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Abstract

:

The pneumatic method is a novel method determining vulnerability to embolism in plants, yet it remains unclear whether this method is suitable for all species with different xylem anatomy. In this study, using six tree species with contrasting xylem anatomy, including four vessel-bearing species (diffuse-porous wood and ring-porous wood) and two tracheid-bearing species (non-porous wood), we test the reliability of the pneumatic method by comparing to hydraulic methods and also considering turgor loss point and native embolism. Vessel length distribution and cut-open vessel volume were also evaluated using the silicone injection technique. Additionally, we also synthesized published data to find out the consistency between the pneumatic method and hydraulic methods. Results showed that there was a maximum 10-folds difference in mean vessel length and mean vessel diameter varying from 30 to 56 μm among species. The estimated open vessel volume ranges from 0.064 to 0.397 mL, with a maximum of 14% of the tube vacuum reservoir. For four vessel-bearing species, the pneumatic method showed good consistency with hydraulic methods, and this consistency was evidenced by turgor loss point and native embolism. For two tracheid-bearing species, the pneumatic method significantly overestimated vulnerability because of the bad consistencies with hydraulic methods and plant water relations. Data synthesis of 56 species also suggested that the pneumatic method can accurately measure the embolism vulnerability of vessel-bearing species but not for tracheid-bearing species. Our study provided further evidence that the pneumatic method is accurate for most vessel-bearing species and thus has the potential to be widely used in the plant hydraulics field. However, we proposed that the precise calculation of air discharge volume should take into account the volume of open vessels for species with wide and long vessels.
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1. Introduction


In recent years, extreme events such as drought and heat waves have increased in the context of climate change, leading to the increase in tree mortality on a global scale and hence the decline of forest ecosystems [1,2]. One of the main triggers of tree death under drought is the catastrophic embolism in the xylem conduits [1,3]. Therefore, as a core functional trait, the embolism resistance of a tree plays a very important role in survival under drought [4]. This trait can be measured by constructing embolism vulnerability curves (VCs), which represent a relationship between embolism levels and water potential [5].



In the past decades, many kinds of methods have been developed to construct VCs [6]. They are different in the ways of embolism induction and measurements. The most frequently used methods for the construction of branch VCs include bench dehydration [7], air injection [8], and centrifuge [9,10,11,12,13]. Bench dehydration is the most classical method, which simulates the process of embolism caused by the natural dehydration of plants under drought stress. This method is accurate and generally considered a reference technique for the validation of other VCs methods [14]. However, this method is time-consuming and destructive, and improper operation in the determination of embolism could easily cause artifacts [15,16,17]. Alternatively, the air injection method induces embolism by positive pressure, which could save much time compared with the dehydration process. However, it was considered that too short excised stem segments could overestimate vulnerability [18], and artifacts could be introduced at the moment of pressure release [19]. The centrifuge is the most commonly used method because of the advantages of high throughput, especially for flow-centrifuge [11,12]. Although it is capable of constructing VCs of short-vesseled species and tracheid-bearing species [20], it has been proved that this method substantially overestimated long-vesseled species because of the presence of open vessels [20,21,22,23]. On the whole, in addition to improving and standardizing current methods, the field of plant hydraulics should also develop and take advantage of novel techniques [14].



For the above three methods, embolism degrees were usually evaluated by measuring the percent loss of maximum hydraulic conductivity (PLC). In fact, the water in the previous functional conduits was replaced by air when the embolism occurred, and the air volume would increase in proportion to the embolism degrees. Inspired by this fact, a new method was designed to estimate embolisms based on airflow measurements of branches, i.e., the pneumatic method [24]. Since the amount of air and water potential are monitored simultaneously and repeatedly on the same branch, this method allows us to construct one entire VCs by using only one branch, which makes this method less destructive than the bench dehydration method. In addition, since the measurement of air discharge at one time only takes less than one minute and can be automated, this method can measure multiple samples at the same time, which would save us lots of time and prevent some artifacts caused by manual operation [25].



High time resolution, fully automatic, low cost, portable, and simple data analysis represent the main advantages of the pneumatic method [25,26]. Interested in these advantages, some studies have already tested the reliability of this method on the level of branches [24,25,27,28,29,30], leaves [25,31], and roots [32]. Moreover, these studies reported inconsistent results. For example, a study on temperate trees found that the pneumatic method can correctly estimate all of their studied vessel-bearing species [28], but there is also a study that concluded that this method might not be suitable for some long-vesseled ring-porous species [27]. A study on tropical trees and lianas (with short to long vessels) found that the pneumatic method substantially overestimated the vulnerability of all species [29]. Since the numbers, diameters, and lengths of conduits directly determined the air volume of a branch, the inconsistent results may be explained by different xylem anatomy. Additionally, the presence of open vessels when a branch is cut off may also relate to the accuracy of the pneumatic method [29]. Therefore, further work is needed to verify whether this method is applicable to all species with different xylem architecture.



To validate the VCs, besides the direct comparison of different methods, it is also important to examine whether plant water relations are in line with the vulnerability predicted by VCs. Since previous studies have proved that stomata can close timely to protect the xylem from the runaway of embolism [33,34,35], and the water potential causing 90% stomatal closure was well in line with the leaf turgor loss point (TLP) [27,33], TLP was used for the reliability test of VCs. Additionally, since the xylem should diurnally operate within a range of water potential, the minimum value a plant experiences in the diurnal cycle of water potential, i.e., the midday xylem water potential and the corresponding native embolism are useful to validate VCs [22].



In this study, we selected six tree species with contrasting xylem anatomy considering the hydraulic methods as a reference, including four vessel-bearing species (diffuse-porous and ring-porous wood) and two tracheid-bearing species (non-porous wood). Firstly, we examined their differences in xylem anatomical traits related to vessel length and diameter based on the silicone injection technique and also estimated the cut-open vessel volume. Secondly, we compared VCs and the parameters obtained from hydraulic and pneumatic methods. In this step, data synthesis, combing published literature and our data, was also conducted to figure out the consistency between the hydraulic and pneumatic methods in a broad range of species. Additionally, we estimated leaf turgor loss point and midday native PLC of terminal branches and checked whether these parameters correspond well with plant vulnerability measured by two methods. The main objectives of our study were to: (1) evaluate if there is consistency between the hydraulic and pneumatic methods and if inconsistencies can be explained by contrasting xylem anatomies and (2) if the vulnerability traits estimated using these two methods are consistent with other hydraulic traits such as native embolism and turgor loss point.




2. Materials and Methods


2.1. Plant Material


Plant material was collected at the nursery and campus of Northwest A&F University (Yangling, China; 34°16′ N, 107°59′ E). Six tree species were chosen based on their contrasting xylem anatomy, i.e., four vessel-bearing species (two species with diffuse-porous wood (Populus spp. and Liriodendron chinense) and two species with ring-porous wood (Quercus variabilis and Robinia pseudoacacia)), and two tracheid-bearing species (with non-porous wood, Metasequoia glyptostroboides, and Ginkgo biloba). Populus spp. is a hybrid issued from I-101 (Populus alba) × 84K (P. alba × P. tremula var. glandulosa) and planted at the nursery of Northwest A&F University in 2017 (i.e., 4-year-old), and the other five species are mature trees. All experiments were performed from June to October 2020.




2.2. Conduit Length and Diameter


For four vessel-bearing species, the mean vessel length was measured using the silicone injection technique [36]. Briefly, five current-year or one-year-old branches per species were cut in the morning and recut under water into segments with 30–50 cm in length and about 6 mm in basal diameter, and then flushed with 10 mM degassed KCl under a pressure of 0.12 MPa for 30 min to remove the native embolism that may affect the injection of silicone. Silicone was freshly mixed from RTV 141 A and RTV 141 B (BLUESIL RTV14; Bluestar Silicones, Lyon, France) in the proportion 10:1. A fluorescent whitening agent, i.e., Uvitex (Ciba Uvitex OB; Ciba Specialty Chemicals, Tarrytown, NY, USA), was added to the mixture to make it visible under UV light. The silicone was injected at 0.12 MPa for 24 h before curing at room temperature for at least 48 h. Then, 25 μm transverse sections were made at a series of certain distances from the injection surface (x, cm) using a microtome (Leica RM2235, 81, Germany). Images were acquired using the Leica Application Suite (Version 6.0.0, Lumenera Corporation, Ottawa, ON, Canada) under UV light at 50× magnification by a microscope (Leica DM4000B, Germany) with a digital camera (Leica, DFC450, Germany). The acquired images were analyzed with WinCELL Pro 2012a (Regent Instruments Inc., Quebec City, QC, Canada) to quantify the number of injected vessels per unit area (N, n mm−2) and the lumen area of each injected vessel (A). Mean vessel length (Lmean) was determined using the slope of the linear regression between Ln(N) and x according to −2/slope. Diameter of injected vessels at x was calculated as       4 A  π     , and the averaged diameter of all injected vessels (Din, μm) was calculated. Mean diameter of all vessels (Dmean) was equal to Din at x = 0.2 cm, and vessel density (VD) was equal to the vessel numbers per unit area at x = 0.2 cm. Then, we established the relationship between Din and x to qualitatively describe whether longer vessels are wider vessels in our measured tree species.



For two tracheid-bearing species, five one-year-old branches per species were sampled. The tracheid length was measured by the wood maceration method [37]. Five stem segments with a diameter of about 6 mm and a length of about 1 cm were prepared. They were divided into two parts with a blade and put into a mixture (80% acetic acid and 30% hydrogen peroxide in 1:1). The mixture was placed in an oven at 60 °C for 48 h, and then one drop of the maceration solution was taken for photographing at 50× magnification under a microscope. WinCELL Pro 2012a was used for the determination of tracheid length. For tracheid diameter, 20 μm sections were cut and photographed. Mean tracheid diameter (Dmean) and density were analyzed by WinCELL Pro 2012a.




2.3. Volume Estimation of Open Vessels Reservoir


Because the tracheid is much shorter than the vessel, the volume of the open tracheid is negligible, and therefore the volume of open conduits was only measured on four vessel-bearing species. Since the silicone does not penetrate pit membranes between vessels [36], the silicone can only be injected into open vessels. Therefore, we can estimate the volume of open vessels via the algorithm involved in the silicone injection technique.



The number of injected vessels per unit area at x (N, n mm−2) would decay exponentially along the distance from the injection point; thus, N at the distance x can be calculated as:


  N =  N 0    exp   − k x    



(1)




where N0 is the vessel number per unit area at the injection surface; here, it is taken as the count number at 0.2 cm; k is a constant, which is the slope of the linear regression between Ln(N) and x.



The difference of N at x1 and x2 (ΔN) gives the number of open vessels per unit area that is shorter than or equal to x2:


  Δ N =  N 0      exp   − k  x 1    −   exp   − k  x 2       



(2)







In order to improve the precision of estimation, we used the distance difference of 0.01 cm for diffuse-porous species (i.e., x2 − x1 = 0.01 cm) and 0.1 cm for ring-porous species (i.e., x2 − x1 = 0.1 cm).



The diameter of open vessels at the same injection point can be calculated from the former relationship between Din and x by taking x2 as x. Assuming the xylem at one injection point is assembled with vessels with an equal diameter of Din, and these vessels are regular cylinders through their entire lengths, then the open vessels volume of ΔN vessels (Vi, mL) can be calculated as:


   V i  = Δ N   π     0.5  D  in      2   x 2  /   10  8   



(3)







The total open vessel volume per unit xylem area of a branch (V, mL) is the summation of Vi from 0 to x:


  V = ∑  V i   



(4)







Finally, we estimate the volume of the open vessels reservoir of a branch by assuming this branch is with a diameter without bark of 6 mm (proximal end) and a pith diameter of 2 mm. This mode branch is similar to branches used for pneumatic measurements. Xylem area (Axylem) of the mode branch can be calculated at approximately 25 mm2. Then, the total open vessel volume of the branch can be obtained by multiple V by Axylem.




2.4. Vulnerability Curves via Hydraulic Methods


VCs of two diffuse-porous species and two tracheid species were constructed by a flow-centrifuge equipped with a 274 mm rotor (Model H2100R, Xiangyi Inc., Changsha, China). This centrifuge is an upgraded version of Cavitron [12] with a precious temperature control system. For each species, five branches longer than 1 m were collected before dawn to avoid artificial air-filled conduits caused by cutting branches under tension [15]. A stem segment with a diameter of 6–7 mm and a length of 274 mm was cut underwater. The segment was flushed with 10 mM KCL solution for 30 min to remove air in the conduits. The pressure used for flush was 130–200 kPa depending on tree species. Pre-experiment indicated that the time and pressure used for flush were appropriate to obtain maximum hydraulic conductivity (Kmax). Then, we put the branches into the centrifuge and stabilized them for about 10 min to reach a constant temperature of 25 °C. All later measurements were performed at this temperature. The rotational speed was firstly set at 1000 rpm (the corresponding xylem water potential, i.e., Ψx, is −0.083 MPa) to obtained Kmax, and then gradually increased and stabilized for 2 min. The measurements were repeated at each speed until the PLC reached 95%. PLC and Ψx was fitted using the sigmoid function (Equation (1)). Six branches were tested for each tree species.


  PLC =   100   1 + exp      S  25     ∗    Ψ x  −  P  50          



(5)




where Ψx is xylem water potential, P50 is the Ψx when the PLC is equal to 50%, and S (% PLC MPa−1) is the slope of the curve.



Since the maximum vessel lengths of Robinia pseudoacacia and Quercus variabilis are much larger than the rotor length, in order to avoid artificial centrifuge VCs caused by open vessels [20,21], their VCs were constructed by the bench dehydration method [7,22]. The detailed standard protocol of this method was described in https://prometheusprotocols.net/function/water-relations/xylem-vulnerability-curves/quantification-of-vulnerability-to-xylem-embolism-bench-dehydration/ (accessed on 8 June 2020). Briefly, branches with a total length about 2 m were collected before dawn after a heavy rain to obtain initial water potential as high as possible. Then, it was packed in a black plastic bag, humidified with wet paper towels, and sent to the laboratory within 30 min. The branch was dehydrated at room temperature. Before dehydration, current-year segments were marked for PLC measurements, and three leaves around the segment were wrapped in cling film and aluminum foil for water potential measurement. Before measuring the water potential, the whole branch was put into a black plastic bag for at least 1 h to equalize the pressure between stems and leaves. Water potential was measured with a pressure chamber (model 1505D; PMS Instruments Co., Corvallis, OR, USA). Several cuts along the length of the branch before the final cut were made underwater to eliminate potential cutting artifacts [15]. The PLC of the segment was measured with a low-pressure flow meter. Firstly, the hydraulic conductivity was measured at 3 kPa; then, the segment was flushed at 150 kPa to remove all air bubbles and measured again to obtain the PLC value. About 20 branches per species were measured, and PLC and xylem water potential were fitted with Equation (5).




2.5. Vulnerability Curves via Pneumatic Method


An automated pneumatic apparatus, i.e., Pneumatron, was made according to [25] (Figure S1). For each species, three branches with a length of 80–150 cm and a basal diameter of 7–10 mm were collected and connected to the Pneumatron with a clamp. Glue (Loctite 431) was applied to the connection to prevent air leakage. Measurements were then performed automatedly every 15 min. An absolute pressure of 35–40 kPa was applied to the vacuum reservoir (about 2.8 mL) at each measurement. The initial recorded pressure (Pi, kPa) and final pressure (Pf, kPa) after 15 s air discharge were used for the calculation of equivalent air discharge volume (AD, μL) at atmospheric pressure (Patm, 98.5 kPa at our study site) according to the ideal gas law:


  AD =      P f   V r  −  P i   V r     P  atm       ∗   10  6  ,  



(6)




where Vr is the volume of vacuum reservoir (L).



The minimum AD (ADmin) was obtained when the branch was fully hydrated, and the maximum AD (ADmax) was obtained when the AD increased very little as the dehydration progressed. The percentage of maximum air discharged (PAD, %) was calculated according to the following equation:


  PAD = 100 ∗   AD −   AD   min   ) / (   AD   max   −   AD   min      



(7)







During the period of AD measurements, the xylem water potential was measured with a dew point water potential meter (HR-33T, Wescor Inc., Logan, UT, USA) at a time interval of 15 min to several hours, depending on the condition of dehydration. The relationship between PAD and xylem water potential was fitted using Equation (5).




2.6. Leaf Water Potential at Turgor Loss Point


Branches were collected in the evening, recut under water, and hydrated overnight. The pressure–volume curve of the leaf was constructed following Tyree and Hammel [38], and TLP was calculated. Five leaves were measured for each species.




2.7. Native Xylem Pressure and Embolism


We measured the midday water potential (Ψmd) and the corresponding native embolism during the summer drought at our site. Ψmd was measured at 13:00–14:00 h on three successive sunny days. After Ψmd measurements, native PLC at midday (NPLCmd) was also measured. Two hours prior to the measurements, three long branches exposed to sunlight of each species were selected, and three leaves per branch were wrapped with cling film and aluminum foil to balance the pressure between leaf and stem. Xylem water potential was measured in the field using a portable pressure chamber (1515D; PMS Instruments Co., Corvallis, OR, USA). Then, the branches were cut and brought to the laboratory in 30 min, and PLC was measured following the protocol of bench dehydration described above. The hydraulic safety margin was calculated as the difference between Ψmd and TLP.




2.8. Data Synthesis


In order to reveal the reliability of the pneumatic method compared with hydraulic methods in a large range of species, we synthesized our P50 data and published literature that reported the comparison between the pneumatic method and hydraulic methods. Values were averaged for the same species from the same literature. Datasets covered 56 tree species, including 48 vessel-bearing species and 8 tracheid-bearing species (Datasets S1).




2.9. Statistical Analyses


The differences in hydraulic parameters between hydraulic and pneumatic were tested by Student’s t-test. Specifically, Student’s t-test of two independent samples was used to test the differences in VCs parameters between the flow centrifugal method and the pneumatic method. One-sample t-test was used to test the difference between the bench dehydration method and the pneumatic method because only one single vulnerability curve was available for the bench dehydration method. The prediction of PLC was obtained by substituting native midday xylem water potential in the sigmoid function of VCs, and Student’s t-test was used to test whether there is a significant difference between predicted PLC and measured native PLC. p < 0.05 indicates significant differences in this study.





3. Results


3.1. Xylem Anatomy and the Volume of Open Vessels Reservoir


The six tree species showed contrasting xylem anatomical traits in terms of conduit size, including mean conduit length and diameter (Table 1). Lmean of two ring-porous species was much larger than two diffuse-porous species. Q. variabilis has the largest Lmean (38.08 ± 2.80 cm), which was ten times longer than that of L. chinensis (3.74 ± 0.24 cm). Similarly, the Dmean of two ring-porous species was around 50 μm, which was clearly larger than two diffuse-porous species (around 30 μm). Two tracheid-bearing species showed much different xylem anatomical traits from vessel-bearing species. Tracheid lengths of the two species were shorter than 2 mm, and the tracheid diameter was about half that of diffuse-porous species.



Tree species with contrasting wood types showed a clear difference in the volume of the open vessels reservoir (V) (Figure 1). V of ring-porous species is much greater than diffuse-porous species. Q. variabilis showed the maximum V (0.397 mL), which was six times greater than the minimum V (I-101 × 84K, 0.064 mL).




3.2. VCs Constructed by Pneumatic and Hydraulic Methods


Overall, the studied species presented a wide range of embolism resistance; for example, P50 of hydraulic methods ranges from −1.88 MPa to −3.71 ± 0.15 MPa for L. chinense and G. biloba, respectively (Table 2). VCs of the six tree species constructed by the two methods all showed sigmoidal patterns (Figure 2). Three replications of the pneumatic method for vessel-bearing species showed good consistency, while two tracheid-bearing species showed relatively larger variations, especially for G. biloba. VCs of four vessel-bearing tree species showed high consistency between the two methods, especially for two diffuse-porous tree species. By contrast, the VCs of two tracheid-bearing species were greatly divergent, especially for G. biloba.



The paired plots of hydraulic parameters between the two methods showed that P12, P50, and P88 were aligned on the 1:1 line only for the four vessel-bearing species (Figure 3). In addition, the slope of six species was aligned on the 1:1 line much better than P12, P50, and P88, indicating the high consistency of the VCs slope between the two methods. The results of Student’s t-tests showed that the significant differences in hydraulic parameters between the two methods only existed in two tracheid-bearing species, and no species showed a clear difference in the slope of VCs (Table 2). Synthesis of P50 data of 56 species measured by hydraulic and pneumatic methods showed that the pneumatic P50 of the majority of species was consistent with hydraulic P50. However, there are still a few vessel-bearing species, and most of the tracheid-bearing species deviated from the 1:1 line (Figure 4).




3.3. Reliability Test via Water Relations


The relationship between the TLP and P12 obtained with two methods showed that TLP and hydraulic P12 was well aligned on the 1:1 line; by contrast, TLP and pneumatic P12 were well aligned on the 1:1 line only for four vessel-bearing species, and two tracheid-bearing species deviated from 1:1 line, especially for G. biloba (Figure 5). The xylem water potential at midday of six tree species varied in a large range, from −0.99 MPa (for Liriodendron chinens) to −1.96 MPa (for I-101 × 84K). The hydraulic safety margins of most species were positive except for I-101 × 84K. As a result, I-101 × 84K suffered from the highest native PLC (>30%) but was consistent with the PLC predicted from the two methods. The PLCs of the rest five species were very low (<10%), but the pneumatic method predicted much higher PLCs than measured native PLCs for two tracheid-bearing species (Figure 6).





4. Discussion


4.1. The Reliability of Hydraulic Methods


In this study, we used the hydraulic methods as a reference to test the reliability of the pneumatic method; hence, we should first discuss the reliability of hydraulic methods. We selected hydraulic methods based on the wood type of species, i.e., centrifuge method for diffuse-porous species and tracheid-bearing species and bench dehydration method for ring-porous species. Previous studies have reached the consensus that the centrifuge method can accurately measure the vulnerability of short-vesseled species and tracheid-bearing species [6]. In fact, the classification of vessel length is relative, and in the case of the centrifuge method, the reference of classification is the rotor. The most commonly used rotor has a length of 28 cm (also in this study); thus, a centrifuge with this kind of rotor is theoretically suitable for species with a maximum vessel length shorter than 28 cm. However, even in the stem segment of short-vesseled species, there are still some vessels cut open at both ends, which may cause a small change in VCs’ shape [39]. In our study, the mean vessel lengths of two diffuse-porous species were all less than 5 cm, and most open vessels were enclosed within the length of 8 cm (Figure S3), which was much shorter than 28 cm. Therefore, this can explain the s-shaped curves found here. Nevertheless, it is worth reminding that the tension profile in a centrifuge is not uniform, with the highest tension existing in the rotor center, which could cause a slight underestimation of embolism vulnerability [40].



The bench dehydration method has long been considered the gold standard method for studying the embolism vulnerability of plants. However, this method could also be subjected to artifacts caused by improper operation [15] or unstable conductivity measurements [41]. For example, excising branches under tension may induce artificial embolism because of the suction of air [15,17], and rehydration procedures prior to hydraulic measurements may generate artificially low PLC values [16]. Moreover, this method may overestimate vulnerability compared with non-invasive methods techniques, such as micro-CT [42]. In this study, we strictly followed the procedure proposed by hydraulic experts to avoid the above potential artifacts, such as sampling long branches and releasing native tension gradually by excising the branch underwater consecutively. However, despite the fact that we obtained s-shaped VCs using this method, potential artifacts may also be present.



Nevertheless, the results of water relations provide us with strong evidence that we correctly measured embolism vulnerability via hydraulic methods (Figure 5 and Figure 6). The good consistency between hydraulic P12 and TLP suggests that the plant could timely close its stomata to prevent the decrease in xylem water potential and, thus, the onset of embolism. This is in line with the opinions proposed by numerous studies that xylem embolism never happened with opened stomata [33,34,43]. Additionally, the rate of embolism predicted from hydraulic methods was validated by in situ embolism measurements. Most plants operated within a safe water potential range; that is, the midday water potential was higher than P12. However, poplar experienced midday water potential near the onset points of embolism, thus causing a relatively higher rate of embolism. This may be caused by the higher vulnerability of poplar and the low water availability in its growth stand.




4.2. The Consistency between Pneumatic and Hydraulic Methods


From the discussion above, it is reasonable for us to examine the reliability of the pneumatic method via hydraulic methods. We observed good consistency between the pneumatic method and hydraulic methods for the four vessel-bearing species (Figure 3). Their VCs constructed by the two methods roughly overlapped (Figure 2), and no significant differences in hydraulic parameter was detected (Table 2). However, for two tracheid-bearing species, there was weak consistency between the two methods, suggesting that the pneumatic method may not be suitable for species with this wood type [27,28]. The results of turgor loss point and native embolism provided additional evidence for the reliability of VCs (Figure 5 and Figure 6). Good consistency between TLP and pneumatic P12 was only found in vessel-bearing species, and embolism degree predicted by the pneumatic method and native value have well coincided only for vessel-bearing species. Therefore, the pneumatic method may be more suitable for constructing VCs of vessel-bearing species because of its high accuracy, both in terms of diffuse-porous species and ring-porous species. Overall, the accuracy of the pneumatic method may not be correlated with wood anatomy in vessel-bearing species. The wood anatomy of vessel-bearing species, such as vessel length, diameter, and density, should be directly related to the cumulative air discharge volume (ADmax) rather than the pneumatic VCs. Similarly, some other anatomical differences, such as the different types of perforation plates or pit characteristics, may be related to the resistance of air diffusion.



The reliability of the pneumatic method concluded by our study is consistent with most of the published literature, which can be evidenced by the result of data synthesis (Figure 4). This finding indicates that the pneumatic method may represent an important contribution to the measurements of the hydraulic vulnerability of vessel-bearing species. However, some studies found that the pneumatic method cannot accurately construct VCs of some vessel-bearing species. One of the previous studies constructed r-shaped pneumatic VCs of two long-vesseled species (Laurus nobilis and Olea europaea) using manual pneumatic apparatus, and they attributed this to the uncertain air volume estimation caused by many tiny vessels in ring-porous wood [27]. In our study, many narrow vessels were also present in the ring-porous wood of Q. variabilis (Figure S2) but correct pneumatic VCs were obtained for this species. Perhaps there are some other mechanisms underlying the r-shaped pneumatic VCs of some ring-porous species. For example, it is not easy to measure minimum or maximum air discharge volume accurately by manual pneumatic apparatus [44]. Another study obtained s-shaped VCs of Olea europaea using the automated pneumatron and reported relatively reliable P50 [44]. However, although one of the recent studies reported s-shaped pneumatic VCs for five tropical tree or liana species with their maximum vessel length varying from 37.3 cm to over 141.0 cm, this method substantially overestimated the vulnerability of all five species [29]. They suspected this method was subjected to the problems of uncertainties in the air source. Since the air discharge time was 2.5 min in their study, the air coming from non-vascular spaces may interfere with the accurate measurement of vascular air volume. In our study, the air discharge time was 15 s. In such a short time, the air in non-vascular spaces may not diffuse into the reservoir because of a much greater air diffusion resistance of non-vascular tissue compared with hollow xylem conduits and porous pit membranes [24]. In a simulation of gas kinetics during pneumatic measurements, it has been proved that 91% of the extracted gas came from embolized intact conduits in 15 s [45]. Another study concluded that the pneumatic method might be sensitive to the duration of air discharge, and 16 s was a proper duration with the highest overall agreement between the pneumatic method and hydraulic methods [30]. Therefore, a short duration of air discharge should be encouraged to prevent air leakage of non-vascular tissue. Additionally, other uncertainties in the pneumatic measurements could also confuse the consistency between the pneumatic method and other methods, such as the criterion for pneumatic stopping time [46], which could have a significant effect on ADmax [47].



Previous studies together with ours have made the same conclusion that the pneumatic method was not capable of measuring the vulnerability of tracheid-bearing species. At present, the reasons for this are still under debate. Consistent with the previous study [28], we thought the resin might not be the reason because there is no resin canal in our two tracheid-bearing species. Additionally, the aspiration of torus-margo pit membranes under vacuum pressure was a possible explanation, which might lead to the underestimation of air discharge volume and thus the premature of ADmax [28]. However, the experimental evidence for this assumption was lacking because the pressure-inducing pit aspiration is hard to be examined. In our opinion, the air discharge volume may not be underestimated for tracheid-bearing species because we observed a high ADmax for our two tracheid-bearing species (Figure S4). Since the tracheids are narrow and much shorter than vessels (Table 1), the lumen of the conduit is unlikely to produce such high air volume, especially when the branches are not well dehydrated. Moreover, the needles of conifers may also be irrelevant because we obtain the wrong pneumatic VCs for a broad-leaved tracheid-bearing species, i.e., G. biloba. Overall, future studies of the pneumatic method should pay more attention to tracheid-bearing species to find out solutions for this problem.




4.3. The Impact of Open Vessels Volume


This study first estimated open vessel volume based on the silicone injection technique, and results showed that the open vessel volume of four vessel-bearing species was distinct (Figure 1). However, although the volume of two ring-porous species was much greater than diffuse-porous species because of the presence of wider and longer vessels (Figure S3), it did not affect the accuracy of the pneumatic method, suggesting that the pneumatic method was immune to the problem of open vessels. It may represent an improvement for the vulnerability estimation of long-vesseled species because high-throughput methods (i.e., centrifuge or air injection methods) have long been controversial in long-vesseled species [6].



The open vessels function as a part of a vacuum reservoir when there is a discharge of air. Actually, the calculation of the percentage of maximum air discharged (PAD, %) is irrelevant to the reservoir volume. However, since the quantification of air discharge volume is based on ideal gas law, the reservoir volume is crucial for precise measurements of air discharge volume [44]. A small air discharge volume can be measured more precisely if a small reservoir is used, but a big reservoir is needed when the plant material contains much air [25]. Our study showed that the open vessels take up the reservoir volume with a maximum value of 0.4 mL, about 14% of the tube reservoir volume. Therefore, maybe the open vessel volume should be taken into account to improve the precision when the pneumatic method is applied to species with long and wide vessels.





5. Conclusions


Our results highlighted that the pneumatic method can accurately measure the embolism resistance of vessel-bearing species with different xylem anatomy, but this method significantly overestimated the embolism resistance of tracheid-bearing species. There was good consistency between the pneumatic method and hydraulic methods for the vessel-bearing species, but not for the tracheid-bearing species. The data synthesis of previous studies and the results of turgor loss point and native embolism also provided strong evidences. Additionally, we proposed that the precise calculation of air discharge volume should take into account the volume of open vessels for species with wide and long vessels. The pneumatic method has the potential to be widely used in the plant hydraulics field because of its accuracy and automation, however, the unified protocols should be proposed in the future and further studies need to be done to figure out why this method is not suitable for the tracheid-bearing species.
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Figure 1. The estimated volume of cut-open vessels. (a,b) are the diagrams of open vessels for diffuse-porous and ring-porous tree species in this study, respectively. Blue and yellow represent intact and open vessels, respectively. (c) The estimated volume of open vessels reservoir is based on the silicone injection technique. For each species, the estimation was made based on the average value of diameter and numbers of injected vessels (n = 5 branches). 
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Figure 2. Vulnerability curves (VCs) of six tree species constructed by Pneumatic and hydraulic methods. PN-branch1, PN-branch2, and PN-branch3 represent three branches per species used for the construction of Pneumatic VCs. PN-mean represents plotted VCs using mean fitted values of three branches. 
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Figure 3. Comparison of method for the measurements of embolism resistance. Grey dashed line represents the 1:1 line. Vertical and horizontal bars represent standard error. 
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Figure 4. Synthesis of hydraulic or pneumatic P50 data of 56 species. Grey dashed line represents the 1:1 line. Red and cyan points represent tracheid-bearing and vessel-bearing species, respectively. Different symbols represent different data sources: ■ Pereira et al. (2016), ✴ Zhang et al. (2018), + Sergent et al. (2020), ▲ Paligi et al. (2021), ● Chen et al. (2021), ⊠ This study. 
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Figure 5. Relationship between the leaf water potential at turgor loss point (TLP) and P12 measured with the hydraulic and pneumatic methods. The grey dashed line represents the 1:1 line. Vertical and horizontal bars represent standard error. 






Figure 5. Relationship between the leaf water potential at turgor loss point (TLP) and P12 measured with the hydraulic and pneumatic methods. The grey dashed line represents the 1:1 line. Vertical and horizontal bars represent standard error.



[image: Forests 14 00293 g005]







[image: Forests 14 00293 g006 550] 





Figure 6. The midday xylem water potential (Ψmd) and the native or predicted percentage loss of conductivity (PLC). * indicates significant difference between predicted PLC and native PLC (p < 0.05). Vertical bars represent standard error. 
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Table 1. The xylem anatomical traits of six species. Lmean, mean conduit length; Dmean, mean conduit diameter; VD, vessel density. Values are mean ± se (n = 5 branches). I-101 × 84K is a hybrid of poplar (Populus. spp.).
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	Species
	Wood Type
	Lmean (cm)
	Dmean (μm)
	VD (n mm−2)





	Populus. spp. (I-101 × 84K)
	Diffuse-porous
	4.57 ± 0.45
	31.87 ± 1.22
	187 ± 13



	Liriodendron chinense
	Diffuse-porous
	3.74 ± 0.24
	30.04 ± 0.52
	351 ± 8



	Quercus variabilis
	Ring-porous
	38.08 ± 2.80
	47.86 ± 2.38
	90 ± 6



	Robinia pseudoacacia
	Ring-porous
	15.59 ± 0.65
	56.09 ± 1.27
	45 ± 6



	Metasequoia glyptostroboides
	Non-porous
	0.15 ± 0.01
	13.61 ± 0.46
	2260 ± 77



	Ginkgo biloba
	Non-porous
	0.19 ± 0.01
	16.23 ± 0.33
	1585 ± 62
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Table 2. Embolism resistance measured by hydraulic and pneumatic methods. * indicates significant difference between the two methods (p < 0.05, students’ t-test). Each point is mean ± se (n = 3~5 branches).
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Species

	
Methods

	
P12 (MPa)

	
P50 (MPa)

	
P88 (MPa)

	
Slope

(% of PLC MPa−1)






	
Populus. spp.

(I-101 × 84K)

	
Hydraulic

	
−1.64 ± 0.06

	
−2.28 ± 0.07

	
−2.91 ± 0.03

	
80.29 ± 4.72




	
Pneumatic

	
−1.49 ± 0.01

	
−2.19 ± 0.10

	
−2.89 ± 0.19

	
74.23 ± 10.69




	
Liriodendron chinense

	
Hydraulic

	
−1.57 ± 0.05

	
−1.88 ± 0.03

	
−2.18 ± 0.04

	
175.04 ± 19.18




	
Pneumatic

	
−1.60 ± 0.03

	
−1.80 ± 0.04

	
−2.01 ± 0.06

	
254.80 ± 47.96




	
Quercus variabilis

	
Hydraulic

	
−2.2

	
−3.53

	
−4.85

	
37.77




	
Pneumatic

	
−2.45 ± 0.4

	
−3.92 ± 0.21

	
−5.4 ± 0.20

	
35.38 ± 4.85




	
Robinia pseudoacacia

	
Hydraulic

	
−2.33

	
−3.32

	
−4.19

	
50.49




	
Pneumatic

	
−2.11 ± 0.12

	
−3.06 ± 0.08

	
−4.00 ± 0.04

	
53.09 ± 2.86




	
Metasequoia glyptostroboides

	
Hydraulic

	
−1.69 ± 0.06

	
−2.01 ± 0.09

	
−2.41 ± 0.13

	
133.53 ± 17.78




	
Pneumatic

	
−0.98 ± 0.18 *

	
−1.37 ± 0.07 *

	
−1.77 ± 0.07 *

	
148.34 ± 35.76




	
Ginkgo biloba

	
Hydraulic

	
−3.02 ± 0.18

	
−3.71 ± 0.12

	
−4.42 ± 0.12

	
76.90 ± 8.79




	
Pneumatic

	
−0.46 ± 0.34 *

	
−1.50 ± 0.26 *

	
−2.53 ± 0.20 *

	
49.18 ± 4.49
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