprooting of adult plants (personal communications); however, micropropagation is widely diffused since the occurrence of PSA, as it ensures the absence of bacteria in the propagation material to prevent the spread of the infection. Nevertheless, the sterility of the propagation material also implies the removal of the natural microbioma of the plant; as a consequence, the beneficial effects of endophytes are lost, and new plants are more susceptible to the attack of pathogens [13,79]. This could explain why KiDS was found to also be related to PSA attacks [26] as well as to opportunistic microorganisms [14,80].



The importance of microbioma arises also from the role of previous crop: when kiwifruit is preceded by a tree crop, KiDS occurrence is more probable than when it is preceded by grass [26]. The positive effect of grass is probably due to the soil’s residual biodiversity and biological fertility; when kiwifruit is preceded by a tree crop, beneficial microorganisms are lost, giving rise to a progressive deterioration of physical and biological soil properties, and leaving a negative legacy that lasts through time [13]. The preservation of natural soil biodiversity can play a significant role in root development and functionality [13], whereas the soil organic matter content is not implied in that, as it is not related to KiDS occurrence [26], as also confirmed by results previously obtained in experimental orchards [19,20]. Moreover, the addition of selected useful microorganisms to soil, as well as soil ridging, which improves root aeration and avoids soil warming, can have a positive effect on the plant growth and physiological status, but can only delay KiDS onset [19,20]. Then, improper agronomic practices that do not respect the natural soil and plant equilibria, associated with climate change, in the long term can cause irretrievable damages.



Therefore, a paradigm shift should be undertaken when looking for effective agronomic management strategies aimed at preventing KiDS onset, giving more consideration to the peculiar plant physiology and needs within the changing environment. The roles of other KiDS predisposing factors, which until now, were not receiving enough attention, should be investigated more in depth.




5. Conclusions


A survey, carried out in a region strongly affected by kiwifruit decline syndrome and characterised by a rising temperature and vapor pressure deficit in recent decades, was conducted on healthy kiwifruit plants cv. Hayward. A strong narrowing of root xylem vessels was detected in all plants, which is considered an indicator of a long-term strategy of adaptation to changing climate. In some of the monitored plants, hydraulic conductance was affected by cavitation and implosion, which are indicative of short-term stress responses; this behaviour was detected when other predisposing factors were present in the orchard: previous tree crop and the propagation material from the meristem culture. These findings indicate that climate change should also be considered among the possible factors predisposing kiwifruit plants to KiDS, possibly because the plant weakness induced by impaired hydraulic conductance can make it more sensitive to other biotic or abiotic adversities, accelerating the onset and worsening of this syndrome’s symptoms. Further investigations carried out under controlled conditions could allow us to better describe the stress response and the adaptative behaviour to a rising vapor pressure deficit in kiwifruit plants and possible interactions with other biotic and abiotic stress factors. The carbon balance should also be studied under rising temperatures, taking into account the needs for root growth and xylem vessel wall thickening.



Under productive conditions, the real water requirements of kiwifruit plants should be detected based on the indicators of the plant water status, such as a dendrometric detection of the daily stem diameter variation, instead of the soil water content, which fails to account for the water uptake and translocation capability of the plant; the daily stem diameter variation could also be adopted as an early indicator of possible KiDS onset before the symptoms appear. New agronomic management strategies should be undertaken, aimed at preventing KiDS onset, with more attention on plant and soil microbial biodiversity and on orchard microclimate control. Localised irrigation should be abandoned in favour of other systems that favour increasing the relative air humidity, thereby reducing the vapor pressure deficit, and that moisten a larger soil surface, which favours wider root development and better soil biodiversity preservation.
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Figure 1. Location of the site (red cross in maps a and b) at (a) wide-area, (b) regional and (c) municipality scales. (c) shows the orchard presenting KiDS symptoms (O1) and orchard not affected by KiDS (O2), shown in red and green, respectively. 
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Figure 2. Trends of air temperature (°C) (a,b) and VPD (kPa) (c,d) for the reference period in 2021 (a,c) and 2022 (b,d). 
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Figure 3. Trends for soil temperature at different depths: 0–20 (a,b) and 21–40 cm (c,d) in O1 and O2 during 2021 (a,c) and 2022 (b,d). Dotted lines indicate overridden missing data. 
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Figure 4. (a) Stomatal conductance (gs, mol H2O m−2 s−1) and (b) transpiration (E, mmol H2O m−2 s−1) of plants from O2 and O1. Mean of 165 detections recorded on five plants per orchard throughout the growing season. Different letters show significant differences according to ANOVA and least significant difference (LSD) analyses at p-value threshold ≤ 0.05. 
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Figure 5. Stomatal conductance (gs, mol H2O m−2 s−1) of plants from O1 and O2 at different times of the day. Data are the mean of 50 measurements performed on five plants per orchard in 2021 on different days (DOYs 195, 201, 209, 215). Different letters show significant differences between data recorded at each time according to ANOVA and least significant difference (LSD) analyses at a p-value threshold ≤ 0.05. 
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Figure 6. (a) Relationship between net CO2 assimilation (A, µmol CO2 m−2 s−1) and leaf stomatal conductance (gs, mol H2O m−2 s−1) of plants from O1 and O2; (b) relationship between transpiration (E, mmol H2O m−2 s−1) and leaf stomatal conductance (gs, mol H2O m−2 s−1) of plants from O1 and O2. Data were recorded throughout two years during growing season from June (DOY 152) to September (DOY 258). 
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Figure 7. SWP of plants from O1 and O2. Mean values of data recorded from five plants per orchard in 2022 during summer (DOY 143). Different letters show significant differences according to ANOVA and least significant difference (LSD) analyses at p-value threshold ≤ 0.05. 
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Figure 8. Daily maximum leaf temperature of plants from O1 and O2 monitored in 2021 and 2022 from June (DOY 152) to September (DOY 258). (a) year 2021, (b) year 2022. Daily mean values of data recorded from four plants in each orchard. 
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Figure 9. Sap flow rate (L h−1) mean values of all data recorded from 3 June (DOY 154) to 15 September (DOY 258) (a) and cumulative sap flow (L) detected at 15 September (DOY 258) (b); mean data of five plants per orchard. Different letters show significant differences according to ANOVA and least significant difference (LSD) analyses at p-value threshold ≤ 0.05. 
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Figure 10. Daily sap flow rate (L h−1) monitored during the vegetative season of the two years (2021 and 2022). Mean values of five monitored plants per orchard. Red line: O1; green line: O2. 






Figure 10. Daily sap flow rate (L h−1) monitored during the vegetative season of the two years (2021 and 2022). Mean values of five monitored plants per orchard. Red line: O1; green line: O2.



[image: Horticulturae 10 00392 g010]







[image: Horticulturae 10 00392 g011] 





Figure 11. Hourly frequency of the daily maximum sap flow rate in 2021 (a,c) and 2022 (b,d). Mean values of five monitored plants per orchard. Green columns: O2 (a,b); red columns: O1 (c,d). 
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Figure 12. Stem diameter dynamics monitored using dendrometric measurements from 3rd June (DOY 154) to 15th September (DOY 258): 2021 (a) and 2022 (b). Mean values of five monitored plants per orchard. Green line: O2; red line: O1. 
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Figure 13. Daily dynamics of stem diameter (primary Y-axis, red line) and sap flow rate (secondary Y-axis, green line) in plants from (a) O1 and (b) O2. 
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Figure 14. Distribution of xylem vessel diameter classes (μm): individual plants and mean values of five plants per orchard. 
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Table 1. Location and characteristics of the orchards.
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	O1
	O2





	Coordinates
	N 44.614417, E 7.497665
	N 44.620674, E 7.503988



	Farm management
	Integrated Farming System
	Integrated Farming System



	Year of establishment
	2017
	2017



	Cultivar
	Actinidia chinensis var. deliciosa (Hayward)
	Actinidia chinensis var. deliciosa (Hayward)



	Training system
	T-Bar (pergola)
	T-Bar (pergola)



	Planting distance
	4.4 m × 3 m
	5 m × 4 m



	Plant number per ha
	760
	500



	Protection nets
	Black anti-hail net
	Black anti-hail net



	Irrigation system
	Drip system
	Drip system



	Propagation material
	Micropropagation through meristem culture
	Cuttings



	Soil preparation
	Flat soil
	Soil ridging



	Previous crop
	Peach
	Grass










 





Table 2. Physical and chemical soil characteristics of the orchards.
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	Physical Parameters
	Unit
	O1
	O2





	Clay
	%
	10.78
	8.18



	Silt
	%
	49.02
	48.10



	Sand
	%
	40.20
	43.72



	Chemical Parameters
	
	
	



	pH (water)
	-
	6.71
	6.24



	Total limestone
	%
	0.39
	0.39



	Organic matter
	%
	1.389
	2.047



	Organic carbon concentration
	%
	0.807
	1.190



	Total N content
	%
	0.1008
	0.1551



	C/N ratio
	-
	8.0
	7.7



	CEC—Cation exchange capacity
	meq/100 g
	11.8
	15.1



	Exchangeable calcium
	ppm
	1496
	1709



	Exchangeable calcium
	meq/100 g
	7.46
	8.53



	Exchangeable calcium as percentages of CEC
	%
	63.5
	56.6



	Exchangeable magnesium
	ppm
	159
	157



	Exchangeable magnesium
	meq/100 g
	1.31
	1.29



	Exchangeable magnesium as percentages of CEC
	%
	11.1
	8.6



	Exchangeable potassium
	ppm
	99
	76



	Exchangeable potassium
	meq/100 g
	0.254
	0.195



	Exchangeable potassium as percentages of CEC
	%
	0.022
	0.013



	Ca/Mg ratio
	-
	5.7
	6.6



	Ca/K ratio
	-
	29.4
	43.7



	Mg/K ratio
	-
	5.1
	6.6



	Base saturation
	-
	76.7
	66.4



	Assimilable phosphorus
	ppm
	43.7
	17.2



	Assimilable phosphorus pentoxide
	ppm
	100
	39.3



	Assimilable iron
	ppm
	86
	150



	Assimilable manganese
	ppm
	15.2
	12.8



	Assimilable zinc
	ppm
	3.6
	2.6



	Assimilable copper
	ppm
	5.7
	4.7










 





Table 3. Irrigation volumes delivered in the monitored orchards during the reference period.
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Year

	
Month

	
O1 [m3 ha−1]

	
O2 [m3 ha−1]






	
2021

	
May

	
0

	
0




	
June

	
121

	
162.8




	
July

	
344.4

	
344.1




	
August

	
319.2

	
266.4




	
September

	
218.4

	
140.6




	
October

	
48.7

	
0




	
Total

	
1052

	
914




	
2022

	
May

	
29.4

	
0




	
June

	
222.6

	
555




	
July

	
193.2

	
643.8




	
August

	
193.2

	
414.4




	
September

	
119.7

	
329.3




	
October

	
0

	
0




	
Total

	
758.1

	
1942.5











 





Table 4. Xylem vessel density, area and vulnerability index in roots sampled at the end of the vegetative season in 2022. The values of each plant and mean values of five plants per orchard are reported in parallel to the final cumulative sap flow.
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Vessel Density [n mm−2]

	
Vessel Area [μm2 mm−2]

	
Vulnerability Index (VI) [μm mm−2]

	
Cumulative Sap Flow [L]






	
O1

	
A

	
15.5

	
3777.05

	
5.45

	
90.66




	
B

	
18.3

	
6022.54

	
5.90

	
119.52




	
C

	
30.0

	
3749.98

	
2.57

	
188.64




	
D

	
25.0

	
1757.91

	
2.77

	
171.72




	
E

	
37.0

	
2509.74

	
1.79

	
204.68




	
Mean value

	
25.2

	
3563.44

	
3.70

	
155.04




	
O2

	
F

	
27.3

	
1415.41

	
2.02

	
263.11




	
G

	
26.0

	
3371.57

	
3.05

	
332.33




	
H

	
24.0

	
1190.74

	
2.21

	
653.50




	
I

	
26.0

	
1773.09

	
2.28

	
400.76




	
J

	
53.3

	
685.06

	
0.82

	
543.14




	
Mean value

	
31.3

	
1687.69

	
2.08

	
438.7
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