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Abstract

:

Climate change and the gradual phaseout of the spruce from Central Europe inspired us to study the effects of the ageing process of trees on wood properties. This study was conducted in old tree stands with significant involvement of the spruce (Picea abies (L.) H. Karst) in the ages between 122 and 177 years. The study material (samples) was collected from the selected trees to study wood properties such as density, resilience to compressive strength, resilience to bending strength, and modulus of elasticity. The results and findings of this study indicate that the spruce currently reaches the optimal technical quality of wood tissue at approximately 60 years of age. It is approximately 20 years earlier than the planned cutting age for the species. This could be due to water stress which led to adaptive changes in the wood tissue and earlier technical maturation of the wood in the studied trees. Significant radiant variabilities of wood properties of the Norway spruce were observed. It was determined that wood density does not fully reflect its mechanical properties, and it can be considered an indicator of the technical quality of wood tissue, but only within a limited scope. The results obtained may not only be applied in optimising the use of wood from spruce stands. They can also indicate the need to change the approach to managing spruce stands and their conversion towards broadleaf species.
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1. Introduction


Wood is a chemically complex material. It denotes the characteristic anatomical construction of a particular tree species, which affects its mechanical and physical properties. Differences in the structure and properties of wood can even occur within a single species, e.g., depending on the geographical location [1,2]. Moreover, the features and properties of wood tissue can differ in a single tree depending on its age, the ratio of young wood to old wood, the ratio of early wood to late wood in the annual rings, the ratio of hardwood to sapwood, and individual wood defects [3]. Hence, it is particularly significant to obtain raw material at the optimal cutting age for a given species.



Leaving overmature tree stands may expose them to diseases which cause depreciation of the wood on the stem and decrease the biological and mechanical stability of the entire tree stand. According to Bernadzki [4], in older overmature tree stands, the greatest threat to the tree tissue is the decay (rot), and the share of rot-affected trees increases with the age of the tree stand.



Climate change is currently a significant threat to ecosystems, particularly forest ecosystems [5,6,7]. Preserving the stability of tree stands is crucial for maintaining the continuous formation of wood and mitigating climate change through carbon sequestration and preservation of forest ecosystems [7,8]. According to Borecki et al. [9], climate change significantly impacts the health of tree stands in older age groups. Climate models based on simulations predict that European forests will be exposed to more frequent and longer droughts and higher air temperatures [10]. Persistent droughts cause water stress and contribute to weakening spruce tree stands by increasing their vulnerability to pests and pathogens [11], e.g., the European spruce bark beetle (Ips typographus), one of the most aggressive and fast-spreading bark beetles [12]. According to Jyske et al. [13], the spruce returns to a state of physiological balance once drought recedes, as long as it is not long-lasting. However, an increasing number of extended periods of drought have been documented. As a result of these threats, there can be a shift of the natural habitats of the tree species that are important for the economy and the self-thinning processes intensify [14,15,16]. In addition to climate change, spruce tree stands are weakened by a mixture of pollutants, mainly nitric oxide, sulphur oxide, and heavy metals [17]. Sulphur dioxide is produced mainly by coal-fired power stations and the chemical industry, which has caused a significant decay of many hectares of spruce forest [18]. As a result of the mass dieback of spruce tree stands in Europe, a number of scientists have started conducting research into the phenomenon, among them Svoboda et al. [19], Brůna et al. [20], Kharuk et al. [11], and Toth et al. [12]. The spruce prefers moist habitants and is not able to adapt to climate change and drought within a short period of time; according to some prognoses, the spruce will be ousted by species that are more resilient to high temperatures in specific habitats. Pötzelsberger et al. [21] and Zaidler et al. [7] state that the Norway spruce can be substituted by introducing species from regions with similar climatic conditions. The inclusion of species with adequate productive potential can improve the adaptability of tree stands [22]. Other non-native spruce species can constitute alternatives to the native Norway spruce [6]. Certainly in the near future, forestry and also forest sciences will face further challenges to understand and prepare for the inevitable changes in forest ecosystems.



Environmental changes, including climate and anthropogenic changes, as well as stress factors can affect the physical and mechanical properties of wood. According to Wimmer and Grabner [23], the ratio of late wood increases with the amount of precipitation during summer months. Above-average precipitation can cause premature stoppage of early wood formation, thereby extending the time of late wood formation. The increased amount of precipitation has an indirect effect on wood density.



Current methods of tree management, including removal, cultivation, and assessment of mechanical resilience, are predominantly based on visual assessment and personal experience of forest rangers [24]. One of the key factors, apart from the external forces, tree morphology, or features of the tree stands, is the value of the mechanical resilience of the tree tissue. Spruce wood is an excellent building material which possesses a high load-bearing capacity, particularly in terms of bending [7,25]. There is a strong and negative correlation between the angle of the microfibrils and the modulus of elasticity in the spruce [24,26,27]. Moore [28] determined the mean values for modulus of rupture and modulus of elasticity for the Sitka spruce with a moisture content of 12% at approximately 60 Nmm−2 and 8000 Nmm−2. According to Jelonek et al. [29], the value of modulus of elasticity for 95-year-old healthy spruce wood is 10.679 Nmm−2. Slightly higher values were obtained by Verkazalo and Leban [30], who conducted research in France and Finland, and they were 10,035 Nmm−2 and 12,872 Nmm−2 for modulus of elasticity (MOE), respectively, and 58.9 Nmm−2 and 82.3 Nmm−2 for modulus of rupture (MOR). Similar results were obtained by Bacher and Krzosek [31], who conducted a study in Poland. However, Mclean [32] stated that in the case of defect-free spruce wood, the mean modulus of rupture is between 59 Nmm−2 and 67 Nmm−2; however, in damaged wood, it can drop to 30 Nmm−2, whereas in the case of healthy spruce wood, the mean value of modulus of elasticity is 6800 Nmm−2. Modulus of elasticity, similarly to modulus of rupture, statistically depends on the number of features of the wood tissue, as well as defects and anomalies.



This study assumes that the age of the trees will significantly determine the physical and mechanical properties of the formulated wood. Trees, similar to any other organism, will be subjected to an ageing process; wood tissue formulated in tree stands above the cutting age will exhibit significantly different properties from the wood tissue formed at a young age.



The main aim of this study was to determine the impact of the spruce ageing process on the variability of selected physical and mechanical wood properties. Based on the variability, an approximate age was determined, which exhibited the optimal technical quality of wood tissue. The aim of this study was to determine the relationship between the studied properties. Owing to the mass dieback of the spruce in Europe, the subject of research seems particularly important. In the next few years, it will not be possible to study such old spruce because it will no longer grow in Central Europe, particularly in the lowlands.




2. Materials and Methods


This study was conducted in 2020–2022 in Poland at three locations in five research areas (plots) (Figure 1). Mature (overmature) tree stands with spruces between 122 and 177 years of age were selected for the study (Table 1).



Model trees were selected by simultaneously applying environmental and dendrometric methods. For this purpose, a research plot was established in each tree stand to measure the diameter at breast height (DBH) of all the trees and classify them following Kraft’s classes [33]. Next, the main tree stand (I, II, and III Kraft’s class) was divided into three degrees of thickness following the dendrological method [34]. Based on the thickness and width properties, an average tree from each class was selected, that is, three model trees were selected from each area. A total of fifteen model trees were cut from five research plots.



A sample, i.e., a 70 cm block, was collected from each model tree; each sample was collected at a height between 1.0 m and 1.7 m (Figure 1). The material for laboratory testing was collected in the form of matching blocks, which were then cut to size in order to determine the mechanical properties and wood density of wet wood in a state of maximal saturation of the fibres (30% moisture content) and dry wood (maximum 4% moisture content). Material was collected to determine the variation in wood density, compressive strength, static bending strength, and static bending modulus of elasticity.



2.1. Wood Properties of Spruce Wood


This study determined the radial variability of compressive strength (Rc), bending strength (Rg), and modulus of elasticity of wood (E) in two extreme states of moisture content, that is, dry wood with max. 4% saturation and wet wood (wood above the saturation point of cell membranes, i.e., above 30%). Moreover, the conventional density of wood was also determined (q). The mechanical wood properties were studied using a universal testing machine TiraTESt with the MatestService software 2013.




2.2. Wood Density of Spruce Wood


The conventional density was determined using a stereometric method following the guidelines collected in ISO 13061-2:2014 standards [35].



Basic density was calculated using the following formula:


  q =      m   0       V   m a x            [    k g     m   3      ]  



(1)




where: q—basic density;



m0—mass of dry wood [kg];



Vmax—the volume of wet wood in the state of maximum moisture content [m3].




2.3. Compressive Strength of Spruce Wood


The samples used to determine bending strength (Rc) were shaped as blocks with dimensions of 20 mm (a) × 20 mm (b) × 30 mm (h). They were dried using the drying and weighing method until they reached a maximum saturation of 4%. The external dimensions were measured using an electronic calliper, AOS ABSOLUTE Digimatic Standard (Mitutoyo America, Aurora, IL, USA), with an accuracy of ±0.1 mm.



In the next step, the samples were placed in a container with distilled water in order to obtain maximal moisture content (the moment at which the mass increment was not observed), and then, they were measured once more with a calliper and weighed with identical precision to the dry samples. Next, the samples were destroyed to obtain the maximal (destructive) value of compressive strength of the sample Pmax, which was used to determine the resilience of wood to compressive strength along the grain Rc.


    R   c   =      P   m a x     A    [ M P a ]  



(2)




where: Pmax—maximal (destructive) compressive strength on the sample [N];



A—cross-sectional area of the sample [mm2].



Resilience analysis of compressive strength was conducted in accordance with the ISO 13061-17:2017 [36] standards with an accuracy of 0.01 [MPa].




2.4. Bending Strength of Spruce Wood


The samples were prepared according to ISO 3129:2019 [37] standards. The samples for static bending (Rg) were prepared in the shape of blocks with dimensions of 20 mm (a) × 20 mm (b) × 300 mm (h). The analysis was conducted on dry and wet samples, similar to the analysis of compressive strength (Rc). The external dimensions were measured using an electronic calliper, AOS ABSOLUTE Digimatic Standard, with an accuracy of ±0.1 mm. Next, the maximum value of the destructive strength was determined, which allowed the bending strength resilience to be calculated using the following formula:


    R   g   =    3 ×   P   m a x   × l   2 × b ×   h   2          [ M P a ]  



(3)




where: Pmax—destructive strength (bending) [N];



l—support spacing [mm];



b—width of the sample [mm];



h—height of the sample [mm].




2.5. Modulus of Elasticity of Wood in Bending


The modulus of elasticity in bending (E), resilience to bending, and destructive bending strength were determined in accordance with PN-EN 380:1998 standard [38]. The analysis of damages after the bending test was conducted on the basis of ASTM D 143–94: 2000 standard [39].


  E =        P   i   −   P   1     ×   l   3     4     f   i   −   f   1     × b ×   h   3            M P a    



(4)




where: E—modulus of elasticity;



Pi—load of a given range [N];



P1—preload [N];



l—support spacing [mm];



b—width of the sample [mm];



h—height of the sample [mm];



fi—deflection value of the load of a given range [mm];



f1—deflection value forced by preload.




2.6. Statistical Analyses


Over 2000 samples were used for statistical analyses. In the early stages of the mathematical and statistical analyses, the focus was on determining the characteristics of comparable groups of variables and choosing suitable tests. First, the distribution of populations following the Shapiro–Wilk test was used to verify whether there were differences between the populations. In populations with a distribution close to the normal distribution, a parametric HSD test was used, and in the case of non-normal distribution, a non-parametric test (the Kruskal–Wallis test) was used. The following terms were used to describe the distributions of the studied features: mean, median, decile range, standard deviation, and coefficient of variation. The correlation coefficient was calculated to determine the relationships between the variables. All statistical analyses were conducted with a statistical significance of p < 0.05 and a confidence interval of 95%. Statistical analyses were conducted using the STATISTICAS 14 set.





3. Results


The radial distribution of variables of the studied features and properties of spruce wood were analysed for this study on all research plots in all locations. The main aim of the experiment was to observe the trends of changing wood properties owing to the ageing processes of trees. The distribution of the studied properties was not always normal, and the variability of the studied properties was comparable within the research plot and the variability of the entire set of data, which significantly affected the distribution of the studied variables.



3.1. Wood Density of Spruce Wood


Wood density did not indicate a normal distribution, and its median was 354.78 kg/m3.



The variability of this particular wood property was 11.4%, and the confidence interval at 95% indicated that the mean spruce wood density was in the range of 354 kg/m3 to 367 kg/m3 (Table 2).



Because the distribution of spruce wood density is not a normal distribution, it was also described using the median, which was slightly lower than the mean for every research plot.



The key element in the analysis of the impact of tree age on wood properties is the analysis of the radial variability of the studied features or properties; thus, the focus is on describing the variable density of the wood along the radius. The dotted horizontal line in Figure 2 marks the median for wood density, whereas the dotted vertical line is an approximate cutting age limit (+/−5 years) for the spruce, i.e., 80 years.



The density medians increased gradually until the age of 60–65, and after which there was a gradual decrease in the median; at approximately 80 years, there was a drop in wood density below the median for the entire population of the studied samples (Figure 2).




3.2. Compressive Strength of Spruce Wood


The resilience to compressive strength of wet wood (maximal moisture content, Rc30%) was between 4.58 [MPa] and 23.90 [MPa]. It can be assumed with 95% certainty that the resilience to the compressive strength of the wood with maximal saturation was between 13.99 [MPa] and 15.16 [MPa], and the coefficient of variation for this feature was 27.14% (Table 3).



However, the resilience to compressive strength along the grain of dry wood (Rc0%) for spruce wood was much higher than that of wood with maximal saturation (Rc30%), which is a natural occurrence and is related to the submicroscopic structure of wood tissue and its affinity for water. The mean value of resilience to compressive strength of dry wood was 67.34 [MPa]. The indicated confidence interval allows us to conclude with 95% certainty that the mean for that value is within the range of 65.12–69.56 [MPa] (Table 3).



Figure 3 and Figure 4 depict the radial variability of the compressive strength of wet wood (maximal moisture content, Rc30%) and dry wood (Rc0%). In the case of wet wood, there is an increase in the resilience to compressive strength until the age of 30; after turning 60, the resilience to compressive strength drops below the mean (Figure 3). A slightly different trend was observed for the dry wood (Figure 4). It reached the maximum resilience at the age of 60, after which there was a sudden drop in resilience, and it increased again at the age of 90–100, which maintained the mean values.




3.3. Bending Strength of Spruce Wood


The mean resilience to bending strength of maximally saturated wood (Rg30%) of the studied spruce wood was 59.81 [MPa] and dry wood 88.51 [MPa] (Table 4). It can be assumed with 95% certainty that the resilience to bending strength of saturated wood is in the range of 56.70 [MPa] to 62.80 [MPa], and the coefficient of variation was 69.70%. In the case of dry wood, it can be assumed with 95% certainty that the resilience to bending strength is in the range of 83.00 [MPa] to 94.00 [MPa] (Table 4).



Next, the radial variability of bending strength of dry wood (Rg0%) and wet wood (maximal saturation Rg30%) was analysed. The resilience of wet wood to bending was highly irregular (Figure 5). Close to the pith, the value is above the mean. At the age of about 30, there is a drop in the value for Rg30% and only at over 80 years of age, particularly in youth up to about 10 years of age, there is a visible increased value of that feature.



The bending strength of maximally saturated wood can experience significant fluctuations, which may have a considerable influence on the bending strength of spruce wood. This can be attributed to the submicroscopic and chemical structures of the wood. In the case of maximally saturated wood, the influence of secondary bonds in the cell membrane was negated, with primary bonding assuming a crucial function.



The trend in the variation in the strength of dry wood (Rg0%) was steadier (Figure 6). Until the age of 80 years, the values of Rg0% were above the mean; however, over 80 years, there was a gradual decrease in the value of this wood property. This trend was not characteristic of coniferous species and may be a result of formulating structurally different wood in old trees.




3.4. Modulus of Elasticity of Wood in Bending


The mean value of the modulus of elasticity at static bending of maximally saturated wood (E30%) was 4105 MPa and that of dry wood (E0%) was 8940 MPa. It can be assumed with 95% certainty that modulus of elasticity for wet wood was in the range between 3915 MPa and 4295 MPa, whereas for dry wood, the range was between 8659 MPa and 9221 MPa.



The radial course of the variability in modulus of elasticity of spruce wood is shown in Figure 7 and Figure 8. Generally, modulus of elasticity along the radius for maximally saturated wood was stable and similar to that of the meridian (Figure 7). Lower values for modulus of elasticity occurred in samples 1–4, that is, young wood, and then again in samples 9 and 10 (girth area). The modulus of elasticity was different for dry wood. The horizontal dotted line signifies values below the mean; samples 1 and 8–12 are below this line, which means that above the age of 80, there is a gradual decrease in modulus of elasticity of the dry wood (Figure 8). Similarly, as in the case of resilience to bending strength, this may be evidence of the changes caused by the ageing processes of trees.




3.5. Correlation of Tested Wood Properties


Table 5 presents the correlation coefficients between all the spruce wood properties analysed in this study. One of the most important physical properties of wood is its density. In the case of spruce wood, the value was positively correlated with a few of the mechanical wood properties, and the closest correlation was with the moduli of elasticity (E30% = 0.489; E0% = 0.350). There was no statistically significant correlation between wood density and resilience to the compressive strength of dry wood (Rc0%). A statistically significant but relatively low correlation was observed between wood density and its resilience to the bending strengths of maximally saturated wood (Rg30%), which questions the theory that wood density significantly and precisely reflects its mechanical properties. The results obtained do not fully confirm this hypothesis, at least in the case of spruce wood.





4. Discussion


This article describes the manner in which tree age affects the properties of wood tissue. The wood properties considered were wood density (q), resilience to bending strength (Rg), resilience to compressive strength (Rc), and modulus of elasticity (E), all of which were analysed at two extreme levels of wood moisture content, that is, dry wood and wet wood. At the same time, it was assumed that describing the variability of wood properties and correlating it with its age would determine the most suitable cutting age for the spruce, and it would indicate the optimal age limit for the technical quality of the produced wood.



The results of this study are particularly significant in the face of climate change, which is causing a massive dieback of forests, mainly spruce forests, in Europe [40,41]. The pace at which the spruce forest is dying leads to the assumption that in the foreseeable future, the spruce will retreat from the North European Plain and will be substituted with deciduous species, which even more strongly emphasises the relevance of the topic.



The heterogeneity of the wood properties of the trunk is interesting from the point of view of ecology, forest management, and the optimal use of wood resources. According to Fujimoto [42], as trees age, their wood becomes more ordered, and the ageing of trees from the perspective of variability in wood properties is clearly an irrevocable process. The results of this study provide clear guidelines for sustainable forest management and use of wood resources.



The variability of wood properties in relation to age has been studied for many trees and species, and has been described to some extent by Zobel et al. [43]. The age dependency of wood properties is difficult to comprehend fully because general patterns of variation differ among wood properties, even within the same tree. Changes in one wood property may cause subsequent changes to many other properties. For example, Dinwoodie [44] stated that with an increase in wood density, wood resilience increases as well, and its dimensional stability decreases.



In reference to Dinwoodie’s observation [44], the obtained results reveal a very interesting phenomenon. There was a clear increase in resilience to bending strength (Rg30%) and modulus of elasticity (E30%) in the girth layers of maximally saturated wood, and there was a decrease in density, resilience to bending strength (Rg0%), and modulus of elasticity (E0%) of dry wood. At the same time, the limits of resilience to bending strength (Rg0%) and modulus of elasticity (E0%) for dry wood indicate a link to wood density, which is confirmed by high correlation coefficients between these properties (they are 0.298 and 0.489, respectively, and are statistically significant with p < 0.05). A much lower correlation coefficient between wood density and resilience to compressive strength was noted in maximally saturated wood, whereas the correlation coefficients for resilience to compressive strength for dry wood (Rc0%) were not statistically significant. It was also noted that wood density is clearly more correlated with the mechanical properties of dry wood than fully water-saturated wood. This indicates an important role in shaping the above-described relationships of the submicroscopic structure of wood, mainly crystalline and amorphous cellulose, and its affinity for water. This indicates that it is potentially possible to make a preliminary assessment of the proportion of crystalline and amorphous cellulose in spruce wood on the basis of desorption enhancement, i.e., the difference in strength between wet and maximally water-saturated wood.



The conducted studies confirmed the high variability of spruce wood properties in terms of radial distribution. A high dispersion of wood properties between the maximally saturated wood and dry wood was observed. This phenomenon is called desorption strengthening and is a result of the submicroscopic structure of the wood [45,46,47]. Most importantly, this phenomenon can be related to the chemical composition of wood, and to be more precise, the share and the form of hydrophilic cellulose and hemicellulose in wood tissue. Moreover, the ratio of crystalline cellulose to amorphous cellulose significantly affects this phenomenon. While amorphic cellulose is highly hygroscopic, crystalline cellulose is completely inaccessible to water [48]; thus, tracheid cell membranes become mechanically more resilient. In the analyses conducted, desorption strengthening in the girth areas of the spruce stem was observed. It is particularly easy to notice in the case of modulus of elasticity (E) and resilience to bending strength that wood properties are related to the ratio and type of cellulose in the tracheid membranes of wood [49,50]. Such significant differences in wood properties between dry wood and maximally saturated wood indicate a high content of amorphic cellulose in the girth of the studied trees, which occurs in the period when wood tissue is formed in older trees (above 80 years old).



The changes in the features and properties of wood with age can also be explained by the tree adaptive growth model, and in this case, the optimisation of vascular tissue, that is, the ratio of early wood in relation to water conditions which were subjected to a change. According to the “Pipe model theory” [51,52,53,54], there is a relationship between the size of the vascular tissue and the size of the assimilation apparatus. A tree that strives for a balance between the size of the assimilation apparatus, water accessibility in the soil, and the vascular tissue of the stem may react by widening or narrowing the early wood area in the annual ring in sapwood. Climate change and water deficits can cause water stress in trees. Considering the form of the root system of the spruce, it seems to be a species highly vulnerable to water stress. This might be a result of an attempt on the part of the spruce to adapt to long-term water deficit by narrowing the early wood in annual rings to avoid cavitation in the tracheids, that is, the formation of air bubbles obstructing water uptake and transport [55,56,57]. The process can be identified on the basis of variability in annual increment, and more precisely, the ratio of early wood in the annual ring which would allow determination of the moment water stress occurred and in reaction to it adequately anticipating mass dieback of trees and the occurrence of insect gradation. Drought and high temperatures are conducive to cavitation [58,59]. The process of formatting air congestion is also known as embolia [60] or air embolism [61,62], leading to the death of the tree. Scholars believe that developing resilience to cavitation is a key adaptive feature of trees and prevents drought-induced stress [63,64,65,66].



It can be assumed that trees, which protect themselves against cavitation, decrease the width of early wood in annual rings in favour of late wood; hence, in the stress period, there can be increased wood density in the girth [62]. A strong correlation was observed between hydraulic conductivity and primary wood density in coniferous species in cambial age [67,68].



In the analysis, spruce wood density increased, but only until the age of 60. After that age, the wood density on average decreased gradually; however, the resilience to compressive strength was preserved at a high level for both dry wood and maximally saturated wood. This can be linked to modifications in cell membranes which increase their stiffness and do not directly impact wood density.



The ageing process can also be considered from a different perspective. For example, perceiving the process as subjecting the xylem at the base of an ageing tree to various external factors, such as stress connected with growth. It is correct to assume that wood properties can change over time after its formation [42]. This view is supported by the increase in resilience to compressive strength, resilience to bending strength, and modulus of elasticity of maximally saturated wood, regardless of the wood density.



Hence, these studies indicate that the biomechanical functioning of trees described by, among others, Schniewind [69], Mencuccini et al. [70], and Sperry et al. [71] is directly connected to the mechanical and hydraulic properties of the anatomical elements of the tree tissue. These elements are optimised during the growth, development, and ageing of the trees. As a result of the external and internal factors affecting trees, numerous modifications in the tree tissue occur in order to reach a compromise between the mechanical and hydraulic properties of wood, which is a survival strategy.




5. Conclusions


The results of these studies indicate that spruce reaches its optimal technical quality of wood tissue at approximately 60 years old, which is about 20 years earlier than the previously assumed cutting age for this species in Central Europe. Climate change and water stress in recent decades have resulted not only in the dieback of spruce tree stands of older age classes, but also in an earlier technical maturation of spruce wood.



Considerable fluctuations were observed in the variability of the main wood of the studied spruces. Above 60 years of age, there was a decrease in wood density and resilience to the compressive strength of dry wood. Above 80 years of age, there was a significant drop in the resilience to bending strength and modulus of elasticity of dry wood. In the same age period, there was a visible increase in desorption strengthening, particularly in the case of static bending and modulus of elasticity, which can indicate that changes in the ultrastructural levels of wood are taking place, including a greater ratio of amorphic cellulose to crystalline cellulose. This is a significant finding not only for wood used in construction but also for the pulp and paper industry. Hence, it can be assumed with high probability that spruce ageing results in decreased wood properties and changes in wood tissues at many structural levels. An important conclusion of this study is that spruce wood density is not a good indicator of the mechanical properties of wood. Wood density, within a limited scope, is suitable for assessing technical quality. Moisture, at which wood properties are determined, has a significant impact on the relationship between density and wood resilience. The phenomenon of desorption strengthening mentioned in this article deserves more in-depth analysis, which can be a good indicator to determine the ratio of amorphic cellulose in wood, whose changes might be an expression of the tree ageing process.
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Figure 1. Localisation of research areas and diagram of collecting samples from model trees. 
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Figure 2. Radial variability of wood density. 
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Figure 3. Radial variability of resilience to compressive strength of wet wood (maximal moisture content, Rc30%). 
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Figure 4. Radial variability of resilience to compressive strength of dry wood (Rc0%). 
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Figure 5. Radial variability of resilience to bending strength of wet wood (maximal moisture content Rg30%). 
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Figure 6. Radial variability of resilience to bending strength of dry wood (Rg0%). 
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Figure 7. Radial variability of modulus of elasticity of maximally saturated wood (E30%). 
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Figure 8. Radial variability of modulus of elasticity of dry wood (E0%). 
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Table 1. Basic location and tree characteristics.
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Plot

	
Tree Number

	
Height [m]

	
DBH [cm]

	
Average Age of Sample Trees

	
Stand Quality Class

	
GPS




	
(WGS-84)






	
1/Warcino Forest District

	
1

	
31.3

	
43.0

	
124

	
I

	
N: 54.2427, E: 16.9768




	
2

	
30.2

	
41.5




	
3

	
29.2

	
39.5




	
2/Lipka Forest District

	
1

	
29.4

	
46.5

	
122

	
II

	
N: 543.4790, E: 17.1799




	
2

	
28.5

	
44.0




	
3

	
27.5

	
42.5




	
3/Bialowieza Forest

	
1

	
36.9

	
64.5

	
177

	
I

	
N: 52.6199, E: 23.6184




	
2

	
36.0

	
63.0




	
3

	
34.8

	
60.0




	
4/Bialowieza Forest

	
1

	
32.2

	
50.5

	
123

	
II

	
N: 52.6190, E: 23.6008




	
2

	
30.9

	
48.0




	
3

	
29.8

	
47.5




	
5/Bialowieza Forest

	
1

	
33.8

	
62.5

	
175

	
II

	
N: 52.6134, E: 23.5856




	
2

	
33.2

	
60.0




	
3

	
32.5

	
58.0











 





Table 2. Statistical characteristics of conventional density of spruce wood.
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q [kg/m3]




	
Mean

	
Confidence

−95%

	
Confidence

+95%

	
Stand Dev.

	
Minimum

	
Maximum

	
Q 25

	
Median

	
Q 75






	
360.29

	
353.76

	
366.81

	
44.24

	
277.11

	
522.93

	
331.86

	
354.78

	
377.51











 





Table 3. Statistical characteristics of resilience to compressive strength (Rc) of spruce wood (confidence interval 95%).
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	Variable
	Mean
	Confidence

−95%
	Confidence

+95%
	Minimum
	Maximum
	Standard Deviation
	Coefficient of Variation





	Rc30% [MPa]
	14.57
	13.99
	15.16
	4.58
	23.90
	3.95
	27.14



	Rc0% [MPa]
	67.34
	65.12
	69.56
	35.52
	98.85
	15.05
	22.35










 





Table 4. Statistical characteristics of resilience to bending strength (Rg) of spruce wood (confidence interval 95%).
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Rg

	
Mean

	
Confidence

	
Confidence

	
Minimum

	
Maximum

	
Standard

Deviation

	
Coefficient of Variation




	
−95%

	
95%






	
Rg30% [MPa]

	
59.81

	
56.70

	
62.80

	
11.20

	
35.10

	
86.20

	
69.70




	
Rg0% [MPa]

	
88.51

	
83.00

	
94.00

	
17.70

	
47.30

	
126.40

	
70.10











 





Table 5. Correlation coefficients (p < 0.05) of the studied properties of spruce wood.
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	Variable
	q

[kg/m3]
	Rc30% [MPa]
	Rc0% [MPa]
	Rg0% [MPa]
	Rg30% [MPa]
	E30% [MPa]
	E0% [MPa]





	q [kg/m3]
	1.000000
	0.179389
	0.092882
	0.297543
	0.194907
	0.350029
	0.489473



	Rc30% [MPa]
	0.179389
	1.000000
	0.256814
	0.249535
	0.244464
	0.060019
	0.025485



	Rc0% [MPa]
	0.092882
	0.256814
	1.000000
	0.966643
	0.083424
	0.298453
	0.221162



	Rg0% [MPa]
	0.297543
	0.249535
	0.966643
	1.000000
	0.018171
	0.273645
	0.220698



	Rg30% [MPa]
	0.194907
	0.244464
	0.083424
	0.018171
	1.000000
	0.260696
	0.116186



	E30% [MPa]
	0.350029
	0.060019
	0.298453
	0.273645
	0.260696
	1.000000
	0.165693



	E0% [MPa]
	0.489473
	0.025485
	0.221162
	0.220698
	0.116186
	0.165693
	1.000000







Red represents statistically significant (p < 0.05) correlation coefficients.
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