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Abstract

:

This study analyses the influence of a planting scheme on physical properties of Norway spruce wood. The research material consisted of 326 Norway spruce trees (Picea abies (L.) H. Karst) selected from an experimental plot with four planting variants (2500, 3330, 5000, and 7510 trees·ha−1). The research aspects were: (1) wood density (measured by volumetric method and using microdrilling resistance as proxy), (2) microdrilling resistance, and (3) sound speed. There was a decrease in wood density values (from 0.3376 to 0.3367 g·cm−3) and in microdrilling resistance values (from 15.136% to 14.292%) as the number of trees·ha−1 used for plantation increased from 2500 to 5000. The planting variant with 7510 trees·ha−1 had the largest value (0.3445 g·cm−3 for wood density and 15.531% for microdrilling resistance). Sound speed decreased from 1032.8 to 989.8 m·s−1 as the number of trees·ha−1 increased from 2500 to 7510. These results show a relationship between DBH values and studied physical properties. This relationship is more evident for variants with low planting density (e.g., 2500, 3330 trees·ha−1) than that of dense planting variants (e.g., 7510 trees·ha−1). The explanation may be that the growth of trees in dense plantings is slower; in less dense planting variants, the increase in wood is greater, and as a result, wood volumetric density dependence on the DBH value is greater.
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1. Introduction


Wood quality stems from a series of wood characteristics, such as diameter, stalk shape and defects, age, annual ring characteristics (regularity, average width, percentage of latewood), density, juvenile wood, duramen or sapwood report, and log length [1,2,3]. In total, 27 significant wood attributes have been identified that offer information about its quality [4]. Traditionally, wood quality is evaluated through measurements and visual observations of its size and defects, and how those defects are distributed. Although these characteristics can be sufficient when those aspects are considered, the same thing cannot be said when considering the wood’s rigidity and resistance [5]. The physical and chemical structure of fibrowood cells is the most important characteristic in establishing wood quality. Physical–mechanical properties are necessary for establishing the structural category in which the wood can be used (conventional residential buildings, large modern structures, bridges, etc.) [6].



Wood density is one of the most crucial predictors of wood quality and is influenced by many factors. These include genetic factors, tree age, and stational conditions [4,7]. Density is greater in improper stational conditions, while the value decreases as conditions are improved [8,9]. In the case of Norway spruce, wood density decreases as the annual ring’s width increases, and latewood percentages and tracheids with large walls correspondingly decrease [2]. Analysis was conducted on the wood’s average variation at the level of annual rings, together with early and latewood at different heights and radial positions on Norway spruce (Picea abies (L.) H. Karst) trees [10]. Wood density was used for understanding the influence of some quantitative genetic aspects, and the intraspecific competition on structural properties and the growth of Norway spruce wood [11,12]. Other research aspects focused on density analysis based on the origin of young Norway spruce trees [13], analysing wood density profiles in tree trunks [14], the relationship between the tree’s ring width and its density [7,15,16], variability in wood density based on the annual ring’s age [17], and density’s spatial variation in Norway spruce trunks [18].



Traditionally, a volumetric method is used as a method for determining density. This method is destructive and has numerous disadvantages connected to repeated measurements, limited applications in natural reservations, the transport and classification of materials [19,20]. Recently, indirect methods were developed for measuring the density of tree trunks. They refer to the resistance couple method where a minidrill is inserted into a tree [21], spectroscopic studies or radiation densitometry [22], computerised tomography with X rays for scanning standing trees [23], or specific laser methods. The microdrilling resistance method has considerable advantages in determining tree density when compared with a volumetric method referring to diminishing tree damage, fast performance, and the measurement’s sensibility degree [24,25]. The Resistograph device uses microdrilling resistance to offer a useful proxy for wood density [20]. Strong correlations were identified between dendrogram data (microdrilling resistance) and wood density [26,27,28].



The relative resistance profile obtained by directly measuring the usage of electric energy is offered by the Resistograph device. This can simultaneously measure, display, and record values while a 3 mm microdrill penetrates the tree [29,30]. Applying the microdrilling resistance method allows for us to identify young defects and wood discontinuities without affecting functional properties [31]. It is possible to evaluate the volume of interior defects from the wood covered by other materials [32,33]. Furthermore, microdrilling resistance measurements offer a graphical representation of the distribution of annual growth rings [24,34]. Investigations performed for testing wood resistance towards microdrilling also intended to estimate the wood’s mechanical properties [33]. Results showed that the Resistograph offers good results in emphasising wood density changes caused by biological factors [35]. The device’s efficiency in evaluating wood quality and density was confirmed by comparing the obtained results with stress waves or acoustical tomography, or through X-ray testing [30,36,37].



The purpose of ultrasound inspections in trees and stands is to evaluate the health of an element or structure. Evaluating the current state of trees and stands allows for decisions regarding its sufficiency, so that both production and protection functions are achieved in safe and reliable conditions [38,39]. Internal defects can have a significant, damaging, and decisive effect [30]. These methods stem from the principle that the propagation speed of acoustic waves inside tree trunks is influenced by their density. Acoustic waves spread differently in the wood of healthy trunks compared to those that contain mould [20,40]. Although these methods have a wide range of applications and are used in numerous domains, they were introduced late in silviculture. They are used in qualitative evaluations and for detecting interior defects [41]. In the past, a series of internal defects and the presence of cavities in tree trunks were identified by hitting the tree with an axe or special hammer. This practical method has led to numerous studies regarding the possibility of using acoustic waves and developing specific instruments. Numerous electric versions of instruments that use acoustic waves with frequencies smaller or greater than 20 kHz are currently available on a large scale. Their functioning principle measures the speed of acoustic waves at the moment of passing through the trunk. Current electronic hammers have an accuracy of ±1 μs. Errors in establishing the speed of acoustic waves are possible due to weak connections between sensors (transductors) or moisture [5,27,30,41,42].



The current research examines the influence of the planting scheme on physical properties of the Norway spruce wood into standing trees, and shows that forest management expressed by the planting scheme influences the diversity of stands. The aims of the present study, developed in an experimental plot installed using different plantation variants, were:




	
highlight wood density particularities;



	
measure microdrilling resistance;



	
quantify sound speed.









2. Materials and Methods


2.1. Study Site


The studied experimental plot was located in Tomnatic Experimental Base (47°42′52″ N and 25°23′46″ E), Suceava county, north of the eastern Carpathians (Figure 1). The area is characterised by a continental climate and it is located at an altitude of 890 m. The average annual precipitations reach 800 mm, while the average annual temperature is 6 °C. The geologic underlayer from the studied area is flysch, while the dominant soil is eutric cambisol, with a clayey–sandy texture. The area mainly contains pure Norway spruce (Picea abies (L.) H. Karst) stands and Norway spruce, fir, and common beech mixtures.



Gathering primary data for analysing the influence of the planting scheme on certain physical Norway spruce wood properties focused on an experimental plot. This was installed through different plantation variants, with four work variations and four repetitions (V1, 2500; V2, 3330; V3, 5000; V4, 7510 trees·ha−1). Planting variant is synonymous with planting density, which represents the number of trees used to create stands. The analysed experimental plot, installed by using different plantation variants, did not undergo specific forestry works for its development stage. This covered a period from its installation up to 2021 (when the stand’s age reached 40 years) and when the first valorisation was identified. As a result, density values and values of all other qualitative indicators (the wood’s physical–mechanic properties) refer to the work variant in which no maintenance and stand management works were realised, up to the present stand’s age.




2.2. Sampling


To assess the physical–mechanical properties of Norway spruce wood (density, resistance towards microdrilling, sound speed) we sampled 370 trees in an experimental plot installed through different plantation methods. This sample included approximately 90 trees (3–4 trees from all diameter categories) for each of the four work variants using the same samples for all studied characteristics.




2.3. Method


To measure density, the necessary database for emphasising wood density was constructed from Norway spruce (Picea abies (L.) H. Karst) trees belonging to the experimental plot. We used the volumetric method of determining density and its indirect establishment through modern devices. The volumetric method involved extracting samples from the tree with the use of a Pressler drill [43]. Samples were extracted for each tree at a DBH height of 1.30 m. Samples’ total length was measured and recorded in the field. The fresh sample volume was assimilated to a geometrically regular figure, namely, the cylinder, whose base was considered a circle with the inner diameter of the Pressler drill. At the office, samples were dried on a stove at a temperature of 70 °C for 48 h. The density (g·cm−3) of samples extracted from trees was calculated as the ratio between mass in a dry state and the sample’s volume in a fresh state [20]. Wood density, measured traditionally through the volumetric method, requires great expenses for gathering samples on a large scale. A new device called a Resistograph was researched and is used for the fast evaluation of the wood’s relative density. Recent investigations used the Resistograph IML RESI F500-S device (Instrumenta Mechanik Labor System GmbH Großer Stadtacker 2, 69168, Wiesloch, Germany). By determining wood resistance, we can also indirectly identify wood portions that have defects (rot). This can be used as a specific wood density proxy. The method is nondestructive and much cheaper than the traditional volumetric method [44]. We emphasised the temporal dynamic of general statistical parameters for density in the researched experimental plot, and wood density values in relation with diameter and plantation variant. Furthermore, to indirectly measure wood density, we quantified the relationship between wood density and microdrill resistance value indicated by the Resistograph device.



Emphasising the resistance of Norway spruce trees was achieved through modern methods and techniques. Resistograph IML RESI F500-S was used for determining the resistance of the tree’s transversal sections. The device uses a microdrilling instrument with a small drill of 3 mm in diameter and 50 cm in length. Penetration speed automatically adapts [35]. Microdrill resistance is recorded at a spatial resolution of 0.01 mm. Data were saved on the device’s electronic data storage gadget. Microdrilling resistance was measured for each tree at a height of 1.30 m. The wood was divided into concentric rings of 1/2 mm width to calculate the microdrill resistance. An average was calculated by considering the microdrill resistance value recorded by the device, the surface of the annual ring, the total surface (corresponding to the considered ring’s diameter), and the number of rings with a threshold depth of 1/2 mm [20]. Lastly, we established the temporal dynamic of the general statistic parameters for microdrilling resistance in the analysed experimental plot, as well as the relationship between diameter and wood resistance differentiated on planting variants. In addition, we measured the values of microdrilling resistance in relation to the planting variant and diameter.



In order to emphasize sound speed in the tree’s transversal sections, we used the IML MicroHammer device (Instrumenta Mechanik Labor System GmbH Großer Stadtacker 2, 69168, Wiesloch, Germany). IML Micro Hammer measures the necessary time for an impulse to pass through a tree. Due to the sound speed characteristic for each tree species, measurement values clearly display a tree’s interior conditions. The device’s sensor is small and very sensitive. The fixing system was based on a magnetic device with special screws that minimize damage caused to trees. The electronic unit detects and saves the results of measurements [30,45]. As such, we underlined the temporal dynamic of general statistic parameters for the speed of sound (m·s−1) in the studied experimental plot, as well as the relation between diameter and sound speed, differentiated on plantation variants. This was complemented by the values of sound speed through the wood, in relation to the plantation variant and diameter.




2.4. Statistical Analyses


For wood density measured through volumetric methods, microdrilling resistance and sound speed in Norway spruce (Picea abies (L.) H. Karst) stands installed by using different plantation variants, the basic statistical descriptors (average, standard deviation, variation coefficient, asymmetry, excess, minimum and maximum) were used for studying the plantation scheme’s effect (V1, 2500; V2, 3330; V3, 5000; V4, 7510 trees·ha−1) on the studied physical properties of Norway spruce wood. The data were expressed as mean ± standard deviation (SD). Studying correlation in the present article shows connections between the analysed predictors, highlights the form of these connections, and shows the intensity of the existing connection. The correlation coefficient (r) and determination coefficient (R2) were used to assess the significance of relationships among the used predictors. To examine the significance among values of density, microdrilling resistance, and sound speed, for the four working variants under analysis (V1, V2, V3 and V4), a two-way t-test was used. The significance level for all analyses was accepted to be α = 0.05. All statistical analyses were performed by using STATISTICA 12.5 [46] and MS Excel 2019 software [47].





3. Results


3.1. Wood Density Particularities in an Experimental Plot Installed by Using Different Plantation Variants


3.1.1. Wood Density Measured through Volumetric Method


Average density showed values of 0.33764 ± 0.026 g·cm−3 in the V1 variant from the experimental plot, and 0.33742 ± 0.019 g·cm−3 in V2. V3 had an average density of 0.33673 ± 0.021 g·cm−3, while V4 had 0.34454 ± 0.029 g·cm−3. Tree population variability is diminished in all cases, with a variation coefficient value between 12.8% (V1) and 11.8% (V4) (Table 1).



Analysing the average values for each work variant from the experimental plot indicated a small density decrease. This occurred as the number of trees·ha−1 used for plantation increased from V1 to V3. V4 (with the largest number of trees·ha−1 planted at installations) had the largest value for the analysed parameters.



Research conducted in the experimental plot installed through different plantation variants showed that wood density decreased as diameter increased, which was specific for each plantation variant. This happened in accordance with a y = axb power regression (y represents wood density, and x the diameter). The significance test of the relationship demonstrates that these were average-to-strong and highly significant (V1: r = 0.658, V2: r = 0.504, V3: r = 0.506, V4: r = 0.569) (Figure 2).



If we consider this, the carriage of average density curves in relation to diameter and plantation variation indicates the superiority of V4 values over all other variants up to the 28 cm diameter. This extends for V1 over V2 and V3, up to the 22 cm diameter. The disposal of density in relation to the diameter for V2 and V3 indicates that they were almost the same, with small values for small diameters and higher values in V2’s higher diameters (Figure 3).



A two-way t test result indicated that no significant interaction was detected between the V1 and V2, V1 and V3, and V2 and V3 variants, while differences between variants V1 and V4, V2 and V4, and V3 and V4 were significant (Table 2).




3.1.2. Wood Density Measured through Microdrilling Resistance as Proxy


The results of this research aspect indicate that the Resistograph’s resistance value increased as wood density increased. This finding was realised through a y = aebx exponential regression equation (x, wood density; y, microdrilling resistance value indicated by the Resistograph). The significance test of the relationship indicated that these were average-to-strong (V1), very strong (V2, V3, V4), and very significant for all variants (V1: r = 0.575, V2: r = 0.728, V3: r = 0.757, V4: r = 0.712) (Figure 4).





3.2. Microdrilling Resistance in Norway Spruce (Picea abies (L.) H. Karst) Stands Installed through Different Plantation Variants


Microdrilling resistance showed a value of 15.1 ± 3.6% in V1, followed by 14.8 ± 3.3% in V2, 14.3 ± 3.6% in V3, and 15.5 ± 4.1% in V4. From the perspective of the considered parameters, tree population variability was low, ranging between 3.8% (V4) and 4.5% (V2) (Table 3).



Analysing the averages for each work variant from the experimental plot indicated a decrease in microdrilling resistance as the number of trees·ha−1 used in planting increased from V1 to V3. V4 showed the highest value for the analysed parameter in the conditions in which the largest number of trees·ha−1 (7510) were used in plantation.



The study realised in the experimental plot installed by using different plantation variants showed that microdrill wood resistance decreased as diameter increased, according to the specifications of each planting variant. This was realised through a y = axb regression (y, microdrilling resistance; and x, diameter). The significance test of relation showed average but significant correlation intensity (V1: r = 0.403000, V2: r = 0.401000, V3: r = 0.466000, V4: r = 0.469000) (Figure 5).



The relationship between resistance in the microdrill resistance test and trunk diameter in combination with plantation variant showed the superiority of V3 over all other variants, up to the 22 cm diameter. This was followed by V3 over V1 and V2, up to the 12 cm diameter. The disposition of density in relation to the diameter for V1 and V2 indicated their similarity, with lower values for low diameters, and higher values for high diameters in the case of V1. These characteristics, specific to each planting variant, occurred as microdrilling resistance decreased in relation to diameter (Figure 6).



A two-way t-test indicated that there was no significant correlation between the V1 and V2, V1 and V4, and V2 and V4 variants, while differences between variants V1 and V3, V2 and V3, and V3 and V4 were significant (Table 4).




3.3. Sound Speed in Norway Spruce (Picea abies (L.) H. Karst) Stands Installed by Using Different Plantation Variants


Sound speed in the wood of trees from an experimental plot installed using different plantation variants, was recorded with the following results: 1032.9 ± 109.5 m·s−1 (V1), 1025.4 ± 116.2 m·s−1 (V2), 1003.9 ± 111.2 m·s−1 (for V3) and 989.9 ± 101.3 m·s−1 (V4). From this perspective, tree population variability was low, with a variation coefficient ranging from 8.8% (V2) to 9.8% (V4) (Table 5).



Analysis of averages for each work variant from the experimental plot indicated a sound speed decrease as the number of trees·ha−1 used for planting increased.



Regarding sound speed, research on an experimental plot showed that sound speed increased as diameter increased, specific for each plantation variant. Furthermore, it conformed to a y = axb power regression (y, sound speed; x, diameter). Conditions were robust and strongly significant after applying the significance test for the relationship (V1: r = 0.889, V2: r = 0.865, V3: r = 0.807, V4: r = 0.903) (Figure 7).



Considering the data, the carriage of average speed sound curves in relation to diameter and planting variant indicated the superiority of V1 values over all other variants. If values were sensibly equal for small diameters, all analysed variants displayed the greatest speed sound at high diameters for the planting variant that used the smallest number of trees·ha−1 (2500) in the installation phase. On the other hand, the planting variant that used the largest number of trees·ha−1 (7510) during installation showed the lowest sound speed (Figure 8).



The two-way t test result indicated that no significant interaction was detected between the V1 and V2 variants, while differences between variants V1 and V4, V1 and V3, V2 and V3, V2 and V4, and V3 and V4 were significant (Table 6).





4. Discussion


4.1. Wood Density


On the basis of stational conditions, Norway spruce wood density was between 0.308 and 0.418 g·cm−3, with an average of 0.356 g·cm−3 [9]. In the case of Norway spruce, wood density decreases as annual ring width increases. This wood is thus thicker than young wood, with a density that could be greater by 1.5 up to 4 times [2]. Results obtained by [10] showed that variation between annual rings represents 11–27% of total wood density variation, while small density differences (3–6%) are recorded between different trunk heights. Density difference between early and latewood is higher for growth rings located near the trunk’s central part, unlike ones situated towards the exterior. Within the annual ring, in the earlywood area, density reached 0.350 g·cm−3 and increased steadily towards the latewood, showing maximal values of 0.848 g·cm−3. This shows that wood density had maximal variability at the level of the annual ring, with values from 0.300 up to 1.0 g·cm−3 [48]. Other investigations obtained average density values of 0.461 g·cm−3 for the annual ring, 0.750 g·cm−3 for the average density of old wood, and 0.415 g·cm−3 for the young one [49]. Wood density from the annual ring strongly reacts to June droughts and can lead to the apparition of a false annual ring. Wood density is relatively independent of growth rate and climatic conditions during the first part of the vegetation season, but increases as radial growth decreases. During the second stage of the vegetation season, densities between 0.427 and 0.540 g·cm−3 were recorded at a 0.25 trunk height with 290 mm precipitations, while the number decreased between 0.354 and 0.471 g·cm−3 during 411 mm precipitation [17]. Regarding wood density variation on height, Norway spruce (Picea abies (L.) H. Karst) showed very low variation. As such, the measured density value for the 1.30 height was 0.386 g·cm−3, with an average value of 0.386 g·cm−3 for 0.7 of the tree’s height, and 0.385 g·cm−3 as an average value for plates collected from the entire trunk length [50]. Research regarding Norway spruce wood density indicated 0.378 g·cm−3 as a value for the entire considered lot. This value corresponds to the inferior limit of the dry wood’s data interval for which different authors indicated density of 0.330–0.680 g·cm−3, with an average value of 0.430–0.470 g·cm−3 [51]. Our research shows that a Norway spruce (Picea abies (L.) H. Karst) stand of 40 years has wood density in relation with the planting variant between 0.3376 g·cm−3 (2500 trees·ha−1) and 0.3445 g·cm−3 (7510 trees·ha−1).




4.2. Microdrilling Resistance


The combined effect of wood moisture, drill rotation speed, and drilling advance speed showed that Norway spruce (Picea abies (L.) H. Karst) has an average microdrill resistance of 13.3% [52,53,54]. Wood treatments showed that variation between 15% and 16% on the radial and axial directions can significantly impact microdrilling resistance measurements [55,56]. The influence of drilling direction on Scots pine, common beech, oak, and poplar shows that average resistance advancement decreased by approximately 27% for Scots pine, 33% for common beech, 37% for oak, and 40% for poplar when the drilling direction was changed from longitudinal to tangential. The conclusion was that drilling direction must be considered when predicting wood properties on the basis of microdrilling resistance measurements [57,58,59].



In addition to evaluating microdrilling resistance, this research included predicting the wood elasticity model for certain species in different moisture conditions and advancement speed by measuring microdrilling resistance. With the strong correlation between microdrilling resistance and wood properties, it is recommended to evaluate the density and predict elasticity for healthy wood [52,60,61,62]. A common tendency of elasticity based on thinning types indicates that it decreases as intervention intensity increases. These results show that both microdrilling resistance and acoustic technology can be used for monitoring wood properties changes and for determining how silvicultural works affect wood properties. This information helps managers in choosing the most efficient treatment for future plantations to obtain the desired fibre quality [5]. Expedite and precise estimations of wood quality based on the resistance value indicated by the Resistograph device can be realised to indirectly measure wood density if prior relations are calculated and validated for certain areas and species. The microdrilling method offers considerable advantages compared with other methods regarding diminishing tree damage, fast functioning, and a more sensible recording value scale [25,63,64]. Together with its potential for density proxy, the method offers a series of distinctive advantages: it is nondestructive, offers additional information during measurements, and can be useful in studying the fragmentation process, the cavity spatial model, insect holes, and wood cracks [20,65]. The method can also be used in areas where destructive sampling is legally prohibited (natural reservations and protected areas) [66,67]. The current research, realised in a Norway spruce (Picea abies (L.) H. Karst) experimental plot installed with different plantation variants, shows that the trunk’s microdrilling resistance (at DBH height of 1.30 m) varied between 15.1% (2500 trees·ha−1) and 15.5% (7510 trees·ha−1).




4.3. Sound Speed


The main elements that can influence the propagation of acoustic waves are the following: (1) The position of wood fibres in relation with concerning the direction of the acoustic wave’s propagation; propagation time is lower where waves propagate along fibres, and higher when they propagate perpendicularly on the fibres [41]. In the case where wood rot location is followed, it is recommended that acoustic sounds propagate in a transversal direction. This eliminates the possibility of waves propagating longitudinally to avoid rot samples. (2) Rot presence: significantly influences the type of acoustic waves propagation. Propagation time is approximately 800 μs·m−1 for healthy wood from a Douglas trunk, while the value reaches 3200 μs·m−1 or even more for degraded wood [68,69]. (3) Wood moisture: plays an important role, especially when it shows values lower than 30%. In this case, it is necessary to use correction factors. Experiments showed that the 1.03 correction factor is necessary to be used at 16.5% moisture and temperature of 27 °C [68,69]. Its influence is not significant for moisture greater than 30%, while propagation time does not need to be corrected.



The speed of waves measured perpendicularly on the trunk depends on the tree species. In our case, it varied between 931 and 1085 m·s−1 for [70]. Other research showed that the average radial sound speed in the Norway spruce wood had an average of 1361.3 m·s−1, taking into account the measurement direction and level (1450 m·s−1 perpendicularly on the wood fibre, 1320 m·s−1 parallel with the wood fibre). For trees that present defects in their internal structure, a significant decrease to the 1172.2 m·s−1 value was detected [71]. Research realised with the acoustic tomography method on Norway spruce wood showed tangential speed values between 1048 and 1483 m·s−1 [72,73]. The current research, realised in an experimental Norway spruce plots installed with different plantation variants, showed that sound speed in a tree’s trunk (at the height of 1.30 m) varied between 1063.9 (2500 trees·ha−1) and 1021.9 m·s−1 (7510 trees·ha−1).



Investigations of which regression model would be most suitable for a scatter plot in relation to experimental data showed that the power regression equation was used because it best predicts wood density values that are in graphical diameter values. The exponential regression equation was used because it best predicted microdrilling resistance indicated by the Resistograph device values that were in the graphical values of wood density. The power regression equation was used because it best predicted the sound speed values depending on diameter. The two equation parameters were slightly different between these four variants due to the used planting scheme (2500, 3300, 5000, and 7510 trees·ha−1), development conditions, and the influence of abiotic factors because the experimental plot was not covered by forestry work until the current research.





5. Conclusions


Changes in wood density indicate that the average values for the planting variant from the experimental plot decreased as the number of trees·ha−1 used for plantation increased from 2500 to 5000. The planting variant with the largest number of trees·ha−1 (7510) had the highest value. Faster-growing trees in less dense planting variants have a higher value of wood density in the same DBH class compared to variants with a small number of trees·ha−1 (2500, 3330). This was visible for the DBH average, and not greater than 20 cm (for variant with 5000 trees·ha−1) or 30 cm (for variant with 7510 trees·ha−1). Depending on DBH, variation in wood density was smaller in dense plantings (7510 trees·ha−1) compared to that in variants with a small number of trees·ha−1 (2500, 3330). Differentiation in density was the greatest for sparse plantations that had a small coefficient of correlation. This suggests more homogeneous wood volumetric density in dense planting variants and similar physical properties (correlated with density).



Microdrilling resistance showed a decrease as the number of trees·ha−1 used in planting increased from 2500 to 5000. The highest value for the analysed parameter was in conditions in which the largest number of trees·ha−1 (7510) were used in plantation. In experimental plots with different plantation variants, a lower wood density has a lower physical property (lower microdrill resistance). Wood density increased when microdrilling resistance (used as proxy) increased through an exponential regression.



Regarding sound speed, the average for each variant from the experimental plot indicated a sound speed decrease as the number of trees·ha−1 used for planting increased from 2500 to 7510. Presented results showed a relationship between DBH values and studied physical properties. This relationship is more evident for variants with low planting density (e.g., 2500, 3330 trees·ha−1) than that for dense planting variants (e.g., 7510 trees·ha−1). The explanation may be that the growth of trees in dense plantings is slower; in less dense planting variants, the increase in wood is greater, and as a result, the wood volumetric density dependence on the DBH value is greater.
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Figure 1. Location of experimental plot with different plantation variants for Norway spruce. 
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Figure 2. Relationship between diameter and wood density differentiated on plantation variants (A) V1, 2500; (B) V2, 3330; (C) V3, 5000; (D) V4, 7510 trees·ha−1. 
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Figure 3. Average density curves in relation with diameter and plantation variant. 
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Figure 4. Relationship between wood density and microdrilling resistance indicated by Resistograph device (A) V1, 2500; (B) V2, 3330; (C) V3, 5000; (D) V4, 7510 trees·ha−1. 
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Figure 5. Relationship between trunk diameter and wood resistance to microdrilling, differentiated on plantation variant (A) V1, 2500; (B) V2, 3330; (C) V3, 5000; (D) V4, 7510 trees·ha−1. 
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Figure 6. Average curves of microdrilling resistance in relation with diameter and planting variant. 
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Figure 7. Relationship between diameter and sound speed differentiated on planting variants (A) V1, 2500; (B) V2, 3330; (C) V3, 5000; (D) V4, 7510 trees·ha−1. 
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Figure 8. Average sound speed curves in relation with diameter and planting variant. 
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Table 1. General statistical parameters (average, standard deviation, variation coefficient—%, asymmetry, excess, minimum and maximum) for density (g·cm−3).
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Statistic Parameters

	
Experimental Variant




	

	
V1

	
V2

	
V3

	
V4






	
Average

	
0.3376

	
0.3374

	
0.3367

	
0.3445




	
Standard deviation

	
0.026

	
0.019

	
0.021

	
0.029




	
Variation coefficient

	
12.837

	
16.930

	
15.662

	
11.787




	
Excess

	
0.543

	
−0.806

	
−0.347

	
0.152




	
Asymmetry

	
0.637

	
−0.103

	
−0.070

	
0.144




	
Min

	
0.289

	
0.298

	
0.290

	
0.271




	
Max

	
0.424

	
0.379

	
0.388

	
0.430
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Table 2. Result summary of two-way t significance tests between four variants of experimental plot for density.
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Parameters

	
Experimental Variant




	

	
V1/V2

	
V1/V3

	
V1/V4

	
V2/V3

	
V2/V4

	
V3/V4






	
Variance

	
0.000551/

0.000242

	
0.000551/

0.000291

	
0.000551/

0.000536

	
0.000242/

0.000291

	
0.000242/

0.000536

	
0.000291/

0.000536




	
Observations

	
96

	
96

	
96

	
96

	
96

	
96




	
df

	
95

	
95

	
95

	
95

	
95

	
95




	
t theoretic

	
1.859

	
1.859

	
1.859

	
1.859

	
1.859

	
1.859




	
t experimental

	
0.318

	
0.414

	
−34.237

	
0.100

	
−1.770

	
−2.225




	
p

	
p > 0.05

	
p > 0.05

	
p < 0.05

	
p > 0.05

	
p < 0.05

	
p < 0.05




	
Significance

	
-

	
-

	
*

	
-

	
*

	
*








-: no significance; *: significant.
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Table 3. General statistical parameters (average, standard deviation, variation coefficient—%, asymmetry, excess, minimum and maximum) for microdrilling resistance (%).
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Statistic Parameters

	
Experimental Variant




	

	
V1

	
V2

	
V3

	
V4






	
average

	
15.136

	
14.749

	
14.292

	
15.531




	
standard deviation

	
3.608

	
3.315

	
3.602

	
4.062




	
variation coefficient

	
4.194

	
4.449

	
3.968

	
3.822




	
excess

	
−0.30

	
0.418

	
−0.754

	
−0.351




	
asymmetry

	
0.428

	
0.288

	
0.385

	
0.543




	
min

	
9.327

	
6.726

	
7.945

	
9.496




	
max

	
25.336

	
24.310

	
21.623

	
26.637
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Table 4. Result summary of two-way t-tests for significance between four variants of experimental plot for microdrilling.
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Parameters

	
Experimental Variant




	

	
V1/V2

	
V1/V3

	
V1/V4

	
V2/V3

	
V2/V4

	
V3/V4






	
Variance

	
4.097/5.303

	
4.097/9.780

	
4.097/11.112

	
5.303/9.780

	
5.303/11.112

	
9.780/11.112




	
Observations

	
96

	
96

	
96

	
96

	
96

	
96




	
df

	
95

	
95

	
95

	
95

	
95

	
95




	
t theoretic

	
1.859

	
1.859

	
1.859

	
1.859

	
1.859

	
1.859




	
t experimental

	
2.483

	
2.970

	
−0.547

	
3.134

	
−1.365

	
−19.405




	
p

	
p > 0.05

	
p < 0.05

	
p > 0.05

	
p < 0.05

	
p > 0.05

	
p < 0.05




	
Significance

	
-

	
*

	
-

	
*

	
-

	
*








-: no significance; *: significant.
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Table 5. General statistical parameters (average, standard deviation, variation coefficient—%, asymmetry, excess, minimum and maximum) for sound speed (m·s−1).
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Statistic Parameters

	
Experimental Variant




	

	
V1

	
V2

	
V3

	
V4






	
Average

	
1032.849

	
1025.376

	
1003.907

	
989.859




	
Standard deviation

	
109.509

	
116.205

	
111.220

	
101.247




	
Variation coefficient

	
9.432

	
8.824

	
9.026

	
9.777




	
Excess

	
−0.370

	
−0.207

	
1.885

	
−0.567




	
Asymmetry

	
−0.278

	
−0.543

	
−0.885

	
−0.459




	
Min

	
780

	
747

	
607

	
754




	
Max

	
1263

	
1298

	
1258

	
1147
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Table 6. Result summary of two-way t significance tests between four variants of experimental plot for microdrilling.
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Parameters

	
Experimental Variant




	

	
V1/V2

	
V1/V3

	
V1/V4

	
V2/V3

	
V2/V4

	
V3/V4






	
Variance

	
18,458.4/

16,684.2

	
18,458.4/

16,630.4

	
18,458.4/

16,116.5

	
16,684.2/

16,630.4

	
16,684.2/

16,116.5

	
16,630.4/

16,116.5




	
Observations

	
96

	
96

	
96

	
96

	
96

	
96




	
df

	
95

	
95

	
95

	
95

	
95

	
95




	
t theoretic

	
1859

	
1859

	
1859

	
1859

	
1859

	
1859




	
t experimental

	
2356

	
4203

	
5129

	
63,240

	
13,511

	
8312




	
p

	
p > 0.05

	
p < 0.05

	
p < 0.05

	
p < 0.05

	
p < 0.05

	
p < 0.05




	
Significance

	
-

	
*

	
*

	
*

	
*

	
*








-: no significance; *: significant.
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