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Abstract

:

Wood has a highly complex and anisotropic structure. Its xylem characteristics are key in determining the hydraulic properties of plants to transport water efficiently and safely, as well as the permeability in the process of wood impregnation modification. Previous studies on the relationship between the xylem structure and hydraulic conductivity of conifer have mainly focused on tracheids and bordered pits, with only a few focusing on the conduction model of cross-field pits which connect tracheids and rays. This study takes the xylem structure of conifer as an example, drawing an analogy between water flow under tension and electric current, and extends the model to the tissue scale, including cross-field pits by establishing isometric scaling. The structure parameters were collected by scanning electron microscopy and transmission electron microscopy. The improved model can quantify the important hydraulic functional characteristics of xylem only by measuring the more easily obtained tracheid section size. Then, this model was applied to quantify the relationship between the xylem anatomical structure and hydraulic properties in the pine (Pinus sylvestris L. var. mongholica Litv.) and the spruce (Picea koraiensis Nakai), and also to evaluate the effects of the number and size of cross-field pits on xylem conduction. The results showed that the growth ring conduction value of the pine was more than twice that of the spruce for the two tree species with similar growth widths in this study. The tracheid wall resistance of the pine reflected the result of the interaction of the size and number of cross-field pits, in comparison, the wall resistance of the spruce was more sensitive to the number of cross-field pits. Finally, the calculation output of the new model was cross-validated with the literature, which verified the accuracy and effectiveness of the model. This study provides an effective and complete solution for xylem conductivity measurement and the study of wood ecophysiological diversity and processing.






Keywords:


conifer; cross-field pits; bordered pits; hydraulic properties; flow resistance; model












1. Introduction


Wood has a highly complex and anisotropic structure characterized by different xylem structures that result in different hydraulic properties. The xylem of conifers is mainly composed of tracheids and rays. Tracheids account for about 80–93% of the xylem volume and play an important role in water conduction and mechanical strength. On the contrary, ray cells account for about 7–20% of the xylem and perform functions of water transportation and nutrient storage [1,2,3,4]. The hydraulic characteristics of xylem determine the responses of plant growth to environmental conditions and whether water can effectively and safely be provided to leaves. Xylem structures are also key to determining the permeability of wood during its processing; that is, the treatability of wood is a function of the anatomical properties developed under certain growing conditions [5]. Regarding the water conduction model of xylem of conifer, numerous studies have focused on the function of the axial tracheid–bordered pit model, but less is known about the water transport model of cross-field pits connecting axial tracheids and wood rays, which is limited by the complexity of wood as a biological system.



However, it is speculated that differences in the cross-field pit structure of wood rays in many tree species are related to water transport efficiency. Some pine trees (such as Mongolian scotch pine) have good radial flow. In such pine trees, the water flow is thought to be confined to the larger holes between the ray parenchyma cells: it enters the axial tracheids through the cross-field pits, and then enters the adjacent ray parenchyma cells from there. The sapwood of Mongolian scotch pine is generally considered to be easily impregnated, and significant changes can be observed during its treatment [6,7]. Tarmian and Azadfallah have reached a similar conclusion that the radial flow of fluid in wood rays does not occur in isolation [8]. The fluid enters the adjacent axial tracheid system through cross-field pits and then returns to other wood ray cells.



Many scholars have also verified the conduction of wood rays and cross-field pits through experiments. Through experiments on wood impregnation with protective agent, Zimmer found that the easily treatable Scots pine sapwood has more parenchyma cells in the rays. At the same time, a large cross-field pit membrane area was observed in the easily treated sample fraction. [6,9]. Siau showed that the radial flow of some fluids in Sitka spruce is realized by ray parenchyma cells, and that the liquid circulates between the longitudinal tracheids and the ray parenchyma cells through the cross-field pits [10]. Bauch et al. found that the total membrane area of the cross fields and the higher number of ray parenchyma cells in easily treated wood led to a higher conduction area, which can be used as an impregnation pathway [8]. When comparing the treatability of different tree species, it was found that tree species with large cross-field pit areas and many ray parenchyma cells had higher impregnation absorption capacity.



It is now clear that wood rays, once thought to be “underestimating paths” [3], play an important role in the hydraulic regulation of the entire tree. If wood rays and cross-field pits are not considered, then evaluation of the influence of the xylem structure on the hydraulic architecture is not complete.



In studies on the hydraulic characteristics of plants, many scholars have carried out exploratory research by means of numerical simulation, such as in the example of the theoretical framework based on the Hagen–Poiseuille equation [11,12,13,14,15]. The electrical simulation takes the water flow as the current in the circuit and applies it to simulate water transportation in complex systems. Sperry and Hacke applied a mathematical model to gymnosperm tracheids for predicting the conductivity of bordered pits and tracheids [16,17]. Wilson et al. developed a more complex model centered on single tracheids [18]. These models have also been combined using average tracheides characteristics in scaling up to the tissue level. However, in the tissue model of Wilson et al., the rays which cross the tangential layer of tracheids were considered non-conductive, and the wood rays would even seal part of their bordered pits on the radial walls of tracheids, thus affecting the overall resistance of wood samples [19,20,21]. Sviderskaya I.V. considered the anatomical variability of tracheids in the interannual cycle and built a model of the structure and hydraulic characteristics of tracheids during the growth ring cycle, but did not analyze the conduction of wood rays and cross-field pits between tracheids [22]. However, these models provide a reference for the construction of the model in this article, at least to a certain extent.



To summarize, although many scholars have demonstrated that cross-field pits are a path for liquid transmission, considerably significant results have been obtained, using many of the methods mentioned above, regarding the structure and hydraulic properties of both single tracheids and groups of tracheids. However, none of the hydraulic models developed to date comprehensively consider variations in tracheid size and the anatomical parameters of the cross-field pits connecting tracheid and ray parenchyma cells. In this paper, a comprehensive hydraulic conduction model that includes tracheids, bordered pits and cross-field pits is proposed for an improved analysis of the relationship between the xylem structure and flow characteristics on the tissue scale. The proposed method was applied to quantify the relationship between the structure and hydraulic characteristics of two representative coniferous species, the pine (Pinus sylvestris L. var. mongholica Litv.) and the spruce (Picea koraiensis Nakai) [23,24,25], and the reasons for the different conductivity of different tree species are analyzed from the perspective of theoretical models. Finally, the calculation output of the new model was cross-validated with data in the literature for verification and analysis. As the inputs of the model and the geometry of the hydraulic components of the xylem have been parameterized, with appropriate ultrastructure and microstructure data, the proposed model can be generally applied to the analysis of hydraulic functions of the xylem of conifers.




2. Materials and Methods


2.1. Theoretical Approach


The anatomical structure of the xylem has an important influence on hydraulic conduction [26]. When the overall structure of the xylem is regarded as a network, it can be viewed as a highly complex and closely connected system on all scales, from a single tracheid and xylem tissue to the overall structure of plants, as shown in Figure 1. The water in plants moves under tension (negative hydrostatic pressure). If the water flows through the analogous plant current in the circuit, then, based on Ohm’s law, the anatomical components of the connecting xylem have an important influence on the quantitative and accurate evaluation of the xylem hydraulic characteristics [27]. Our model is consistent with the generally accepted theory of cohesive tension: that is, water flows through a network of tracheids of different sizes under tension [18,20,28]. The tracheid is regarded as a circuit with a total resistance of Rtot in the model. Its flow Q (Q = ΔP/R) is equal to the current (I), and the pressure drop (ΔP) is equal to the voltage drop V (I = V/R).



Water flows from one tracheid to adjacent tracheids, the total flow resistance (Rtot) of a single tracheid is the sum of the resistance of the lumen (Rlum) and the resistance of the wall (Rwall) in series [11,15,22]:


   R  t o t   =  R  w a l l   +  R  l u m    



(1)







Lumen resistance Rlum is calculated according to the Hagen–Poiseuille equation [29]:


   R  l u m   =   128 ζ μ H   π  D  t r  4     



(2)




where the proportion of tracheid overlap ζ = 0.5 [14,15]. H is tracheid length, μ is the viscosity of the water flowing through the tracheids, which varies with the solute in the water and environmental factors such as temperature. Here, we use the viscosity value of water at 20 °C as 1.002 × 10−9 kg s−1 μm−1 in all calculations [22,26,30], and the hydraulic diameter Dtr of the rectangular lumen section of conifer can be calculated as:


   D  t r   =   2  L  t r   ×  T  t r      L  t r   +  T  t r      



(3)




where Ltr and Ttr are the radial and tangential lumen diameters, respectively. Substituting Equation (3) into Equation (2) gives:


   R  l u m   =   8 ζ μ H   (  L  t r   +  T  t r   )  4    π  L  t r     4   T  t r     4     



(4)







In the tissue model containing rays and tracheids, ray parenchyma cells are connected to the axial tracheid by cross-field pits (mostly single or semi-bordered pits), while there is obvious hydraulic resistance for water flowing from axial tracheids to ray parenchyma cells. These pit types are similar to the type of bordered pits that connect adjacent axial tracheids, which allows water to flow, so the total flow wall resistance can be calculated as:


   R  w a l l   = 2 ×  1    ∑  i = 1  n    1   R  p i t         = 2    R  p i t      N  p i t      



(5)







As for Rpit, a research model of previous researchers is shown in Figure 2a. In their model, the wall resistance only includes the flow resistance caused by the components of the bordered pits, ignoring the cross-field pit resistance. Our study complements this part by including the resistance RBor from bordered pits and the resistance RCro from cross-field pits (Figure 2b–d).



The flow resistance of water flowing through cross-field pits and bordered pits is parallel, but the structural types and quantities of the two pits are different (as shown in Figure 3c), so the resistance values are also different. Therefore, Formula (5) is transformed into the following form:


   R  w a l l    = 2 ×  1    ∑  i = 1    N  B o r       1   R  B o r     +   ∑  i = 1    N  C r o       1   R  C r o           = 2    R  B o r    R  C r o      N  B o r    R  C r o   +  N  C r o    R  B o r      



(6)




where NBor and NCro are the number of bordered pits and cross-field pits on a single tracheid, respectively, which are obtained from the calculation of the density (α, β, Table 1) of two pits on the unit radial wall area of tracheids in the electron microscope images and verified with data in the relevant literature.


   N  B o r   = H ×  L  t r   × α  



(7)






   N  C r o   = H ×  L  t r   × β  



(8)







In this work, RBor was determined following Hacke and Sviderskaya [15,22]; they calculated the resistance of bordered pits as a function of margo porosity number (Npo), margo equivalent aperture (Dpo), diameter of aperture (Da), and channel length (tap) (Figure 3a):


   R  b o r   = 2  R  a p e r t u r e   + 2  R  c a n n a l   +  R  m e m b r a n e   = 2   24 μ    D a 3    + 2   128  t  a p   μ   π  D a 4    +   24 μ η    n  p o    D  p o  3      f ( ε )  



(9)




where f (ε) represents a correction function that takes into account the interaction between the porosity ε in margo and the water flow through the margo pores. In this paper, the value was η according to experimental measurements and references. η is to adjust the difference between the experimental data and the theoretical model of fluid flow with bordered pits. In Equation (9), the membrane resistance is modified by a constant to allow for changes in membrane resistance. Realizing that some membranes may be obstructed by pectin and amorphous compounds, this constant (1–1000) provides more flexibility in explaining the conduction function of tracheids [18,31]. Our default value of 20 was based on the research object and literature estimates.



The number of pores in the margo (Npo) is calculated following Sviderskaya [22] as:


   N  p o   =    D  m a  2      ( 0.63  D  p o   +  t f  )  2    =    D m 2  −  D t 2      ( 0.63  D  p o   +  t f  )  2     



(10)







The cross-field pit membrane is very thin [2,3,14]. Calculating the hydraulic conductivity of a single pit refers to calculating the hydraulic resistance Rp of a circular hole with a diameter of Dp from an infinite thin plate:


   R p  =   24 μ  /   D p    3     



(11)







The cross-field pits are mostly single pits or single-border pits, and single-pit resistance can be considered as a combination of the pit canal and cross-field pit membrane. Single pit resistance can be considered as pit resistance (Rcanal-C), and cross-field pit membrane resistance (Rmem-C) can be calculated in series:


   R  C r o   = 2  R  c a n a l − C   +  R  m e m − C   = 2 ×   128  t  r a y   × μ   π  D  C r o  4    +   24 μ σ    D  C r o  3     



(12)




where the channel length is the wall thickness in the cross-field pits, and tray = Wt = −80/7 Ltr + 4 (Table 1), σ is the correction coefficient set according to the opening condition and surface morphology of the cross-field pit membrane [22].



DCro is the equivalent diameter of the cross-field pit, and the measurement method is shown in Figure 3b. The cross-field pits of the pine are the window-pane type. Generally, there is only one pit in each cross field, which is approximately rectangular. One side of the boundary is the lumen width Ltr, and the other side is approximately the inner diameter of ray parenchyma cells, which is set as Wray. Quantitative characters were measured according to scale bars or through the scanning electron microscopy (SEM) measurement tool. The size of pits was consistently measured at the broadest point. Then, according to Formula (3), the hydraulic diameter DCro-M of the cross-field pit of the pine is approximately:


   D  C r o − M   = 2 ×    L  t r   ×  W  r a y      L  t r   +  W  r a y      



(13)







For the cross-field pits of the spruce, their apertures are elliptical, and the aperture width is equivalent to that of the pit border. There are generally three to six pits in each cross field, with two or seven occurring occasionally. According to a large number of measurements by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) in this paper, it was found that the size and number of cross-field pits of the two species had a certain correlation with the radial diameter Ltr of the tracheids, and some parameters, such as the width of ray parenchyma cells, had a certain approximation. In this paper, the calculated statistical rules and approximate mean values are recorded in Table 1.


   R  C r o   =   16  t  r a y   μ   (  L  t r   +  W  r a y   )  4    π  L  t r     4   W  r a y     4    +   3 μ σ   (  L  t r   +  W  r a y   )  3     L  t r     3   W  r a y     3     



(14)







As for the research object in this paper, according to electron microscope observations, the surface of the cross-field pit membrane was covered by abundant amorphous material, no obvious openings were visible, the surface structure was not clear, and, occasionally, there were microfibrils arranged on the surface of the pit membrane. Therefore, we chose the upper limit of the correction coefficient as σ = 1000. These values (σ and η) preserved the ratio of the membrane to the pit resistances at above 60%, which is basically consistent with the literature results [18,19,32].



We use conductance (K) to describe the ease with which water passes through conductive cells. It is the reciprocal of resistance (R):


  K =  1 R   



(15)







A more standard normalization is to calculate the specific conductivity per tracheid (Ksc), which is obtained by normalizing (K) by tracheid length and the total area (Atot, both the cross-sectional area of the cell wall and the lumen), and it is calculated in the model by dividing tracheid length (H) by the product of the Atot and total resistance (Rtot, Formula (1)) [18].


   K  s c   =  H   R  t o t    A  t o t      



(16)







Since the pits mainly connect the adjacent tracheids in the tangential direction for water conduction (Figure 1), they can be approximately regarded as a group of isolated parallel hydraulic resistance (Ri) in the growth ring (radial) [22]. Therefore, the sum of the hydraulic conductance (Ki) of all tracheids in a ring cycle equals the total conductance (Kring) of the ring:


   K  r i n g   =   ∑  i = 1  n    K i    =  1    ∑  i = 1  n    1   R i         



(17)








2.2. Material


In this study, branches of two representative coniferous species were selected as wood samples. One was the spruce (Picea koraiensis Nakai), with piceoid-type cross-field pits. In previous studies, it has been demonstrated that this species has poor permeability, so considerable research has been devoted to improving the drying and protection of its wood [24,25]. The other species was the pine (Pinus sylvestris L. var. mongholica Litv.) with window-pane-type cross-field pits, which has better permeability and radial conductivity. The ultrastructures of the two wood samples were measured by scanning electron microscopy and transmission electron microscopy. The two wood samples were collected from trees that were about 5 years old from the forest farm of Northeast Forestry University in Harbin, Heilongjiang Province, China, and fresh wood samples were collected from a part of the tree within 1–1.8 m from the ground.



TEM samples were prepared by ultra-microtome and softened (7 days) by soaking in a 50% alcohol solution. The softened samples were dehydrated in 50%, 70%, 80% and 95% alcohol solution for half an hour, and then dehydrated twice with anhydrous ethanol. After the dehydration, ethanol in the sample was replaced with acetone, first with a solution of ethanol: acetone = 1:1 (vol/vol), and then with pure acetone twice (each of these processes is 30 min) [26]. Then, we used low-viscosity epoxy resin to fix and transfer the sample to the embedding plate and number it. Finally, it was sliced after polymerization in an oven at 60 °C for 24 h. In this study, the ultra-microtome (Leica, Germany, 1/UC7\FC7) was used for slices with a thickness of 70 nm. In order to improve the clarity of the final captured image, 2% uranyl acetate was used to stain the slices (30 min), and then they were lead-stained for 5 min to complete the preparation of the TEM samples. The prepared samples were observed under transmission electron microscope (JEM1230, JEOL Co., Ltd., Tokyo, Japan). The acceleration voltage was 80 kV, and the magnification was 1 K~400 K.



Regarding the sample preparation of the SEM, in order to obtain a complete pit membrane structure, some slices were obtained by splitting and cutting along the radial direction. Information on the wood rays and cross-field pits was obtained from the radial and tangential slices, respectively. To accurately determine the distribution (density) and size of the bordered pits and cross-field pits, it is necessary to examine both earlywood and latewood on both sides of a growth ring boundary. In each growth ring, the part near the pith was earlywood formed early in the growth season, with thin walls, larger tracheids and lighter colors. The part close to the bark is latewood, with a small lumen diameter, a thick wall and a dark wood color. In the samples selected in this study, the growth rings of the pine were obvious, and latewood accounted for about 1/3 of the growth rings, with 3–7 rounds per centimeter, and the earlywood to latewood changed slightly to abruptly. The spruce had obvious growth rings and uniform width, 3–4 rounds per centimeter, gradually changing from earlywood to latewood, and the latewood zones between the growth rings had a darker colour. In addition, in order to prevent deflection changes in the composition and structure of the pit membrane, which could have been caused by the relatively high interfacial tension between the air and water during the drying process, the wood sections were placed in organic solutions characterized by low surface tension (such as ethanol, acetone, etc., the dehydration method was consistent with that of TEM, and different concentrations of ethanol were used for gradual replacement), so as to preserve the wood tissue in its original state as much as possible. The samples were coated with vacuum sputtering apparatus (Quorum Q150TS plus) and observed with scanning electron microscope (FEI Apreos) under 2 kV–5 kV.





3. Results


3.1. Xylem Anatomy of Pinus sylvestris L. var. mongholica Litv. and Picea koraiensis Nakai


We examined the microscopic morphology of a number of axial tracheids and ray parenchyma cells, and the cross-field pits between them, from pine (Pinus sylvestris L. var. mongholica Litv.) and spruce (Picea koraiensis Nakai). In this study, we measured the structural morphology (cross section, radial section and tangential section) of each interface of the pine and spruce by SEM and TEM, accumulated more than 30 sample tables, and obtained more than 100 groups of effective tracheids and their pit structures (including bordered pits and cross-field pits), which were used to complete the statistics of the structural information of tracheid-pits of two tree species. Figure 4 is the anatomical structure of the stem of the pine, with window-pane-type cross-field pits. Figure 5 shows the structural details of the stem of the spruce, with piceoid-type cross-field pits.



Both species have the same type of bordered pits. Figure 6 shows the bordered pits structure on the radial and transverse tracheid walls; Figure 6a–c were obtained from SEM, and Figure 6d–f were obtained from TEM. It should be emphasized that the cross-sectional view (or tangential view), based on TEM, showing the structural shapes and dimensions of the pit border, and the front view of the pit membrane captured by SEM could not be obtained from the same pit [33,34,35]. Therefore, it is necessary to integrate information of multiple groups of pit images with similar positions to establish a consistent model. In this study, we collected more than 100 sets of effective pit structures (including bordered pits and cross-field pits), and used them to complete the statistics of the tracheid-pits structural information of two tree species.




3.2. Parameters Used in the Model and Range of Measured Values


In this study, we calculated and evaluated the dimension parameters of each axial tracheid from earlywood and latewood, including the total number of bordered pits and cross-field pits on each axial tracheid, wood ray height, axial tracheid lumen diameter, and the density of two pits per unit image area, and so on. The numerical range of these parameters was measured and calculated, and the results are shown in Table 1.



Furthermore, due to the variability of morphological parameters including the size and number of anatomical structures in this work, we needed to integrate the isometric scaling between the radial diameter of tracheids (Ltr) and all components of tracheid hydraulics. Through a large number of measurements, we found a relatively tight correlation between lumen radial diameter and the pit size of the pine and the spruce in this study, which was also proven by many previous studies. For example, in bordered pits, there was a certain linear relationship between the sizes of pit aperture and membrane, pit torus and pit membrane, and the regression slopes were 0.5 and 0.7, respectively. These correlations of bordered pits match the approximate model parameters extracted from the literature [24,29,36,37]. In the two coniferous tree species we studied, the size of these components of bordered pits also had a similar size relationship, so our calculation method for this part was consistent with the literature (as shown in Table 1), which allowed us to model the bordered pits and other hydraulic components (lumens and walls) on the tracheids as a function of Ltr.



The challenge we faced was to increase the isometric relationship between the size and number of cross-field pits and Ltr on the basis of the existing model, so as to realize the quantification of the hydraulic characteristics of the tracheid cell wall. Therefore, we measured the wall thickness (Wt) and lumen radial diameter (Ltr) of 68 pine tracheids and 61 spruce tracheids, and numerically analyzed the relationship between the Wt and Ltr of the two tree species according to the literature method [24,29,36,37] mentioned above. It was found that there was a linear correlation between Wt and Ltr of the two tree species (Figure 7): pine: Wt = −0.112 Ltr + 4.04 (R2 = 0.97); spruce: Wt = −0.114 Ltr + 3.96 (R2 = 0.98). It can be seen that the wall thickness Wt tended to decrease with greater Ltr, and there was little difference in the relationship between Wt and Ltr of these two conifers. This small difference was not taken into account in the subsequent calculation of the model. Therefore, the relationship was unified as Wt = −80/7 × Ltr + 4.



There was also a certain corresponding relationship between the size of the cross-field pits (DCro) and the lumen radial diameter (Ltr) of the two tree species. As the cross-field pits of the pine (Pinus sylvestris var. mongolica) were window-pane type and morphologically characteristic approximate rectangles, and thus easy to calculate, the corresponding relationship is shown in Formula (13). As for the spruce (Picea koraiensis Nakai), its cross-field pits were mainly piceoid type, and the morphology of the cross-field pits are shown in Figure 5g,h. We selected 474 spruce cross-field pits for measurement, and the SEM measurement tool was used to measure the radial dimension of the cross-field pit aperture (DCro, measurement method is shown in Figure 3c). The corresponding relationship between the two was obtained by fitting, as shown in Figure 8. Overall, the DCro of the spruce term increased with greater Ltr: slope 0.008 and R2 = 0.66. Finally, the size of each hydraulic component of xylem was measured by a scanning electron microscope and a transmission electron microscope, and the number and isometric scaling relationship between tracheids and two kinds of pits and other parameters required for these models were counted, as shown in Table 1.




3.3. Input Data and Model Output


There were obvious differences in the proportions of earlywood and latewood in the two tree species collected in this study. Two groups of tracheids with similar ring widths (about 0.38 mm) in transverse sections of the pine and spruce (as shown in Figure 5a and Figure 6a) were selected to draw a schematic diagram reflecting the size and radial position of the tracheids, as shown in Figure 9. The tracheid wall thickness was calculated according to Table 1.



The radial lumen diameters (Ltr) were the input variables; EW stands for earlywood tracheid, LW, for latewood tracheid. For the output result: Rwall, sum of pit resistance; Rlum, lumen resistance; Rtot, tracheid resistance; K, tracheid conductance, and the structural parameters of tracheids and pits, such as Wt, Dm, Da, and so on. To facilitate the comparison of the outputs of the two tree species model, the input parameters common to the two models were fixed as follows: tracheid length H = 2.7 mm; tracheid tangential lumen diameter Ttr = 18 μm; mean thickness of margo strands tf = 0.14 μm. We assumed that all ray parenchyma cells had the same height Wray = 19 μm. The programming environment was used to formulate and run the model, and the operation results are shown in Table 2.



Although the growth ring widths of the two tree species we selected were similar (358.9 μm), they were composed of differently sized tracheids (see Figure 9 for tracheid schematic diagram). The variation range of tracheid conduction in the growth rings of the two tree species was calculated to be three orders of magnitude. The contribution of latewood tracheids to the conductivity of both rings of the two species was less than 1%. The minimum value was less than 0.01, and the maximum value was 4.24 for the pine and 1.92 for the spruce (Unit, 10−15 Pa−1 s−1 m3). The growth ring conduction value of the pine (23.88 × 10−15 Pa−1 s−1 m3) was more than twice that of the spruce (11.42 × 10−15 Pa−1 s−1 m3). In the growth rings, except for a few latewood tracheids, the overall flow resistance of pine was mostly less than that of the spruce, that is, the conductivity was found to be better for the pine than the spruce. Through statistical analysis, this change was mainly caused by the difference of tracheid structure and the characteristics of cross-field pits. The cross section of the earlywood tracheids from the pine had a larger radial dimension than that of the spruce, and the proportion of earlywood tracheids in the pine was significantly larger than that in latewood. In addition, there is a large difference in the size of pits in the cross field of the two tree species (several times or even dozens of times).




3.4. Application of the New Tissue Model to the Pine and the Spruce


When quantitatively calculating the hydraulic characteristics of tracheids with different sizes, and especially when considering the interannual variation in wood anatomical structure, the different sizes of tracheids and the characteristics of bordered pits and cross-field pits will have a significant impact on the hydraulic resistance. In order to further verify that the characteristics of cross-field pits are an important factor affecting xylem flow resistance and conductivity, we set the tracheid size and corresponding bordered pits density of the two tree species to be consistent, and the isometric relationship applied in the model is shown in Table 1. Here, the variables were only the size and number of cross-field pits, which were obtained by measuring samples selected in this paper, as shown in Table 2 and Figure 10.



Figure 10a shows that there was a large difference in the cross-field pit size between the earlywood and latewood of the pine and the spruce. The cross-field pit size of the earlywood of the pine was several times to dozens of times that of the latewood, while the cross-field pit size of earlywood of the spruce was relatively stable, with the difference in fluctuation being relatively small. Figure 10b shows that the number of cross-field pits on each tracheid was lower for the pine than for the spruce. This is because the number of cross-field pits of each cross field of the pine was usually one and that of the spruce was usually two to seven. According to the characteristic parameters of cross-field pits in Figure 10 we brought them into the model for targeted analysis to determine the influence of the number and size of cross-field pits on the wall resistance of the two tree species, as shown in Figure 11.



When the characteristics of tracheids and bordered pits are the same, and the variables are only the number and size of cross-field pits, it can be seen from Figure 11 that, generally, as the size and number of cross-field pits increase, both the pine and the spruce show a downward trend in wall resistance. However, the variation range of wall resistance of the pine is much larger than that of the spruce (the pine is 9.6 × 1011 Pa s m−3 and the spruce is 0.5 × 1011 Pa s m−3). While the wall resistance of the pine reflects the result of the interaction of the two factors, it can be seen from Figure 11a that the wall resistance of the pine changed significantly with the cross-field pit size increase; it can be seen from Figure 11b that the wall resistance surface of the spruce is relatively stable. In contrast, the slope of wall resistance with the change of number was larger than that of size, indicating that the number had a more significant impact on wall resistance. Through analysis, the difference between them was consistent with the law of the differences in the structural characteristics of the two tree species in Figure 10. By observing a large number of samples, the number of cross-field pits in both species was at the same order of magnitude, and the difference was less than twice, but the size of cross-field pits of the pine was large and the variation range was several times to dozens of times, while the size of cross-field pits of the spruce was small, the variation range was also small, and the difference was generally less than 20%. According to the mathematical relationship in the above model, the resistance of the pine was sensitive to the size change of cross-field pits, while the size change of cross-field pits had little effect on the resistance of the spruce.



In addition, we calculated their conductivity, as shown in Figure 12a. When considering roughly the same ring width, most of the wall conductivity of the two tree species mainly depended on the earlywood tracheids, and the wall conductivity of the pine was greater than that of the spruce. On this basis, the number of samples was expanded to calculate the sum of the total conductivity of each growth ring and to analyze the conductivity difference between the two species (calculate according to Formula (17)). The obtained statistical results are shown in Figure 12b, with the two star points corresponding to the conduction values of the two tree species in Figure 9. On the whole, the conductivity of the pine was higher than that of the spruce. This also explains the previous conclusion that the conductivity and permeability of the spruce were relatively weak from the perspective of theoretical calculation.




3.5. Validation


Although many studies have successively proved the important role of cross-field pits in hydraulic conductivity, there is no relevant report on incorporating the conduction role of cross-field pits into the model calculation. Therefore, there is no completely consistent empirical method to evaluate the accuracy of our newly constructed tissue model in describing and calculating the hydraulic characteristics of coniferous xylem. However, in previous studies, there are many related introductions about the calculation of flow resistance and specific conductivity (Ksc) of each tracheid. Therefore, we adopted the method of cross-validation with the existing literature and used the model proposed in this study to calculate the flow resistance and the conductivity [18,19,22,38].



The spruce, one of the research objects, belongs to the same tree species as those in the literature [18,20,22,37,38], and the types of cross-field pits are consistent. We compared the calculated resistance of each component on the tracheid with that of previous studies [19], and cross-verified the flow resistance contribution of each component of a single bordered pit with the model calculation results of Schulte et al. [38]. The two figures show the absolute values on a logarithmic scale (log10). As expected, the resistance of pits and tracheids decreases exponentially with the increase in radial lumen diameter Ltr, and the two figures show the absolute values on a logarithmic scale (log10). When the values of Ltr (14.3–18.6 μm) close to the literature are input, our calculation results are within the resistance range of the hydraulic components of bordered pits (6 × 1015–1.3 × 1016 Pa s m−3) in the literature (as shown by the red rectangle in Figure 13a), and only part of the resistance value from margo is slightly out of range. The bordered pit resistance calculated by this model was in an approximate order of magnitude with the results calculated in the literature. When the values of Ltr (10–22 μm) close to the literature were input, the lumen resistance (Rlum) and total resistance of tracheid (Rtot) were within a reasonable range and overlapped well with the resistance value range of the hydraulic components of tracheid (2.6 × 1014–3.5 × 1016 Pa s m−3) in the literature (as shown in the magenta rectangle in Figure 13b). These comparison results prove the effectiveness of the model proposed in this study to a certain extent.



For further verification, we used the model of this study to calculate the specific conductivity per tracheid (Ksc) with and without cross-field pits, and compared with the value of the specific conductance per tracheid (Ksc) obtained by the traditional method [16]. According to the calculation method proposed in this study, the Ksc value of tracheids considering cross-field pits and bordered pits was slightly greater than that considering only tracheids and bordered pits (as shown by the blue line and green line in Figure 13c. The main reason why the difference was so small was that the number of cross-field pits was small. The calculation method is as shown in Formula (6)). At the same time, the specific conductivity Ksc of tracheids calculated by this research model was compared with the results calculated by the traditional model (red dot in Figure 13c). In general, they had an upward trend with the increase in the hydraulic diameter of the tracheid, and the difference between the two methods was within a reasonable range, which further proves the effectiveness of this research model.





4. Discussion


The hydraulic conduction model proposed in this paper is an improvement of the model from previous studies that simply considers a single tracheid or a group of independent tracheids [18,19,20,22], and extends it to the tissue scale. Through the above verification of the model proposed in this study (Figure 13a), we can see that the resistance calculation value of cross-field pits is large, but its number is less than that of the bordered pits (Table 1). Therefore, through the model calculation, it has relatively little impact on the overall conductance of the cell wall, so that the magnitude of the final total flow resistance of tracheid is consistent with the research results of the previous literature [18,19,22,38]. It should be added that although the conduction effect of the cross-field pits occupied less influence in a single tracheid (Figure 13c), the significance of this study is that it can be applied to a more precise and comprehensive analysis of the influence of the structure of each part of the xylem on the hydraulic flow in the future. The resistance values caused by margo were slightly out of range (Figure 13b); the reason for the difference was that the margo pore size of coniferous wood was actually different in physiology. However, for the convenience of calculation, the margo pore was set as the equivalent pore Dpo of the same size according to the method of the literature in the model [18], which may have increased the resistance caused by margo to a certain extent [13,14,15,16,17]. In addition, an important finding was that the transition of resistance from pit-dominated to lumen-dominated occurred around the transition between earlywood and latewood. This means that the water transfer capacity of the earlywood is not mainly limited by pits (Figure 13a). In other words, as the size of tracheids increases, the resistance caused by the pits decreases faster than the lumen resistance. In addition, the tracheids of latewood have a particularly small contribution to the water conduction in the interannual cycle (Table 2), on the one hand because of their narrow lumen, and on the other hand, because there are few pits that connect the tracheids. Therefore, regarding our samples, it is not surprising that the latewood tracheids of the two tree species contribute less than 1% to the growth ring conductance.



In addition, we know that wood rays occupy about 7–20% of the xylem volume of conifer, and the cross-field pits on them play an important role in the water flow between axial tracheids and ray parenchyma cells. The model proposed in this paper exploratively incorporated the conduction of the cross-field pits into the calculation of the xylem hydraulic conduction model. However, it needs to be noted that when considering the conduction of wood rays, this article mainly considered the effects of the type and number of cross-field pits (combined with the size and ratio of rays) on the conduction of adjacent axial tracheids, ignoring the calculation of the radial conduction resistance of wood rays. This is because the theory that cross-field pits can facilitate water conduction is almost certain. Many physiological studies have evaluated the importance of cross-field pits as the conductors of liquid between axial tracheids and wood rays, and also proven that the flow resistance caused by cross-field pit ultrastructure cannot be ignored [6,7,8,14]. However, many scholars hold different opinions on whole tree hydraulics and, in particular, whether wood rays can radially conduct and the factors that can regulate radial flow [2,3,11,41,42]. Nevertheless, literature searches reveal a paucity of investigations into the influence of wood ray internal filling materials on hydraulic function. Therefore, the evaluation of the hydraulic conductivity of wood rays requires more in-depth research, so as to improve the dynamic understanding of the radial conduction of wood rays and have a clearer understanding of the hydraulic conduction pathways. In this way, the impact of wood rays on the hydraulic characteristics of a single tracheid, a group of growth rings and the entire xylem can be evaluated more comprehensively and quickly through the model, and the gap in understanding how the water movement in the wood rays affects the hydraulic function of the entire wood can be made up.



In the future, we need to evaluate the effectiveness of our model output through experimental verification, for example, by using advanced tools, for example, the xyl’em device (INRA France) and the Cavitron [22,43], or the visual analysis of the conduction path, and the measurement and calculation of conduction resistance by injecting tracer liquid into living trees [1,3,26]. These hydraulic measurements can be more systematically combined with xylem anatomical structure, and can be applied to comprehensively consider the hydraulic conduction of tracheids, bordered pits and cross-field pits. Furthermore, differences in the physiological characteristics of different tree species and in the growth environment will affect the wood tissue structure, such as in determining whether, ultrastructurally, the cross-field pit membranes of different tree species have radially arranged microfibrils, whether the two sides of the pit membrane are often covered or embedded with microfibrils, etc. [6,7]. The extent of the influence of these problems on hydraulic conduction resistance requires in-depth exploration and research.



More in-depth research is needed to evaluate the hydraulic conductivity of wood rays, so as to improve the dynamic understanding of radial conduction of wood rays and better understand the hydraulic conduction pathway. Thus, the model can more comprehensively and quickly evaluate the impact of wood rays on the hydraulic characteristics of a single tracheid, a group of growth rings and the whole xylem, so as to make up the understanding gap of how the water movement of wood rays affects the hydraulic function of the whole wood. In addition, we plan to further target in-situ anatomical measurements, including coniferous samples from different seasons, different tree species, different heights (including stems and roots) and different positions (shady and sunny sides) [37], which can provide a solid data basis for cross validation for our model study of xylem microstructure and hydraulic characteristics. This will allow us to analyze the significant factors affecting xylem conduction in a larger sample capacity, so as to refine the model analyzing the relationship between pit structure and hydraulic characteristics such that it is more accurate. At the same time, it can be extended to other tree species in the future to evaluate the relationship between the morphological characteristics and flow characteristics of wood rays and cross-field pits of different tree species, so as to provide a reference basis for wood seed selection, wood processing, and utilization.




5. Conclusions


Previous research models on the relationship between the xylem structure and hydraulic conduction of conifer have mainly focused on tracheids and bordered pits, but the conduction model of the cross-field pits that connect tracheids and ray parenchyma cells have rarely been studied. In this study, we constructed a more comprehensive model that extends to the tissue scale, and our model is convenient for assessing the relationship between xylem structure and hydraulic properties because it only requires a more easily available measurement of cross-sectional tracheid size. The micro morphology and structural parameters of xylem of two tree species were collected by scanning electron microscope and transmission electron microscope. The improved model can quantify the important hydraulic functional characteristics of xylem only by measuring the more easily obtained cross-sectional tracheid size. The model can quantitatively analyze the comprehensive effects of the structural size of tracheids and bordered pits, as well as the type, number and size of cross-field pits on the hydraulic properties. In terms of model application, we selected two coniferous species with distinctive characteristics and a wide global distribution as the research object for analysis and verification. It was concluded that for these two species, the wall resistance of the pine reflects the result of the interaction of the size and number of cross-field pits, and changes significantly with the size of cross-field pits. In comparison, the wall resistance of the spruce was more sensitive to the number of cross-field pits. The transition of resistance from pit-dominated to lumen-dominated occurred around the transition between earlywood and latewood, and the growth ring conduction value of the pine (23.88 × 10−15 Pa−1 s−1 m3) was more than twice that of the spruce (11.42 × 10−15 Pa−1 s−1 m3) for the two tree species with similar growth ring widths in this study. Finally, the validity and accuracy of the model were evaluated by cross-validation with the results of previous research, and the reasons for the small differences were analyzed. The model presented here can provide references for the analysis of the influence of xylem structure and hydraulic characteristics and the study of tree cultivation. At the same time, it provides additional insights for the study of wood permeability, processing, and utilization. The proposed model not only contributes to the study of tree physiology, but also provides a more comprehensive and effective method for wood species selection, cultivation, and the functional improvement of wood.
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Figure 1. The diagram of the xylem structure of conifer. (a) Three-dimensional view of a portion of xylem sapwood, including earlywood, latewood tracheid and rays; (b) a complete tracheid model containing the bordered pits and cross-field pits and the section view showing the tracheid lumen; (c) The scanning electron microscopy (SEM) micrographs of longitudinal tracheids and wood ray cells on the radial section of the conifer xylem. 
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Figure 2. Schematic diagram of hydraulic model at tissue scale. (a) Water flow through the lumen and the wall of a tracheid and corresponding resistances drawn from a previous study; the variables that constitute the wall resistance are simply the size and number of bordered pits; (b) three-dimensional diagram of the xylem tangential plane. Compared with previous studies, the cross-field pits in the area where axial tracheids and ray parenchyma intersect were added. The variable of wall resistance is composed of the size and number of bordered pits and the size and number of cross-field pits; (c) compared with Figure 2a, the annotation of cross-field pits is added in this model; (d) the different components of the total resistance of a single tracheid and the connections to its neighbors. The horizontal orange and red components represent the two types of pit resistance that make up the wall resistance, namely bordered pits (orange) and cross-field pits (red), and the connections are parallel. The vertical green components represent the lumen resistance in series with the wall resistance. 
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Figure 3. Dimension parameters for calculating the resistance of bordered pits and cross-field pits. (a) Parameters used to calculate bordered pit resistance. Parameters used to calculate cross-field pit resistance of (b) pine (Pinus sylvestris L. var. mongholica Litv.) and (c) spruce (Picea koraiensis Nakai), where the cross-field pit membranes of both have been removed. 
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Figure 4. Anatomical structure of the stem of the pine (Pinus sylvestris L. var. mongholica Litv.). (a) Cross section showing the growth ring structure: the upper right corner is wood pith, and the radial white lines from the pith are wood rays; (b) radial section showing longitudinal tracheids and bordered pits, cross fields formed by the intersection of radial parenchyma cells and axial tracheids, and cross-field pits especially connecting axial and transverse tissues; (c) an enlarged view of the area indicated by the box in (b); (d) tangential section showing the cross section of wood rays; (e) the tangential cross section of a set of ray parenchyma cells, in which the framed part is a window pane cross-field pit on the inner wall of the parenchyma cell; (f) an enlarged view of the cross-field pits with the pit membrane removed, through which the bordered pits can be seen; (g) the partial enlarged view of (c), in which there is a window-pane cross-field pit in the horizontal box and three bordered pits in the vertical box. The scale bar is indicated in the figures. 
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Figure 5. SEM images showing the structural details of the stem of the spruce. (a) Cross section showing the growth ring structure, with an obvious boundary between earlywood and latewood; (b) radial section mainly showing axial tracheids and ray parenchyma cells; (c) an enlarged view of a part of (b), showing the piceoid-type cross-field pits, two to seven per field, and ray parenchyma cells inside the box; (d) tangential section showing the cross section of a tracheid; (e,f) the enlarged cross-sectional views of the two groups of ray parenchyma cells in (d). The arrow points to the piceoid-type cross-field pits on the tangential side of the inner wall of the parenchyma cells; (h) an enlarged view of the piceoid-type cross-field pits; (g) an enlarged view of Figure 5c, with ray parenchyma cells in the box. The scale bar is indicated in the figures. 
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Figure 6. Structures of bordered pits in radial and transverse tracheid walls. (a) Axial tracheids and bordered pits on radial section; (b,c) enlarged images of different scales of bordered pits; (d) a cross section of some tracheids containing the cross-sectional view of bordered pits; (e) an enlarged view of three adjacent pits; (f) an enlarged view of the cross section of tracheids in which the bordered pits are in the left box and the cross-field pits (single pits) are in the right box. 
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Figure 7. Wall thickness in relation to lumen radial diameter. Wt, a linear correlate of lumen radial diameter Ltr, tends to decrease with greater Ltr. Data points are mean wall thickness values corresponding to the lumen radial diameters of 68 pine tracheids (green box) and 61 spruce tracheids (red circle). 
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Figure 8. Scaling of cross-field pit diameter with lumen radial diameter Ltr for spruce. The data points come from the measurement of the aperture size of 474 spruce cross-field pits (measurement method is shown in Figure 3c), R2 = 0.66, slope 0.008. 
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Figure 9. Tracheid diagram of two tree species with similar growth ring widths. The green box is the tracheid cross section of the pine (Pinus sylvestris L. var. mongholica Litv.), and the magenta box is the tracheid cross section of the spruce (Picea koraiensis Nakai). 
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Figure 10. Statistical results of cross-field pits on each tracheid of the pine (Pinus sylvestris L. var. mongholica Litv.) and spruce (Picea koraiensis Nakai) with an approximate growth-ring width obtained by SEM. (a) Comparison of the pit sizes of the cross fields of the two tree species in one growth ring (refer to Figure 3 and Formula (11) for the measurement and calculation method). (b) The number of cross-field pits of the two species in one growth ring. 
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Figure 11. Relationship between the number and size of cross-field pits and wall resistance of two tree species. (a) The pine (Pinus sylvestris L. var. mongholica Litv.); (b) the spruce (Picea koraiensis Nakai). 
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Figure 12. The influence of the cross-field pit size and number of the two tree species on hydraulic conductance. (a) Each point represents the specific conductivity value (Ksc) corresponding to one tracheid in Figure 9. (b) Each point represents the accumulation of a set of complete tracheid conduction values in the ring, namely Kring, and two star points represent the ring conduction values from the two tree species in Figure 9. 
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Figure 13. Comparing the model results with those of the literature review. (a) With the change of tracheid size, the resistance value of each component of bordered pits; (b) the resistance of each part of the tracheid as the size of the tracheid changes. The two figures show the absolute values on a logarithmic scale (log10), and the boxed area in them represent the part where the resistance value range of tracheids and pits in the literature is similar to the range of our simulation results when the approximate Ltr is input [16,22,38]. (c) The specific conductivity per tracheid (Ksc) with and without cross-field pits calculated by the model of this study, and compared with the value of the specific conductance per tracheid (Ksc) obtained by the traditional method [16]. 
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Table 1. Model constants, variables, parameters, and numerical range.
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Feature

Range (Min-Max)

	
The Pine (Pinus sylvestris L. var. mongholica Litv.)

	
The Spruce (Picea koraiensis Nakai)




	
Earlywood

	
Latewood

	
Earlywood

	
Latewood






	
Tracheids

	
Ltr

	
Lumen radial diameter (μm)

	
2.5–20

	
15–30

	
2–11

	
12.5–25




	
H

	
Tracheid length (mm)

	
2.2–3.3

	
2.6–3.5




	
Wt

	
Wall thickness (μm)

	
Wt = −80/7 × Ltr + 4 (Figure 7)




	
0.7–4.0

	
1.3–4.5




	
Bordered Pit

	
Dm

	
Membrane diameter (μm)

	
0.70 Ltr (±0.07) [24,29]




	
Dp

	
Pore size(nm)

	
Dpo = 0.00303 Dm (±2.5) [36]




	
Da

	
Diameter of pit aperture (μm)

	
Da = 0.25 Dm [24,36]




	
Dt

	
Torus diameter (μm)

	
0.50Dm(±0.11) [37,38,39]




	
tap

	
Aperture thickness (μm)

	
Equals Wt




	
Npo

	
Number of pores in pit membrane

	
Formula (10)




	
90–1085

	
60–1050




	
α

	
Bordered pit density

	
6.5 × 108 m−2 [14,22,40]




	
NBor

	
Number of bordered pit per tracheid

	
Formula (7)




	
Cross-field pits and rays

	
Wray

	
Height (μm)

	
15.2–21.5

	
14.5–20.9




	
tray

	
Aperture thickness of cross-field pits (μm)

	
The canal length of cross-field pit (ray thickness, approximately Wt)




	
DCro

	
The diameter of cross-field pits (μm)

	
Formula (13)

2.5–23.5

	
DCro = 0.008 Ltr + 1.564 (Figure 8)

1.55–1.8




	
β

	
The density of cross-field pits (m−2)

	
1.96 × 108 m−2

	
4.368 × 108 m−2




	
NCro

	
Number of cross-field pits per tracheid

	
Formula (8)




	
2–15

	
3–30











[image: Table] 





Table 2. Hydraulic calculation of tracheidogram of two species in Figure 9.
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Location

	
Tracheid Characteristics

	
Pit Characteristics

	
Hydraulic Resistance

	
Hydraulic Conductances




	
EW/

LW

	
Ltr

(μm)

	
Wt

(μm)

	
Nbor

	
Ncro

	
Dm

(μm)

	
Da

(μm)

	
Dt

(μm)

	
DCro

(μm)

	
Rwall 

(1014 Pa s m−3)

	
Rlum

(1014 Pa s m−3)

	
R

(1014 Pa s m−3)

	
K

(10−15 Pa−1 s−1 m3)

	
Ksc

(10−8 Pa−1 s−1 m2)






	
Pine (Pinus sylvestris L. var. mongholica Litv.)




	
1

	
LW

	
2.85

	
3.67

	
5

	
2

	
2.00

	
0.50

	
0.77

	
4.96

	
5559.79

	
939.93

	
6499.72

	
0.00

	
0.02




	
2

	
LW

	
3.42

	
3.61

	
6

	
2

	
2.39

	
0.60

	
1.14

	
5.80

	
3328.35

	
504.92

	
3833.28

	
0.00

	
0.03




	
3

	
LW

	
4.2

	
3.52

	
7

	
2

	
2.94

	
0.74

	
0.97

	
6.88

	
1838.52

	
256.13

	
2094.66

	
0.00

	
0.04




	
4

	
LW

	
3.32

	
3.62

	
6

	
2

	
2.32

	
0.58

	
1.43

	
5.65

	
3620.46

	
558.02

	
4178.47

	
0.00

	
0.03




	
5

	
EW

	
5.46

	
3.38

	
10

	
3

	
3.82

	
0.96

	
1.83

	
8.48

	
609.77

	
111.84

	
721.61

	
0.01

	
0.07




	
6

	
EW

	
12.55

	
2.57

	
22

	
7

	
8.79

	
2.20

	
2.18

	
15.12

	
23.53

	
11.52

	
35.05

	
0.29

	
0.45




	
7

	
EW

	
18.69

	
1.86

	
33

	
10

	
13.08

	
3.27

	
2.67

	
18.84

	
4.41

	
4.87

	
9.29

	
1.08

	
1.10




	
8

	
EW

	
26.54

	
0.97

	
47

	
14

	
18.58

	
4.64

	
2.90

	
22.15

	
0.94

	
2.60

	
3.54

	
2.82

	
2.11




	
9

	
EW

	
15.73

	
2.20

	
28

	
8

	
11.01

	
2.75

	
3.77

	
17.21

	
9.40

	
6.94

	
16.34

	
0.61

	
0.75




	
10

	
EW

	
21.97

	
1.49

	
39

	
12

	
15.38

	
3.84

	
2.63

	
20.38

	
2.17

	
3.59

	
5.76

	
1.74

	
1.52




	
11

	
EW

	
26.06

	
1.02

	
46

	
14

	
18.24

	
4.56

	
4.38

	
21.98

	
1.02

	
2.68

	
3.70

	
2.70

	
2.05




	
12

	
EW

	
23.92

	
1.27

	
42

	
13

	
16.74

	
4.19

	
4.67

	
21.18

	
1.49

	
3.10

	
4.58

	
2.18

	
1.78




	
13

	
EW

	
28.15

	
0.78

	
49

	
14

	
19.71

	
4.93

	
7.10

	
22.69

	
0.73

	
2.37

	
3.10

	
3.23

	
2.30




	
14

	
EW

	
25.1

	
1.13

	
44

	
12

	
17.57

	
4.39

	
6.36

	
21.63

	
1.22

	
2.85

	
4.07

	
2.46

	
1.92




	
15

	
EW

	
16.74

	
2.09

	
29

	
11

	
11.72

	
2.93

	
7.50

	
17.80

	
6.72

	
6.09

	
12.81

	
0.78

	
0.89




	
16

	
EW

	
25.54

	
1.08

	
45

	
14

	
17.88

	
4.47

	
6.18

	
21.79

	
1.11

	
2.77

	
3.88

	
2.58

	
1.98




	
17

	
EW

	
28.78

	
0.71

	
51

	
15

	
20.15

	
5.04

	
5.21

	
22.89

	
0.66

	
2.29

	
2.95

	
3.39

	
2.38




	
Spruce (Picea koraiensis Nakai)




	
1

	
LW

	
2.20

	
3.75

	
4

	
3

	
1.54

	
0.39

	
0.77

	
1.58

	
4324.79

	
2332.20

	
6656.99

	
0.00

	
0.03




	
2

	
LW

	
2.78

	
3.68

	
5

	
3

	
1.95

	
0.49

	
0.97

	
1.59

	
4150.08

	
1024.36

	
5174.44

	
0.00

	
0.03




	
3

	
LW

	
4.08

	
3.53

	
7

	
5

	
2.86

	
0.71

	
1.43

	
1.60

	
2110.08

	
281.45

	
2391.53

	
0.00

	
0.03




	
4

	
LW

	
5.22

	
3.40

	
9

	
6

	
3.65

	
0.91

	
1.83

	
1.61

	
1287.05

	
128.47

	
1415.52

	
0.01

	
0.04




	
5

	
LW

	
6.22

	
3.29

	
11

	
7

	
4.35

	
1.09

	
2.18

	
1.61

	
764.71

	
75.44

	
840.15

	
0.01

	
0.05




	
6

	
LW

	
7.62

	
3.13

	
13

	
9

	
5.33

	
1.33

	
2.67

	
1.62

	
351.42

	
41.93

	
393.35

	
0.03

	
0.08




	
7

	
LW

	
8.28

	
3.05

	
15

	
10

	
5.80

	
1.45

	
2.90

	
1.63

	
247.35

	
33.30

	
280.65

	
0.04

	
0.10




	
8

	
EW

	
10.78

	
2.77

	
19

	
13

	
7.55

	
1.89

	
3.77

	
1.65

	
75.51

	
16.67

	
92.18

	
0.11

	
0.21




	
9

	
EW

	
7.50

	
3.14

	
13

	
9

	
5.25

	
1.31

	
2.63

	
1.62

	
373.02

	
43.85

	
416.87

	
0.02

	
0.07




	
10

	
EW

	
12.5

	
2.57

	
22

	
15

	
8.75

	
2.19

	
4.38

	
1.66

	
37.56

	
11.63

	
49.19

	
0.20

	
0.32




	
11

	
EW

	
13.34

	
2.48

	
23

	
16

	
9.34

	
2.33

	
4.67

	
1.67

	
27.54

	
10.00

	
37.54

	
0.27

	
0.39




	
12

	
EW

	
20.28

	
1.68

	
36

	
24

	
14.20

	
3.55

	
7.10

	
1.73

	
3.71

	
4.17

	
7.88

	
1.27

	
1.20




	
13

	
EW

	
18.18

	
1.92

	
32

	
21

	
12.73

	
3.18

	
6.36

	
1.71

	
6.26

	
5.15

	
11.40

	
0.88

	
0.92




	
14

	
EW

	
21.44

	
1.55

	
38

	
25

	
15.01

	
3.75

	
7.50

	
1.74

	
2.85

	
3.76

	
6.61

	
1.51

	
1.36




	
15

	
EW

	
17.65

	
1.98

	
31

	
21

	
12.36

	
3.09

	
6.18

	
1.71

	
7.20

	
5.46

	
12.67

	
0.79

	
0.85




	
16

	
EW

	
14.89

	
2.30

	
26

	
18

	
10.42

	
2.61

	
5.21

	
1.68

	
16.27

	
7.81

	
24.08

	
0.42

	
0.54




	
17

	
EW

	
18.44

	
1.89

	
32

	
22

	
12.91

	
3.23

	
6.45

	
1.71

	
5.84

	
5.00

	
10.85

	
0.92

	
0.95




	
18

	
EW

	
22.22

	
1.46

	
39

	
26

	
15.55

	
3.89

	
7.78

	
1.74

	
2.41

	
3.52

	
5.93

	
1.69

	
1.47




	
19

	
EW

	
20.56

	
1.65

	
36

	
24

	
14.39

	
3.60

	
7.20

	
1.73

	
3.48

	
4.06

	
7.54

	
1.33

	
1.24




	
20

	
EW

	
23.22

	
1.35

	
41

	
27

	
16.25

	
4.06

	
8.13

	
1.75

	
1.95

	
3.26

	
5.21

	
1.92

	
1.60








Measurements were made of the approximate widths of growth rings for the pine (Pinus sylvestris L. var. mongholica Litv.) and the spruce (Picea koraiensis Nakai). Ltr of each tracheid in the growth ring is the input variable; EW, earlywood tracheid; LW, latewood tracheid; Output result: Rwall, sum of pit resistance; Rlum, lumen resistance; Rtot, tracheid resistance; K, tracheid conductance. To facilitate the comparison of the outputs of the two tree species model, the input parameters common to the two models were fixed as follows: tracheid length H = 2.7 mm; tracheid tangential lumen diameter Ttr = 18 μm; mean thickness of margo strands tf = 0.14 μm. We assumed that all ray parenchyma cells had the same height Wray = 19 μm.
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