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Abstract

:

Background and Objectives: The aim of this study was to determine the effects of different stand densities and thinning regimes on stem quality parameters, mainly branch characteristics, of Scots pine (Pinus sylvestris L.) trees. The study provides some input to the discussion about Scots pine stem quality responses to different forest management practices in relatively young stands. Materials and Methods: Total tree height, height to the lowest live and dead branch, diameter at breast height (DBH), and diameter of all branches from the whorls located up to 6 m from the ground were measured. The linear regression models to predict branch diameter, as the main parameter for the stem quality assessment, were developed based on stand density and stem parameters. Results and Conclusions: DBH, branch diameter and number of branches up to 6-m stem height were significantly higher in the stands with the lowest density. These stem parameters showed a relatively clear downward trend from the lowest to the highest stand densities. The main identified variables which significantly affected stem quality, were branch diameter and diameter of the thickest branch in the bottom part of the stem, at least up to 3-m stem height. For practical use, the best fitted model was estimated when stand density, DBH, and branch diameter up to 3-m height were included in a single equation. The developed model for branch diameter could be used as a forest management tool for managing stem-wood quality.
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1. Introduction


Despite different silvicultural alternatives used in order to guarantee stand sustainability and various aspects of ecosystem services [1,2,3,4], the growth of potentially valuable trees with high-quality stemwood remains one of the main objectives of traditional forest management. Forest managers use silvicultural techniques to maximize tree growth. Locally and globally, in the context of climatic changes, it is important to determine the rational way in which forest stands will produce the highest possible production in the shortest period of time [5].



In many countries, traditional forestry practices provide different forest harvesting systems in managed or commercial forests, including different intensities of intermediate and precommercial cuttings [6,7]. A combination of the appropriate environmental conditions and optimal harvesting regime is an important option for achieving increased forest stand productivity and improving stem quality. Thinning accelerates diameter growth and improves stand composition. The quality of tree stems also varies because of site conditions or past management practices. In the sites of medium fertility typical for Scots pine, relatively large variations in stem quality are often observed [8]. As overviewed by [8], the codominant trees with narrow crowns and thin branches form the best-quality stems. It was also indicated that the main factors determining the log quality, such as the number of branches and diameter, highly correlate with stem diameter.



Several decades ago, the development of models for Scots pine stands was begun for multiple objectives. The response of tree growth to thinning was extensively studied in forest science [9], but the thinning regime remains very important in forest management practice. Many thinning experiments with different designs and methods were established, mainly for Scots pine growth and yield assessment [5,10,11,12,13,14,15]. Studies on site- and climate-specific responses are required due to the large distribution of this tree species [16]. As noted by Ikonen et al. [14], initial stand density, density post-thinning, tree growth, mortality, and the self-clearing of branches along the stem influence the quality of the sawn timber. Furthermore, the suitability of roundwood for the wood industry is determined by stem volume and wood quality, including the properties of the branches. Previous studies indicate that the main stem quality parameters that can be directly measured are tree diameter at breast height, tree height, and number and size of branches [17]. According to other studies, the best independent variables showing branch increment were stem radial increment, height/diameter ratio, and branch age [18]. Scots pine is particularly characterized by a strong relationship between stem diameter growth and branch thickness [18,19,20,21].



As mentioned above, spacing affects branching and stem growth. Generally, high initial stand density and thinning are associated with lower branching; on the other hand, a large increase in tree diameter was found to result in a higher probability of branching [22]. More precise branching predictions can be made by including information about tree diameter, tree height, and stand density at an early stage of stand development.



Scots pine (Pinus sylvestris L.), as a coniferous species of great economic importance, is widespread around the world, especially in the northern regions. In Lithuania, which represents the southern part of the hemiboreal forest zone, Scots pine is a highly valued tree species. However, very few studies have reported about the stem quality parameters of this coniferous species in the Baltic region. In this context, the objective of this study was to examine how different stand densities and thinning regimes influenced stem quality parameters, mainly the characteristics of branches along butt logs (0–6-m log) of Scots pine (Pinus sylvestris L.) trees. This study was conducted within a long-term experiment, where various aspects were explored over different time periods. The effects of stand density and thinning on the growth, mortality, productivity, and main wood properties have previously been published by Kuliešis and Saladis [23] and Šilinskas et al. [24].




2. Materials and Methods


2.1. Study Site and Material


The study was conducted in Lithuania, which is in the temperate climate zone. The climate is characterized as transitional between the mild Western European and continental Eastern European climates [25]. During the period of 1981–2010, the mean air temperature was 6.9 °C, and the mean annual precipitation was 695 mm. Lithuania represents the southern part of the hemiboreal forest zone. Forests cover 2.2 million ha, which corresponds to 33.6% of the land area [26]. Coniferous stands cover 55.6% of the forested area; among them, Scots pine (Pinus sylvestris L.) covers 34.6%.



For this study, two pure Scots pine study sites were selected in a long-term experimental area, which was initially established by the Lithuanian Forest Institute in 1990–1992 [23]. The experimental area was established with the aim of investigating Scots pine growth under different thinning regimes.



The first study site, including five study plots numbered from A1 to A5, was selected in the southern part of Lithuania, in Valkininkai (Latitude 54°25′29”; Longitude 24°58′12”). The second study site, including five study plots numbered from F1 to F5, was selected in the Central Lithuania, in Jurbarkas (Latitude 55°05′20”; Longitude 22°13′47”) (Table 1). The first study site was established in the former agricultural soil, and the second study site was established in the forest soil. Both Scots pine sites were ploughed in rows every 2.0 m before planting. In the first site, one-year-old pine seedlings were planted with the initial density of 10,000 seedlings ha−1 in 1982. In the second site, 7140 seedlings ha−1 were planted in 1988, followed by additions with approximately 2000 seedlings ha−1 the year after planting.



The soil is classified as Dystric Arenosol in the first study site, and as Albic Arenosol in the second study site, according World Reference Base for Soil Resources 2014 [28]. The forest site types are normal moisture regime fertile with light soil texture sandy soil (Ncl) in the first study site, and normal moisture regime poor with light soil texture sandy soil (Nbl) according to the Lithuanian classification of forest site types [27].




2.2. Field Measurements


As given in Table 1, the selected study sites represented different stand densities and five thinning regimes, including the treatment without thinning. The number of trees in 1 ha left after the first thinning is taken as a reference stand density (SD) in this paper.



Before assessment, the trees in both sample sites were mapped. For the assessment, the trees were chosen using a probabilistic systematic sample system. The selected stem quality parameters of standing trees were measured during the study: total tree height, height of the lowest live and dead branches (m), tree diameter (cm), and the diameters of each branch (cm) per whorl along a butt log (hereafter, 0–6-m log).



The tree diameter was measured with a tree caliper (precision 1 mm) at 1.3 m above ground (diameter at breast height, DBH) for all selected trees. For each selected tree, tree height (H), height of the lowest live branch (Hlb), and height of the lowest dead branch (Hdb) were measured with a tape measure.



Branch diameter (Dbr) was measured 1 cm from the branch bark ridge and collar, parallel to the stem axis, for each branch per whorl. The measurements were made for all live and dead branches of diameter equal to or thicker than 10 mm. The mean values were further calculated and assigned to the groups 0–3-m log (Dbr0-3), 3–6-m log (Dbr3-6), and 0–6-m log (Dbr0-6) from root collar, where roots join the stem. The diameter of the thickest branch per whorl was fixed accordingly, obtaining the values for Dmaxbr0-3, Dmaxbr3-6, and Dmaxbr0-6. All branches per each whorl were counted, and the values were given as mean values per tree (Nbr0-6) or for individual logs as Nbr0-3 and Nbr3-6 within each study plot. The percentage branch area (Brarea) was calculated as a ratio between cumulative cross-sectional area at branch collar (cm2) and outer surface area of 0–6-m log (cm2) of every tree multiplied by 100.



The sections of 0–6-m log, including both 0–3-m and 3–6-m logs, were taken as a base for this study according to the National standard [29]. The standard sawlog lengths usually run from 3 to 6 m.



In total, 610 trees were measured in ten study plots within two study areas. The field measurements were made from autumn 2018 to early spring 2019.




2.3. Data Analysis


The obtained data were analyzed using the statistical package SAS 9.4 (SAS Institute Inc., Cary, NC, USA). To determine the significant differences between the sites with different stand densities, ANOVA followed by Duncan’s multiple range test was used. Different letters next to the mean values show statistically significant differences at p < 0.05 between the sites. Pearson correlation was applied to measure the linear correlation between two variables.



The Dbr was modelled using SAS general linear models. The model for Dbr was created including the following parameters: stand density (SD), H, DBH, Dbr0-3, Dbr3-6, Nbr0-3, Nbr3-6, Dmaxbr0-3, Dmaxbr3-6, Brarea. All parameters in the models were chosen as random effects.



For the prediction of Dbr based on the stand and tree characteristics, the following general equation was developed:


Dbr = a0 + a1SD + a2DBH + a3H + a4Dbr0-3 + a5Dbr3-6 + a6 Nbr0-3 + a7 Nbr3-6 + a8 Dmaxbr0-3 + a9 Dmaxbr3-6 + a10 Brarea + ε



(1)




Here, a0 is the intercept; a1,a2, … an are parameter estimates; SD is stand density; DBH is diameter at breast height; H is tree height; Dbr0-3 is the branch diameter in 0–3-m log from ground level; Dbr3-6 is branch diameter in 3–6-m log; Nbr0-3 is the number of branches in 0–3-m log; Nbr3-6 is the number of branches in 3–6-m log; Dmaxbr0-3 is the diameter of the thickest branch in 0–3-m log; Dmaxbr3-6 is the diameter of the thickest branch in 3–6-m log; Brarea is the percentage branch area from 0–6-m log surface area (Brarea); and ε is an error term.



For the best result, the linear models were improved by eliminating non-significant parameters at p < 0.05.





3. Results


3.1. Tree Growth Properties at the Sites of Different Stand Densities


When the effects of different treatments, involving stand densities (SD) of 600, 1000–1200, 2000–2400, 3000–4400, and 5400–8100 trees ha−1 and thinning regimes, on the main stem quality parameters were compared, no statistically significant (p > 0.05) effect was found on mean tree height (H) (Table 2). The mean H ranged between 19.4 and 20.0 m in Scots pine plots on former agricultural land, and between 14.0 and 14.8 m in the plots on forest land (characteristics of the study plots A1–A5 and F1–F5 are given in Table 1). The differences in mean H between the lowest and highest stand densities were 0.6 and 0.8 m in the study plots A1–A5 and F1–F5, respectively.



There were statistically significant (p < 0.05) differences in mean tree diameter at breast height (DBH) between all treatments, except the mean DBH values between the stand densities of 2000–2400 and 3000–4400 trees ha−1 (Table 2). Most likely due to younger stand age, the mean DBH was slightly lower in the sites F1–F5 than in sites A1–A5. However, it was larger by 7.2 cm or 1.4–1.5 times in the stands with the lowest density (600 trees ha−1) compared to the stands with the highest density (5400–8100 trees ha−1).



The calculated percentage branch area from 0–6-m log surface area (Brarea) showed the highest values in the sites with the stand density of 600 trees ha−1 (Table 2). The Brarea was lower by 1.9–2.2 times in the plots with the stand densities higher than 2400–3000 trees ha−1 at both study sites. However, statistically significant (p < 0.05) values were obtained between A1 and A4–A5 and between F1 and F4–F5, respectively.



The mean branch diameter in 0–6-m log (Dbr0-6) decreased significantly with increasing SD (Figure 1a). The Dbr0-6 values between the lowest and the highest stand densities differed by 1.5–1.6 times or 0.83–0.87 cm in both study sites. Slightly lower Dbr0-6 values were found for F1–F5 than A1–A5 study sites. When comparing the bottom (0–3-m) and upper (3–6-m) stem logs, the mean branch diameters (Dbr0-3, 0–3-m log and Dbr3-6, 3–6-m log) in both logs decreased significantly with increasing stand density (Figure 1b,c).



The number of branches in 0–6-m log (Nbr0-6) tended to decrease with increasing SD (Figure 2). However, significant differences in Nbr0-6 were not obtained between all treatments (i.e., very similar numbers of branches were found for the adjacent sites of A1 and A2, A3 and A4; as well as for sites F3 and F4). Nbr0-6 differed by 1.2–1.3 times between the highest and the lowest SD in both Scots pine sites.



To identify the influence of SD on stem growth and branch development, the mean height of the lowest live branch (Hlb) and height of the lowest dead branch (Hdb) were measured in both Scots pine sites (Figure 3). The Hlb value tended to increase with increasing stand density. Statistically significant (p < 0.05) differences for the Hlb were obtained between the lowest SD in comparison with the average and highest SD (Figure 3a). The Hlb values differed by 1.2 and 1.5 times between sites A1 and A5 and sites F1 and F5, respectively. No significant differences were obtained for the Hdb values in the sites with different SD (Figure 3b). The mean values for Hlb and Hdb differed between sites A1–A5 and F1–F5. Although the trees were more than 30 years old no significant differences between the soil nutrient concentrations were found at this stage, the early effect of former land-use could have influenced this response.




3.2. Relationships of Stand and Tree Characteristics with Stem Quality Parameters


The correlation coefficients between stand and tree characteristics with stem quality parameters for both Scots pine study sites are presented in Table 3. The SD and main tree characteristics (H, DBH) showed various degrees of correlation with the branch parameters. No specific differences between the sites were obtained, except the non-significant correlations between Hlb with other stem parameters in the study plots F1–F5.



There were moderately strong negative correlations between SD and DBH, Dbr0-6, Dbr0-3, Dbr3-6, Dmaxbr0-3, Dmaxbr3-6, and Brarea in both sites. Similar correlations were found between Hlb with Dbr0-6, Dbr0-3, and Brarea. A strong correlation was found between DBH with Dbr0-6, Dbr0-3, and Dbr3-6: the correlation coefficient was r = 0.65–0.78 for the study plots A1–A5 and r = 0.76–0.87 for the study plots F1–F5. Strong to very strong correlation (r = 0.75–0.95) was found between Dbr0-6 and all branch parameters, except Nbr0-6.




3.3. Modelling Branch Diameter in Relation to Stand and Tree Characteristics


The models determined by the stepwise procedure are given in Table 4. First, a general linear model (Model 1), including all available variables from this study was estimated (Table 4). The Dbr was predicted by the SD, DBH, and H as basic variables, and branch diameters Dbr0-3 and Dbr3-6, amount of branches Nbr0-3 and Nbr3-6, diameters of the thickest branch Dmaxbr0-3 and Dmaxbr3-6, and the percentage branch area from 0–6-m log surface area (Brarea). As the next step, the linear model was improved by removing non-significant (p < 0.05) and highly correlated variables from the model and testing several options. Giving priority to the variables that are easily measurable in the bottom part of stem, the Model 2 was estimated (R2 = 0.942). This model included SD, DBH, Dbr0-3, and Dmaxbr0-3. A very similar result was obtained when tree H was also included, and Model 3 with R2 = 0.945 was estimated.



Finally, two relatively simple but well-fitted models were estimated when the variables Dbr0-3 (Model 4; R2 = 0.9410) and Dmaxbr0-3 (Model 5; R2 = 0.8029) were included with SD and DBH (Table 4). The Dbr predicted by the SD, DBH, H, and Brarea showed good results (Model 6; R2 = 0.9123), but SD was identified as a non-significant (p > 0.05) variable.





4. Discussion


The obtained results demonstrate how the effect of stand density (SD) and thinning regimes on stem quality can be predicted with measurements of the main branch parameters mean branch diameters in 0–3-m and 3–6-m log from root collar (Dbr0-3 and Dbr3-6), number of branches in 0–3-m and 3–6-m log (Nbr0-3 and Nbr3-6), diameter of the thickest branch (Dmaxbr0-3 and Dmaxbr3-6), and the percentage branch area from 0–6-m log surface area (Brarea). As reported in the literature, in most cases, several parameters related to stem quality can be directly measured for standing trees, such as DBH, height, height of crown base, etc. [17]. The SD and thinning affect the growth dynamics and tree development, as well the final stand productivity. Obviously, if the branches grow smaller and a smaller amount of them are fixed on the stem, better stem quality is defined. However, it is equally important to ensure that the volume of the trees is optimal. In this paper, we hypothetically state that optimal stem quality should be found for a certain stand density, in this case for the 31–38-year-old Scots pine stand. Previous studies noted that thinning treatments reduce the total yield, but increasing of the growing space positively influenced the growth in diameter and increased tree volume [30,31]. On the other hand, thinning creates conditions for tree branches to grow thicker and longer [32], and excessive thinning can even reduce stem quality by promoting branching. The high density of young Scots pine stands affects the development of tree diameter and branches, that is, it reduces tree growth and branching and improves the stem quality.



We found no effect of different SDs and thinning regimes on the mean tree height (H), but all studied treatments had a significant effect on tree diameter at breast height (DBH). As noted by Liziniewicz et al. [33], wide spacing significantly influenced mean height (i.e., the mean height was lowest in the most open spacing). The same study showed that high SD reduced the tree DBH. Mäkinen and Isomäki [10] stated that more intensive thinning was followed by larger DBH and volume of Scots pine trees compared to moderate thinning. This was explained by intensified growth of bottom parts of stems in the stands with lower density. Otherwise, such trends might disappear in the long-term. In a major study, Pretzsch [34] identified that short-term benefit in growth after thinning can turn into long-term losses in the yield.



The results of the present study showed that a greater height from the root collar to the first living branch was found in the sites with higher density. The measured Scots pine trees were of the same age and, most likely, they competed equally for sunlight at a young age, up to the first thinning treatment at 4–8 years old. At higher stand densities, the low branches on the stem died, typically from shading and competition. Different stand densities did not affect the mean height to the first dead branch, and this parameter is most likely more dependent on tree genetics than on ecological conditions or the management regime applied.



For the most appropriate stand density and thinning program to grow the most productive trees, it is reasonable to evaluate the parameters directly related to stem quality. In order to grow high-quality wood, DBH, H, and branch characteristics, which greatly affect wood quality, are those that can be measured directly for standing trees [17]. Branching parameters are closely related to tree growth—that is, factors that promote DBH growth also increase branch diameter [14]. In Scots pine, the growth of stem and branches strongly correlate [18,20]. As noted by Gort et al. [21], the quality of bottom stem part can be improved by the choosing an optimal initial stand density, as well timing and intensity of thinning. To obtain stem wood without branches, it is necessary to maintain a certain stand density.



In this study, a modeling approach was applied to describe the overall pattern of stem quality (mostly based on branch characteristics) to different SD. All estimated models (see Table 4) included driving variables SD and DBH (H, in some cases) that are commonly available in practical forest management databases and other variables, such as branch diameters (Dbr0-3, Dbr3-6), number of branches (Nbr0-3, Nbr3-6), diameter of the thickest branch (Dmaxbr0-3, Dmaxbr3-6), and the percentage branch area (Brarea). In the forest, it is often economically inefficient to assess the assortments for the whole stem; therefore, the bottom part of stem at fixed length is used for the assessment [17]. For forest management practice, simplified models were estimated, which included the branch characteristics Dbr0-3 and Dmaxbr0-3, which can be measured directly and without much effort. The best-fitted model was estimated including the variable Dbr0-3 together with SD and DBH in a single equation (Model 4; R2 = 0.9410). Previous studies showed that the best independent variables showing branch increment were radial increment of stem, the ratio between height and diameter, and branch age [18]. The trees growing under low SD usually develop branches with higher diameter [33,35]. More precisely, the branching can be predicted by including information about the growth rate of tree diameter and height, as well as stand density at an early stage of stand development [22]. Huuskonen et al. [22] indicated that the probability of branchiness was relatively low in the stands that were pre-commercially thinned with low intensity, when only the defected trees were removed. Some studies show that stand density and site fertility do not affect branching if stem dimensions are taken into account [18,21].



Summarizing our findings, we found that stem quality in even-aged pure pine stands could be described by few stand and tree variables. Models for branch diameter could be used as a forest management tool for the improvement of stem wood quality. The identified variables affecting stem quality were the branch diameter in the bottom part of stem, at least up to 3 m stem height. We could not provide a complete answer that a certain stand density would have a positive effect on the best stem quality. As the stand density alone incorporates the number of trees, their size, and other characteristics [36], complex forest management including both stand density and thinning requires a more accurate site- and species-specific analysis. The results of this study do not explain the ability to forecast the stem quality overall; they are more specifically related to Scots pine of similar age, growing in the hemiboreal forest zone. The main variables also depend on site fertility, climate conditions, and tree age [5]. More detailed studies on this research area, based on other site conditions, stand age, and genetic tree properties are needed. More broadly, further research is also needed to determine the effects of stand densities on other stem quality attributes, such as visible defects and forms of stem decay, which can be assessed on a non-numerical scale.




5. Conclusions


The aim of the current study was to examine how different stand densities (600, 1000–1200, 2000–2400, 3000–4400, and 5400–8100 trees ha−1) and thinning regimes influenced stem quality parameters, mainly the branch characteristics along 0-6-m stem, of 31–38-year-old Scots pine (Pinus sylvestris L.) trees. This study provides some input to the discussion about Scots pine stem quality responses to different forest management practices in relatively young stands.



The results from this study indicate statistically significant influences of stand density on tree diameter at breast height (DBH), showing a clear downward trend of DBH in the sites with the lowest (600 trees ha−1) to the highest (5400–8100 trees ha−1) stand densities. Similarly, the mean branch diameters per stem log up to 6 m height decreased significantly with increasing stand density.



The linear regression models to predict branch diameter, as the main parameter for the stem quality assessment, were developed based on stand density and stem parameters. Even though the number of branches up to 6 m height significantly decreased with increasing SD, this variable was found to be weakly related to stem quality. The variables obtained from upper log (3–6-m height from the root collar) showed a high correlation with the variables from the bottom stem log or were non-significant in the model to predict branch diameter, when both stand density and DBH were included. The diameters of branches in each whorl and/or the diameter of the thickest branch up to 3-m stem height, which are relatively easily measurable in the bottom part of the stem, were preferred and included in the simplified models. The best-fitted model was obtained when stand density, DBH, and branch diameter in the bottom 0–3-m log were included in the model.
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Figure 1. Mean values of branch diameter in 0–6-m log, Dbr0-6 (a); in 0–3-m log, Dbr0-3 (b); and in 3–6-m log, Dbr3-6 (c) in two Scots pine study sites (study plots A1–A5 and F1–F5). Bars show standard error of the mean. Different capital letters A, B, C, D and E given at the top of the column show statistically significant differences between the sites at p < 0.05. 
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Figure 2. Mean number of branches in 0–6-m log, Nbr0-6 in two Scots pine study sites (study plots A1–A5 and F1–F5). Bars show standard error of the mean. Different capital letters A, B, C and D given at the top of the column show statistically significant differences between the sites at p < 0.05. 
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Figure 3. Mean height of the lowest live branch (Hlb) (a) and height of the lowest dead branch (Hdb) (b) in two Scots pine study sites (study plots A1–A5 and F1–F5). Bars show standard error of the mean. Different capital letters A, B and C given at the top of the column show statistically significant differences between the sites at p < 0.05; no letters indicate no significant differences. 
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Table 1. Characteristics of Scots pine study plots chosen within the long-term experimental area established in 1990–1992.
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Study Plot

	
Stand Density a, trees ha−1

	
Thinning Intensity

	
Stand Age at Thinning, Years

	
Stand Density at Assessment b, trees ha−1

	
Area of Study Plot, m2

	
Number of Assessed Trees






	
(A1–A5)

	
38 years old Scots pine; planted on former agricultural land; forest site type c - Ncl




	
A1

	
600

	
1 time

	
8

	
564

	
3593

	
62




	
A2

	
1000

	
2 times

	
8, 34

	
825

	
3610

	
60




	
A3

	
2000

	
3 times

	
8, 15, 34

	
878

	
3600

	
61




	
A4

	
3000

	
4 times

	
8, 15, 21, 34

	
886

	
3679

	
61




	
A5

	
5400

	
no thinning

	
−

	
2128

	
3591

	
63




	
(F1–F5)

	
31 years old Scots pine; planted on forest land; forest site type c - Nbl




	
F1

	
600

	
1 time

	
4

	
610

	
2995

	
61




	
F2

	
1200

	
2 times

	
4, 27

	
867

	
2131

	
62




	
F3

	
2400

	
3 times

	
4, 8, 27

	
1014

	
2095

	
60




	
F4

	
4400

	
4 times

	
4, 8, 14, 27

	
1290

	
1906

	
59




	
F5

	
8100

	
no thinning

	
-

	
2700

	
2165

	
61








a Stand density in each study plot left after the first thinning: for the study plots A1–A5 the assessment was performed in 1990; for the study plots F1–F5 it was performed in 1992. b Stand density in each study plot at the assessment time (2018–2019). c Ncl: normal moisture regime fertile with light soil texture sandy soil; Nbl: normal moisture regime poor with light soil texture sandy soil according to the Lithuanian classification of forest site types [27].
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Table 2. Tree height (H), tree diameter at breast height (DBH), and percentage branch area from 0–6-m log surface area (Brarea) of Scots pine trees at sites with different stand densities.
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	Study Plot
	Stand Density, trees ha−1
	Variable
	Mean
	Std Dev
	Std Error
	Minimum
	Maximum





	(A1–A5)
	
	
	
	
	
	
	



	
	
	H, m
	19.67
	1.21
	0.15
	16.70
	22.10



	A1
	600
	DBH, cm
	25.00
	3.84
	0.49
	16.45
	32.15



	
	
	Brarea, %
	0.74
	0.20
	0.03
	0.04
	0.32



	
	
	H, m
	19.78
	0.79
	0.10
	17.30
	22.30



	A2
	1000
	DBH, cm
	22.80
	2.94
	0.38
	12.62
	29.45



	
	
	Brarea, %
	0.56
	0.14
	0.02
	0.02
	0.27



	
	
	H, m
	19.83
	1.10
	0.14
	17.10
	21.80



	A3
	2000
	DBH, cm
	21.44
	3.01
	0.39
	15.65
	28.10



	
	
	Brarea, %
	0.46
	0.15
	0.02
	0.02
	0.19



	
	
	H, m
	20.02
	0.71
	0.09
	18.60
	21.70



	A4
	3000
	DBH, cm
	21.25
	2.29
	0.29
	15.00
	27.45



	
	
	Brarea, %
	0.36
	0.10
	0.01
	0.01
	0.14



	
	
	H, m
	19.39
	1.25
	0.16
	15.70
	22.00



	A5
	5400
	DBH, cm
	17.78
	3.40
	0.43
	11.30
	29.40



	
	
	Brarea, %
	0.39
	0.14
	0.02
	0.02
	0.13



	(F1–F5)
	
	
	
	
	
	
	



	
	
	H, m
	13.97
	1.02
	0.13
	10.10
	15.60



	F1
	600
	DBH, cm
	20.88
	3.30
	0.42
	13.00
	29.20



	
	
	Brarea, %
	0.84
	0.24
	0.03
	0.06
	0.26



	
	
	H, m
	14.54
	1.75
	0.22
	4.70
	16.60



	F2
	1200
	DBH, cm
	18.37
	3.54
	0.45
	9.65
	28.20



	
	
	Brarea, %
	0.61
	0.15
	0.02
	0.02
	0.18



	
	
	H, m
	14.34
	1.09
	0.14
	12.50
	16.60



	F3
	2400
	DBH, cm
	16.82
	3.12
	0.40
	10.85
	26.30



	
	
	Brarea, %
	0.56
	0.17
	0.02
	0.03
	0.25



	
	
	H, m
	14.70
	0.98
	0.13
	11.40
	16.40



	F4
	4400
	DBH, cm
	16.24
	2.41
	0.31
	10.80
	22.90



	
	
	Brarea, %
	0.42
	0.13
	0.02
	0.02
	0.17



	
	
	H, m
	14.77
	1.22
	0.16
	11.10
	16.90



	F5
	8100
	DBH, cm
	13.68
	3.17
	0.41
	8.00
	20.90



	
	
	Brarea, %
	0.39
	0.15
	0.02
	0.02
	0.18
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Table 3. Correlation coefficients between tree characteristics and some parameters of stem quality for the selected Scots pine trees in the study plots A1–A5 (n = 307) and F1–F5 (n = 303). The coefficients given in bold are statistically significant at p < 0.05.
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Study Plots A1–A5




	

	
H *

	
Hlb

	
Hdb

	
DBH

	
Nbr0-6

	
Dbr0-6

	
Dbr0-3

	
Dbr3-6

	
Dmaxbr0-3

	
Dmaxbr3-6

	
Brarea




	
SD

	
−0.10

	
0.49

	
0.09

	
−0.58

	
−0.32

	
−0.64

	
−0.62

	
−0.59

	
−0.51

	
−0.52

	
−0.54




	
H

	

	
0.14

	
0.14

	
0.53

	
−0.30

	
0.16

	
0.03

	
0.25

	
−0.03

	
0.20

	
−0.23




	
Hlb

	

	

	
0.13

	
−0.42

	
−0.27

	
−0.54

	
−0.56

	
−0.46

	
−0.47

	
−0.46

	
−0.52




	
Hdb

	

	

	

	
−0.01

	
−0.28

	
−0.12

	
−0.16

	
−0.11

	
−0.12

	
−0.15

	
−0.23




	
DBH

	

	

	

	

	
0.14

	
0.76

	
0.65

	
0.78

	
0.51

	
0.68

	
0.40




	
Nbr0-6

	

	

	

	

	

	
0.29

	
0.33

	
0.27

	
0.33

	
0.26

	
0.64




	
Dbr0-6

	

	

	

	

	

	

	
0.94

	
0.95

	
0.75

	
0.80

	
0.82




	
Dbr0-3

	

	

	

	

	

	

	

	
0.79

	
0.84

	
0.70

	
0.84




	
Dbr3-6

	

	

	

	

	

	

	

	

	
0.60

	
0.82

	
0.72




	
Dmaxbr0-3

	

	

	

	

	

	

	

	

	

	
0.58

	
0.75




	
Dmaxbr3-6

	

	

	

	

	

	

	

	

	

	

	
0.65




	

	
Study Plots F1–F5




	

	
H

	
Hlb

	
Hdb

	
DBH

	
Nbr0-6

	
Dbr0-6

	
Dbr0-3

	
Dbr3-6

	
Dmaxbr0-3

	
Dmaxbr3-6

	
Brarea




	
SD

	
0.18

	
0.56

	
0.06

	
−0.57

	
−0.49

	
−0.62

	
−0.59

	
−0.61

	
−0.51

	
−0.51

	
−0.57




	
H

	

	
0.35

	
0.13

	
0.32

	
−0.26

	
0.08

	
0.00

	
0.14

	
−0.01

	
0.08

	
−0.17




	
Hlb

	

	

	
0.13

	
−0.45

	
−0.50

	
−0.58

	
−0.57

	
−0.56

	
−0.52

	
−0.54

	
−0.62




	
Hdb

	

	

	

	
0.00

	
−0.17

	
−0.08

	
−0.10

	
−0.07

	
−0.10

	
−0.08

	
−0.14




	
DBH

	

	

	

	

	
0.45

	
0.85

	
0.76

	
0.87

	
0.65

	
0.77

	
0.64




	
Nbr0-6

	

	

	

	

	

	
0.50

	
0.49

	
0.49

	
0.41

	
0.48

	
0.68




	
Dbr0-6

	

	

	

	

	

	

	
0.96

	
0.97

	
0.81

	
0.86

	
0.89




	
Dbr0-3

	

	

	

	

	

	

	

	
0.87

	
0.86

	
0.80

	
0.91




	
Dbr3-6

	

	

	

	

	

	

	

	

	
0.73

	
0.86

	
0.83




	
Dmaxbr0-3

	

	

	

	

	

	

	

	

	

	
0.71

	
0.79




	
Dmaxbr3-6

	

	

	

	

	

	

	

	

	

	

	
0.79








* SD, stand density; H, tree height; Hlb, height of the lowest live branch; Hdb, height of the lowest dead branch; DBH, diameter at breast height; Nbr0-6, number of branches in 0–6-m log from root collar; Dbr0-6, branch diameter in 0–6-m log; Dbr0-3, branch diameter in 0–3-m log; Dbr3-6, branch diameter in 3–6-m log; Dmaxbr0-3, diameter of the thickest branch in 0–3-m log; Dmaxbr3-6, diameter of the thickest branch in 3–6-m log; Brarea, percentage branch area from 0–6-m log surface area.
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Table 4. The results of the selected linear models determined by the stepwise procedure to describe branch diameter (Dbr) in relation to stand density (SD) and tree characteristics (H, tree height; DBH, diameter at breast height; Dbr0-3, branch diameter in 0–3-m log from root collar; Dbr3-6, branch diameter in 3–6-m log; Nbr0-3, number of branches in 0–3-m log; Nbr3-6, number of branches in 3–6-m log; Dmaxbr0-3, diameter of the thickest branch in 0–3-m log; Dmaxbr3-6, diameter of the thickest branch in 3–6-m log; Brarea, percentage branch area from 0–6-m log surface area) in Scots pine (n = 610).
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Variable

	
Parameter Estimate

	
Pr > |t|

	
Variance Inflation

	
Parameter Estimate

	
Pr > |t|

	
Variance Inflation

	
Parameter Estimate

	
Pr > |t|

	
Variance Inflation






	

	
Model 1

	
Model 2

	
Model 3




	
Intercept

	
0.05252

	
<0.0001

	
0

	
0.11643

	
0.0003

	
0

	
0.21413

	
<0.0001

	
0




	
SD

	
−0.000001

	
0.0100

	
1.8399

	
−0.000007

	
0.0016

	
1.6857

	
−0.000006

	
0.0190

	
1.7365




	
H

	
0.000172

	
0.6536

	
2.4888

	
-

	
-

	
-

	
−0.00992

	
<0.0001

	
1.9884




	
DBH

	
0.00194

	
<0.0001

	
8.2840

	
0.02369

	
<0.0001

	
2.0320

	
0.02989

	
<0.0001

	
3.9270




	
Dbr0-3

	
0.49140

	
<0.0001

	
10.9662

	
0.85780

	
<0.0001

	
4.8557

	
0.82854

	
<0.0001

	
5.2151




	
Dbr3-6

	
0.45995

	
<0.0001

	
10.0093

	
-

	
-

	
-

	
-

	
-

	
-




	
Nbr0-3

	
−0.00449

	
<0.0001

	
2.1371

	
-

	
-

	
-

	
-

	
-

	
-




	
Nbr3-6

	
0.00345

	
<0.0001

	
1.9437

	
-

	
-

	
-

	
-

	
-

	
-




	
Dmaxbr0-3

	
0.00315

	
0.0072

	
4.2132

	
−0.02676

	
<0.0001

	
3.6417

	
−0.02675

	
<0.0001

	
3.6417




	
Dmaxbr3-6

	
−0.00010

	
0.9388

	
3.8422

	
-

	
-

	
-

	
-

	
-

	
-




	
Brarea

	
0.06293

	
<0.0001

	
14.7017

	
−

	
-

	
-

	
-

	
-

	
-




	
R2

	
0.9984

	
0.9426

	
0.9447




	

	
Model 4

	
Model 5

	
Model 6




	
Intercept

	
0.14709

	
<0.0001

	
0

	
0.74082

	
<0.0001

	
0

	
0.36612

	
<0.0001

	
0




	
SD

	
−0.000007

	
0.0025

	
1.6847

	
−0.00003

	
<0.0001

	
1.6150

	
−0.000005

	
0.0863

	
1.7542




	
H

	
-

	
-

	
-

	
-

	
-

	
-

	
0.00660

	
0.0188

	
2.3982




	
DBH

	
0.02400

	
<0.0001

	
2.0255

	
0.04317

	
<0.0001

	
1.7380

	
0.04926

	
<0.0001

	
3.1774




	
Dbr0-3

	
0.78906

	
<0.0001

	
2.1022

	
-

	
-

	
-

	
-

	
-

	
-




	
Dmaxbr0-3

	
-

	
-

	
-

	
0.16258

	
<0.0001

	
1.5766

	
-

	
-

	
-




	
Brarea

	
-

	
-

	
-

	
-

	
-

	
-

	
1.17880

	
<0.0001

	
1.9387




	
R2

	
0.9410

	
0.8029

	
0.9123
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