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Abstract

:

The objective of this work was to examine the effects of Scots pine blister rust on the quality of Scots pine wood. The research material was taken from tree parts with visible symptoms of fungal infection as well as from unaffected tree parts. Our results show that the effects of the fungus Cronartium pini (Willd.) Jørst. are local and do not prevent the use of wood, and especially its unaffected fragments. Statistical analysis was used to describe the ways in which the pathogen altered wood. While the fungus statistically increased wood density, it significantly diminished its strength parameters. The structural properties of infected and healthy wood from affected trees were found to be similar and much higher than the average values for Scots pine. The higher transverse parameters of wood fibers had a beneficial effect on morphological properties. Scots pine blister rust significantly decreased wood homogeneity, which, together with stem deformation, lowered the quality of timber and reduced its yield.
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1. Introduction


While Pucciniales (previously known as Uredinales) are among the most widespread fungi found around the world [1], little research has been devoted to their effects on wood properties. Cronartium pini (Willd.) Jørst. is a common pathogen. In Poland, Scots pine blister rust disease caused by Cronartium pini affects Scots pines [2,3]. Scots pine blister rust used to pose a major problem for silviculture, but according to current forecasts issued by the Forestry Research Institute, its impact has somewhat lessened [4]. First symptoms appear 2 to 4 years after inoculation [5] as local swellings near the whorl or in branches as a result of fungal growth into the wood tissue. Aeciospores appear annually on the bark, causing cracks that lead to a diamond-shaped resinous canker [6], where the opposite part of the stem swells causing eccentricity. One of the results of fungal activity is an increased amount of resin, which is seen on the wood. Resin canker usually occurs in the middle part of the stem [6] and the infection may persist for many years [3,5]. The fungus tends to grow down the stem to a greater extent than circumferentially, up to several centimeters per year [5,6,7]. Infection primarily results in a lower tree height and volume, stem deformation, and even mortality [8,9,10], reducing the commercial value of the timber [10].



It is often said that wood infected by fungi is only fit to be used for fuel due to its high resin content leading to increased wood density and durability. However, the defects resulting from this kind of fungal infection occur only locally in the tree, and so the entire stem does not need to be relegated to the lowest quality classes. According to a study by Mirski et al. [11], most wood defects are concentrated in the middle region of the stem, and this is also the case with Cronartium pini defects, which are not included in the polish technical conditions of pine wood.



The rational evaluation of wood quality affected by a pathogen requires knowledge of the way it impacts wood and should be based on tests of strength properties as well as on visual assessment [11]. The wood industry values high-quality timber with versatile properties and wide availability. These criteria are met by the Scots pine, which is one the most important tree species in the world. It has been primarily studied in terms of its structure [12,13] and physical properties [14,15,16,17,18,19,20,21] (and especially density [13,22,23,24,25,26,27,28]) as well as mechanical properties [29,30,31,32,33].



On the other hand, the anatomical characteristics and morphological properties of various species of production trees are among the least-studied areas in wood research in Poland, as evidenced by the limited availability of the literature data [34,35,36,37,38]. To expand the knowledge in this field, it is necessary to examine the results and insights of international authors [14,39,40]. The present work makes a substantial contribution in this area, additionally providing valuable information about the influence of pathogens on the structural properties of P. sylvestris wood.



Most of the cited publications focus on the effects of Cronartium pini on tree development, and they completely ignore impact on wood quality and its technical suitability. The lack of scientific studies shows that the current study is much needed. This is the first research on the properties of pine wood infected with Scots pine blister rust in Poland. On the other hand, ample research on the properties of pine wood has enabled comparative evaluation of the obtained results for healthy timber from infected trees with a view to determining its quality. It was assumed that Scots pine blister rust had an effect on the properties of the wood. The objective of the work was to investigate the structural, physical, and mechanical parameters of Scots pine wood affected by Cronartium pini and compare them with the corresponding properties of healthy wood from affected trees. Our work focuses on those properties of wood that are of importance to its applications in the wood industry.




2. Materials and Methods


The research material came from the central part of Poland, the Mińsk Forest District (Warsaw State Forests Regional Directorate, Warszawa, Poland). It is located about 60 km east of Warsaw. The trees mostly grew on a fresh coniferous forest site; with a few exceptions, they were obtained from a fresh mixed coniferous forest site. The research material was selected based on the degree of fungal damage as assessed by the proportion of the crown that was dead. Field work included the determination of tree age as well as the following parameters: tree height and diameter at breast height (DBH), height to the beginning and to the end of the resinous area, the length of the resinous area, and the evaluation of crown health. The fieldwork assessment resulted in thirteen trees being qualified for study with an average age of 83 years, determined by the number of annual rings after felling, an average height of 21.49 m and a DBH of 26 cm. The trees were subsequently harvested and 3 m logs were cut from the middle part of stem. Each log consisted of a part visibly affected by Scots pine blister rust (infected wood) as well as a part without visible rust symptoms (healthy wood). The logs were debarked, slit and seasoned to 12% moisture content. Then, 20 mm × 20 mm × 30 mm samples were taken from the logs pursuant to the standard ISO 3129:2019 [41]. Studies were conducted in accordance with the international standards ISO 13061-2:2014 [42], ISO13061-17:2014 [43], and ISO 13061-1:2014 [44].



Structural studies involved the measurement of 271 samples in terms of annual ring width (ARW [mm]) and latewood proportion (LW [%]). These parameters were determined on the basis of digital images of sample cross-sections acquired using CooRecorder 7.8 software [45]. In the next step, measurement results were exported to the CDendro 7.6 program [46], to obtain readings in millimeters.



Mechanical studies and wood density at a moisture content of 12% (air-dry density) (    ρ   12    , kgm−3) were determined for 271 samples. Measurements were performed using the stereometric method (in the radial, tangential, and longitudinal directions) using a SYLVAC S_Cal Evo IP67 150/0.01 mm electronic caliper (SYLVAC, Yverdon-les-Bains, Switzerland) with a precision of 0.01 mm. The samples were weighed using a RADWAG WTC 200 laboratory balance (Radwag, Radom, Poland) with a precision of 0.001 g. The following physical parameters were determined as a result of measuring 220 wood samples at a moisture content of 30% and 0%: (a) wood density at a moisture content of 0% (oven-dry density) (    ρ   0    , kgm−3); (b) basic wood density (    ρ   b    , kgm−3); (c) total radial shrinkage (    β m a x   R    , %); (d) total tangential shrinkage (    β m a x   T    , %); (e) total longitudinal shrinkage (    β m a x   L    , %); (f) total volumetric shrinkage (    β m a x   V    , %); (g) total radial shrinkage coefficient (    K   β R    ); (h) total tangential shrinkage coefficient (    K   β T    ); (i) total longitudinal shrinkage coefficient (    K   β L    ); (j) total volumetric shrinkage coefficient (    K   β V    ); (k) shrinkage anisotropy index (    A   β    ); (l) the proportion of wood substance (D, %); and (m) porosity (c, %).



A ZD-10 universal tester (VEB WPM, Lipsk, Germany), measuring strength and displacement with a precision of 100 N and 0.1 mm, respectively, was used to determine the following parameters: (a) compression strength parallel to grain (    R c   12    , MPa); (b) coefficient of compression strength parallel to grain (compressive collapse strength) (    J R c   12    , km).



Wood samples used in anatomical studies were subjected to tangential cutting upon reaching maximum moisture content by means of a Leica SM 2000 R sliding microtome (Leica Biosystems Nussloch GmbH, Nussloch, Germany), with a separation into earlywood and latewood. Due to high resin content, the obtained material varied in thickness, which affected maceration time. The obtained fragments were placed in Eppendorf tubes and immersed in a maceration solution consisting of 30% hydrogen peroxide and 99.5% glacial acetic acid in a 1:1 ratio. Maceration was conducted at 60 °C in a Memmert UN 30 laboratory incubator (Memmert GmbH, Schwabach, Germany) for 48 h. After maceration, the fibers were washed with distilled water several times to remove the maceration solution, and then immersed in a mixture of water and glycerol in a 1:1 ratio and left for 7 days. In the next step, the samples were stained with 1% safranin solution for 24 h and washed with distilled water. Microscopic slides were prepared under an Olympus SZH10 Research stereomicroscope (Olympus Optical Co.GmbH, Hamburg, Germany) using a 1:1 water–glycerol mixture. After depositing a drop of the mixture on a slide, fibers were placed on the drop and spread with a needle to separate individual fibers. Fifteen fibers were taken for analysis from each slide, which amounted to a total of 720 fibers (360 earlywood and 360 latewood fibers). The preparations were photographed using an Olympus Provis AX70 microscope coupled to an Olympus UC90 camera (Olympus Optical Co.GmbH, Hamburg, Germany). Images were acquired at a magnification of ×2 or ×4 for fiber length measurements and at ×40 for cell width and lumen measurements. Fibers were measured by means of image analysis using ImageJ 1.8.0 software (LOCI, University of Wisconsin), which enabled readouts in millimeters. The following wood fiber parameters and coefficients were determined: (a) fiber length (L, mm); (b) fiber width (D, mm); (c) lumen width (d, mm); (d) cell wall thickness (  C W T =     D − d    /  2   ,   m m  ); (e) slenderness ratio (  S R =   L  /  D    ); (f) Runkel ratio (  R R =   2 W T  /  d    ); (g) flexibility coefficient (  F C =   d  /  D    ); (h) rigidity index (  R I =     W T  /  D     · 100 %  ); (i) Mühlsteph index (  M I =       D   2   −   d   2      /    D   2      ); and (j) solid factor (  S F =       D   2   −   d   2      /  L    ).



The results were statistically analyzed to provide characterization of the effects of Cronartium pini on the properties of P. sylvestris wood. Descriptive statistics, including the arithmetic mean (M), median (Me), standard deviation, as well as extreme values (Max and Min) are presented in Table 1 for structural, physical, and mechanical properties and in Table 2 for anatomical properties. Further statistical analysis was contingent on the results of the Shapiro–Wilk test, which determined the normality of distribution of the study material. Since the obtained values of the physical, mechanical, and structural parameters were not normally distributed, the nonparametric Mann–Whitney test was conducted to categorize the results according to wood health status. The same was true of the results obtained for anatomical parameters. Additionally, due to the subdivision of wood samples into earlywood and latewood in infected and healthy wood, the Kruskal–Wallis test was performed. Subsequently, a multiple-comparison Dunn’s test was conducted for values with p < 0.05 to determine significant differences between groups. In the diagram, significant differences are marked with * for p < 0.05, ** for p = 0.01, and *** for p = 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. The results of both statistical tests are given in Table 2. All statistical analyses were conducted using Statistica 13.5 software [47].




3. Results


The results of our studies clearly indicate the impact of Cronartium pini on wood properties. This impact was the strongest for properties such as the mean annual ring width, density, porosity, the proportion of wood substance, total radial, tangential, and volumetric shrinkage, total radial, tangential, and volumetric shrinkage coefficients, compression strength parallel to the grain, and the coefficient of compression strength parallel to the grain (Table 1), as well as the fiber width and lumen and the solid factor (Table 2). On the other hand, Scots pine blister rust did not affect the proportion of latewood, total longitudinal shrinkage and the coefficient of that shrinkage, the shrinkage anisotropy index, fiber length, cell wall thickness, the rigidity index, the Runkel ratio, or the Mühlsteph index (Table 2).



The statistical characterization of the structural, physical, and mechanical properties is given in Table 1. Pathogenic activity significantly affected the mean annual ring width, leading to its higher values as compared to healthy wood as well as considerable variation between individual rings. On the other hand, our study showed that the proportion of latewood is not susceptible to biotic factors, as differences between healthy and infected wood were small in this respect. The presence of resin significantly affected wood density, which was higher for infected wood and revealed high variation. It also affected wood shrinkage (lower in infected samples) and compression strength parallel to the grain (higher in infected samples), while decreasing the coefficient of compression strength parallel to the grain. Infected wood was also found to have a higher proportion of wood substance and lower porosity, in direct contrast to healthy wood.



The statistical characterization of the parameters and indicators for wood fibers is presented in Table 2. Statistical analysis did not show an impact of Cronartium pini, and did not indicate differences between the studied groups in terms of fiber length (Table 2, Figure 1). In the case of fiber thickness, the Runkel ratio, the flexibility coefficient, the rigidity index, and the Mühlsteph index, pathogen impact was not found (Table 2), but some differences between groups were noted (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6). Cronartium pini was found to affect fiber width and lumen, the slenderness ratio, and the solid factor (Table 2), and inter-group differences were identified (Figure 7, Figure 8, Figure 9 and Figure 10). Fiber parameters unaffected by Scots pine blister rust were fiber length and cell wall thickness, which were nearly identical for healthy and infected wood. In the case of parameters influenced by the fungi, their values were much higher than average for pine wood, with the infected wood exhibiting lower values as compared to healthy wood from affected trees.




4. Discussion


The influence of Cronartium pini on the physical and mechanical properties of wood is consistent with the expected effects of fungal infection, leading to higher density and compression strength parallel to grain due to high resin content. However, our anatomical studies provided new knowledge in this respect in the absence of the literature data on the subject.



The mean fiber parameters obtained in this study were higher than the mean values reported by other authors or were close to those given as extreme values [34,35,38]; however, they fell within the ranges typically determined for this species [36]. Fiber length was found to be similar for healthy and infected wood because Cronartium. pini does not significantly affect wood. This was also the case for cell wall thickness. However, the analysis of earlywood and latewood measurements revealed strong deviations for earlywood, with values more than twice as high as those generally reported as average for the species [36]. Also, the fiber width and lumen exceeded average findings for pine wood (in our study, both parameters were higher for healthy wood). The greater transverse dimensions of fibers increased the values of several morphological parameters calculated in this study, so that they surpassed the average values indicated in the literature. The examined samples fell below the average slenderness ratio for pine of 90 [37], with the infected wood exhibiting a higher ratio than healthy wood due to a lower fiber width. Also, the Runkel index obtained for infected wood was higher than that for healthy wood. Its typical value for the species is 0.3, less than the value calculated in our study; however, this does not have a detrimental effect on wood properties as the maximum acceptable value of the Runkel ratio for good quality fibers is 1 [14,39]. The rigidity index for both materials was not high, translating into greater fiber resistance to tensile stress and tearing [14]. The flexibility coefficient determined for the fibers indicates that they are elastic [14,39], which facilitates bonding, increasing tensile and tearing strength [40]. The Mühlsteph index shows that the examined samples, both infected and healthy, can be readily felted. Thus, the obtained results do not disqualify the examined material from paper production, but due to the problems linked to the presence of resin in the infected wood, in practice only healthy wood is suitable for processing. In one of their conclusions, Kaitera et al. [9] observed that losses in sawtimber caused by blister rust translate into greater timber use for pulping.



Our study shows that Cronartium pini affected mean annual ring width, but not the proportion of latewood. Infected wood exhibited a greater mean annual ring width as compared to healthy wood, which is attributable to the nature of pathogen activity. The results obtained for healthy wood were higher than the average values reported by other researchers [12,15,16,31] because the material examined in this study was taken from higher tree segments. As compared to healthy wood, infected wood had a slightly lower proportion of latewood. Previous research has shown that the mean latewood proportion in P. sylvestris ranges widely from 20% to almost 50% [12,15,18,24,31]. This substantial variability may be associated with many causes, with the major ones being the location in the stem [13,31], annual ring width [16], tree age [33], and type of forest site [18].



In our study, Cronartium pini was shown to influence wood density, which was also the most obvious aspect of fungal infection due to the high resin content. As a result of abundant resin, infected wood exhibited much greater density than healthy wood. To be sure, this property is highly variable and may be affected, in addition to Scots pine blister rust, by sample location in the stem [22,23], tree age [23,28], and site conditions [23]. The density of healthy wood was found to be similar to the values reported for samples taken at mid-stem height [12,13]. The values reported by other researchers [15,18,24,25,26,31,32] are similar to ours or larger due to changes in density with tree height [13,15,18,20,21,22,26,48]. The basic density of infected wood was much greater than that of healthy wood. The latter was lower than the values reported in the literature for mid-stem height, amounting to 415 ± 55 kgm−3 [21], 417.15±3.54 kgm−3 [27], and 419 kmm−3 [23]. Infected wood exhibited a higher proportion of wood substance and lower porosity, with the opposite being true of healthy wood. The corresponding properties of healthy wood were found to be slightly lower as compared to those reported for this range of density and for mid-height location [27].



Cronartium pini was shown to affect wood shrinkage, which was lower for infected wood than for healthy wood, with the latter exhibiting values similar to average pine wood shrinkage [17,19,21,49]. According to Tomczak and Jelonek [21], wood shrinkage does not depend on the height on the stem, and so the values determined for healthy wood in our study are consistent with the reports of other authors who examined the basal part of the trunk. In our case, infected wood exhibited lower shrinkage and higher dimensional stability because of excessive content of resin, which decreases wood shrinkage due to cell wall buckling [50] and occupies space that would normally be taken by water [19]. Cronartium pini did not affect longitudinal shrinkage or anisotropy, which was found to be close to 2 both for infected and healthy wood, considerably exceeding the values generally accepted for the species.



Infected wood was characterized by higher compression strength parallel to the grain than healthy wood. The highest value of this parameter at mid-height for a Scots pine growing on a coniferous forest site has been reported to be 45.5 ± 1.5 MPa [33], which is more than the values found in this study and in other reports [26,29]. Compression strength parallel to the grain obtained by other researchers for the basal part of the trunk revealed higher values than those found by the present authors [30,31,32], as the compression strength of unaffected wood increases the closer to the base of the tree it is. The coefficient of compression strength parallel to the grain-infected wood was lower than that of healthy wood—our results for the latter were consistent with the values reported in the literature [32].



The above findings indicate that while Cronartium pini lowers the commercial value of wood, the pathogen does not prevent its use for various applications as healthy wood from infected trees exhibits average values for the species.




5. Conclusions


The anatomical structure of wood from trees infected with Cronartium pini was highly variable in terms of the studied features, while the results for infected and healthy samples were similar. Larger transverse fiber dimensions were found for both types of wood, which had a positive effect on the parameters associated with those dimensions. The obtained parameters, albeit much higher than average values for Scots pine, did not render the wood technically unsuitable.



Infected wood had wider annual rings than healthy wood. The fungus did not affect the proportion of latewood, which was only slightly lower in infected wood as compared to healthy wood.



Scots pine blister rust was shown to impact the physical properties of infected wood by increasing its density due to high resin content and decreased average radial and tangential shrinkage as compared to healthy wood. On the other hand, the fungus did not have an effect on anisotropy or longitudinal shrinkage.



As compared to healthy wood, infected wood was found to exhibit higher compression strength parallel to grain, but a lower coefficient of compression strength parallel grain. Healthy wood exhibited typical values of the studied mechanical properties, without any detrimental effects on its construction applications.



The activity of Cronartium pini led to annual ring in homogeneity and high resin content, limiting the suitability of the infected tree fragments to fuel applications, despite their good overall parameters. In contrast, the mean results obtained for healthy wood from affected trees are consistent with the average values reported for pine wood.
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Figure 1. Fiber length depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 






Figure 1. Fiber length depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green.



[image: Forests 14 02161 g001]







[image: Forests 14 02161 g002] 





Figure 2. Fiber wall thickness depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 3. Runkel index for wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 4. Flexibility coefficient for wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 5. Rigidity index for wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 6. Mühlsteph index for wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 7. Fiber width depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 8. Fiber lumen depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 9. Slenderness ratio of wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Figure 10. Solid factor for wood fibers depending on health status (H—healthy wood, I—infected wood) and broken down into earlywood (E) and latewood (L). Statistically significant differences are marked *** for p < 0.001. Differences between healthy wood and the remaining groups are shown in red, while those for infected wood are shown in green. 
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Table 1. Selected structural, physical, and mechanical properties of Scots pine wood expressed as mean (M), minimum (Min), maximum (Max), median (Me), and standard deviation (SD), as well as Mann–Whitney test results (M–W) at a significance level of p < 0.05.
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Structural, Physical and Mechanical Properties

	
Health Status

	
M

	
Me

	
Min

	
Max

	
SD

	
M–W






	
Annual ring width, mm

	
Healthy

	
2.44

	
2.44

	
0.90

	
6.03

	
1.01

	
0.019




	
Infected

	
2.75

	
2.58

	
1.07

	
5.61

	
1.12




	
Latewood proportion, %

	
Healthy

	
30.14

	
30.16

	
16.84

	
42.76

	
5.41

	
0.747




	
Infected

	
29.90

	
29.96

	
13.37

	
51.99

	
6.77




	
Air-dry density (    ρ   12    ), kg m−3

	
Healthy

	
461.56

	
458.95

	
378.52

	
645.87

	
45.61

	
<0.001




	
Infected

	
632.51

	
637.31

	
405.49

	
974.76

	
106.70




	
Oven-dry density (    ρ   0    ), kg m−3

	
Healthy

	
420.58

	
420.05

	
339.17

	
518.43

	
45.64

	
<0.001




	
Infected

	
585.23

	
587.98

	
378.55

	
796.35

	
87.74




	
Basic density (    ρ   b    ,), kg m−3

	
Healthy

	
371.38

	
372.25

	
300.39

	
457.55

	
36.69

	
<0.001




	
Infected

	
527.92

	
529.91

	
329.74

	
730.33

	
81.61




	
Proportion of wood substance (D), %

	
Healthy

	
28.04

	
28.00

	
22.61

	
34.56

	
3.04

	
<0.001




	
Infected

	
39.02

	
39.20

	
25.24

	
53.09

	
5.85




	
Porosity (c), %

	
Healthy

	
71.96

	
72.00

	
65.44

	
77.39

	
3.04

	
<0.001




	
Infected

	
60.98

	
60.80

	
46.91

	
74.76

	
5.85




	
Total longitudinal shrinkage (    β m a x   L   ) ,  %

	
Healthy

	
0.15

	
0.07

	
0.0324

	
1.62

	
0.203

	
0.302




	
Infected

	
0.19

	
0.03

	
0.0323

	
1.65

	
0.312




	
Total radial shrinkage (    β m a x   R    ), %

	
Healthy

	
4.10

	
4.19

	
1.84

	
6.25

	
0.91

	
<0.001




	
Infected

	
3.48

	
3.51

	
1.22

	
6.49

	
1.10




	
Total tangential shrinkage (    β m a x   T    ),%

	
Healthy

	
7.69

	
7.75

	
4.55

	
10.35

	
1.20

	
<0.001




	
Infected

	
6.41

	
6.29

	
3.08

	
9.36

	
1.248




	
Total volumetric shrinkage (    β m a x   V    ), %

	
Healthy

	
11.60

	
11.72

	
7.28

	
14.67

	
1.64

	
<0.001




	
Infected

	
9.84

	
9.83

	
5.69

	
13.13

	
1.74




	
Total longitudinal shrinkage coefficient (    K   β L    )

	
Healthy

	
0.005

	
0.002

	
0.0011

	
0.054

	
0.007

	
0.302




	
Infected

	
0.006

	
0.001

	
0.0011

	
0.055

	
0.001




	
Total radial shrinkage coefficient (    K   β R    )

	
Healthy

	
0.14

	
0.14

	
0.06

	
0.21

	
0.031

	
<0.001




	
Infected

	
0.12

	
0.12

	
0.04

	
0.22

	
0.037




	
Total tangential shrinkage coefficient (    K   β T    )

	
Healthy

	
0.26

	
0.26

	
0.15

	
0.35

	
0.04

	
<0.001




	
Infected

	
0.21

	
0.21

	
0.10

	
0.31

	
0.10




	
Total volumetric shrinkage coefficient (    K   β V    )

	
Healthy

	
0.39

	
0.39

	
0.24

	
0.49

	
0.05

	
<0.001




	
Infected

	
0.33

	
0.33

	
0.19

	
0.44

	
0.06




	
Shrinkage anisotropy index (    A   β    )

	
Healthy

	
1.95

	
1.86

	
1.11

	
3.56

	
0.45

	
0.371




	
Infected

	
2.02

	
1.88

	
0.70

	
4.57

	
0.69




	
Compression strength parallel to grain (    R c   12    ), MPa

	
Healthy

	
42.55

	
41.49

	
31.9

	
59.8

	
6.27

	
0.027




	
Infected

	
44.24

	
43.49

	
22.1

	
57.8

	
6.01




	
Coefficient of compression strength parallel to grain (    J R c   12    ), km

	
Healthy

	
9.19

	
9.16

	
7.71

	
10.93

	
0.72

	
<0.001




	
Infected

	
7.16

	
6.98

	
3.39

	
9.86

	
1.37











 





Table 2. Basic characteristics of parameters and indicators of the structure of Scots pine wood fibers expressed as mean (M), minimum (Min), maximum (Max), standard deviation (SD), and median (Me) as well as Mann–Whitney (M–W)test results for health status and Kruskal–Wallis (K–W) test for wood type at a significance level of p < 0.05.






Table 2. Basic characteristics of parameters and indicators of the structure of Scots pine wood fibers expressed as mean (M), minimum (Min), maximum (Max), standard deviation (SD), and median (Me) as well as Mann–Whitney (M–W)test results for health status and Kruskal–Wallis (K–W) test for wood type at a significance level of p < 0.05.





	
Parameters and Indicators of Wood Fiber Structure

	
Health Status

	
Type of Wood

	
M

	
Me

	
Min

	
Max

	
SD

	
p

(M–W)

	
p

(K–W)






	
Length, mm

	
Healthy

	
Earlywood

	
3.99

	
4.06

	
1.14

	
7.19

	
1.12

	
0.514

	
0.387




	
Latewood

	
3.99

	
3.97

	
1.60

	
7.18

	
1.04




	
Overall

	
3.99

	
4.02

	
1.08

	
7.19

	
1.14




	
Infected

	
Earlywood

	
3.93

	
3.63

	
2.04

	
6.70

	
1.09




	
Latewood

	
4.03

	
4.11

	
1.32

	
6.51

	
1.05




	
Overall

	
3.98

	
3.88

	
1.07

	
6.70

	
1.32




	
Diameter, mm

	
Healthy

	
Earlywood

	
0.0670

	
0.0650

	
0.0320

	
0.1190

	
0.0191

	
0.001

	
<0.001




	
Latewood

	
0.0535

	
0.0530

	
0.0280

	
0.0770

	
0.0102




	
Overall

	
0.0603

	
0.0575

	
0.022

	
0.119

	
0.0167




	
Infected

	
Earlywood

	
0.0629

	
0.0590

	
0.0320

	
0.1190

	
0.0188




	
Latewood

	
0.0513

	
0.0480

	
0.0280

	
0.1090

	
0.0130




	
Overall

	
0.0571

	
0.0540

	
0.028

	
0.119

	
0.0171




	
Lumen, mm

	
Healthy

	
Earlywood

	
0.0523

	
0.0525

	
0.0130

	
0.1080

	
0.0196

	
0.040

	
<0.001




	
Latewood

	
0.0330

	
0.0310

	
0.0090

	
0.0680

	
0.0116




	
Overall

	
0.0426

	
0.0390

	
0.0090

	
0.1080

	
0.0188




	
Infected

	
Earlywood

	
0.0491

	
0.0470

	
0.0200

	
0.1100

	
0.0168




	
Latewood

	
0.0302

	
0.0280

	
0.0090

	
0.0920

	
0.0133




	
Overall

	
0.0397

	
0.0380

	
0.0090

	
0.1100

	
0.0178




	
Wall Thickness, mm

	
Healthy

	
Earlywood

	
0.0074

	
0.0650

	
0.0025

	
0.0250

	
0.0036

	
0.601

	
<0.001




	
Latewood

	
0.0103

	
0.0105

	
0.0030

	
0.0190

	
0.0042




	
Overall

	
0.0088

	
0.0750

	
0.0025

	
0.0250

	
0.0042




	
Infected

	
Earlywood

	
0.0069

	
0.0050

	
0.0025

	
0.0240

	
0.0042




	
Latewood

	
0.0105

	
0.0108

	
0.0030

	
0.0175

	
0.0032




	
Overall

	
0.0087

	
0.0080

	
0.0025

	
0.0240

	
0.0042




	
Slenderness Ratio

	
Healthy

	
Earlywood

	
63.14

	
59.55

	
21.81

	
162.46

	
24.29

	
0.024

	
<0.001




	
Latewood

	
75.72

	
75.55

	
30.15

	
128.81

	
18.48




	
Overall

	
69.52

	
67.52

	
21.81

	
162.46

	
22.63




	
Infected

	
Earlywood

	
66.00

	
63.07

	
31.64

	
147.03

	
21.14




	
Latewood

	
81.06

	
79.36

	
32.02

	
149.55

	
22.62




	
Overall

	
73.53

	
71.57

	
31.64

	
149.55

	
23.13




	
Runkel Ratio

	
Healthy

	
Earlywood

	
0.377

	
0.248

	
0.074

	
2.133

	
0.381

	
0.345

	
<0.001




	
Latewood

	
0.755

	
0.701

	
0.098

	
2.667

	
0.474




	
Overall

	
0.565

	
0.351

	
0.074

	
2.667

	
0.470




	
Infected

	
Earlywood

	
0.318

	
0.227

	
0.082

	
2.143

	
0.280




	
Latewood

	
0.873

	
0.751

	
0.150

	
3.000

	
0.527




	
Overall

	
0.595

	
0.398

	
0.082

	
3.000

	
0.505




	
Rigidity Index, %

	
Healthy

	
Earlywood

	
11.87

	
9.93

	
3.47

	
34.04

	
6.815

	
0.344

	
<0.001




	
Latewood

	
19.54

	
20.61

	
4.48

	
36.36

	
7.726




	
Overall

	
15.68

	
12.99

	
3.47

	
36.36

	
8.22




	
Infected

	
Earlywood

	
10.95

	
9.24

	
3.78

	
34.09

	
5.468




	
Latewood

	
21.38

	
21.44

	
6.52

	
37.50

	
7.202




	
Overall

	
16.17

	
14.23

	
3.78

	
37.50

	
8.25




	
Mühlsteph Index

	
Healthy

	
Earlywood

	
0.3999

	
0.358

	
0.1338

	
0.8981

	
0.1793

	
0.345

	
<0.001




	
Latewood

	
0.6052

	
0.655

	
0.1711

	
0.9256

	
0.1961




	
Overall

	
0.5018

	
0.452

	
0.1338

	
0.9256

	
0.2138




	
Infected

	
Earlywood

	
0.3780

	
0.336

	
0.1455

	
0.8988

	
0.1505




	
Latewood

	
0.6518

	
0.674

	
0.2439

	
0.9375

	
0.1676




	
Overall

	
0.5149

	
0.488

	
0.1455

	
0.9375

	
0.2100




	
Flexibility Coefficient

	
Healthy

	
Earlywood

	
0.801

	
0.801

	
0.319

	
0.931

	
0.136

	
0.345

	
<0.001




	
Latewood

	
0.588

	
0.588

	
0.273

	
0.910

	
0.155




	
Overall

	
0.686

	
0.740

	
0.273

	
0.931

	
0.164




	
Infected

	
Earlywood

	
0.815

	
0.815

	
0.318

	
0.924

	
0.109




	
Latewood

	
0.571

	
0.571

	
0.250

	
0.870

	
0.144




	
Overall

	
0.677

	
0.715

	
0.250

	
0.924

	
0.165




	
Solid Factor

	
Healthy

	
Earlywood

	
0.00045

	
0.00040

	
0.00011

	
0.00170

	
0.00025

	
0.039

	
<0.001




	
Latewood

	
0.00046

	
0.00040

	
0.00012

	
0.00140

	
0.00024




	
Overall

	
0.00045

	
0.00040

	
0.00007

	
0.00170

	
0.00024




	
Infected

	
Earlywood

	
0.00042

	
0.00031

	
0.00009

	
0.00154

	
0.00030




	
Latewood

	
0.00043

	
0.00042

	
0.00011

	
0.00101

	
0.00016




	
Overall

	
0.00042

	
0.00038

	
0.00038

	
0.00009

	
0.00024
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