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Abstract

:

Stand density changes due to aging and thinning interventions. At the same time, the social status of trees develops and varies due to different genetic conditions as well as access to nutrients and light. Trees growing in diverse conditions gain their social status in the stand, which, in the end, influences their development and biomass allocation. The objective of this research was to discover if stand density or tree social status has an impact on a tree’s aboveground biomass allocation. The study was carried out in five premature and five mature pine stands, growing in the same soil conditions. The selected sample stands had a different growing density, from low to high. In each sample stand, 10 trees were selected to represent a different social status, according to the Schädelin classification. There were 100 trees felled in total (50 in the premature stands and 50 in the mature stands), for which the dry biomass of the stem, living and dead branches, needles, and cones was determined. The results showed that stand density only had an impact on the branches’ biomass fraction but not the stem and foliage fractions, while social status had an impact on all the fractions. Dominant and codominant trees, as well as those with developed crowns, had a smaller share of the stem and higher share of branches in comparison with trees of a lower social status.
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1. Introduction


Each tree organ plays an important role in a tree’s physiological and vital processes. Since the different parts of the tree vary substantially in terms of their biomass, water, and element content, each tree part is very important not only in terms of its usefulness as potential merchandise, but it is also a key factor in the assessment of whole stand productivity and carbon balance [1,2,3].



The relative amount of biomass accumulated in different plant organs is defined as biomass allocation [4] or biomass distribution [5,6]. The specific arrangement of biomass within a tree is known as the allocation pattern [4]. The biomass allocation describes the tree or stand’s current state in terms of the share of dry biomass in the different tree parts, which occur as a result of physiological processes associated with net primary production, carbohydrate flux, and the partitioning of growth in different organs over time [7]. One of the most accepted concepts used to explain biomass allocation is known as the functional equilibrium. It assumes that plants maximize the growth (biomass allocation) of these organs, which contribute the most to gathering limited environmental resources [8,9]. In accordance with this theory, plants invest relatively more in their roots when the limiting factor is a shortage of nutrients and water, while they invest more in aboveground parts, especially in foliage, when the limiting growth factor is light and CO2. Simultaneously, in the case of trees, an increase in stem share and decrease in foliage and fine roots can be observed as a consequence of the natural aging process and the different loss rates of these trees’ parts [7]. Biomass allocation can be treated as the plant’s response to different growth drivers; therefore, discovering this phenomenon is crucial for an understanding of the growth process and dynamics of biomass allocation in different environmental conditions. It also enables the development of advanced process-based models, providing the precise prediction of plant reactions to dynamic changes in environmental conditions, such as the currently observed climate change [10,11,12,13].



Trees are biological structures, which show high adaptability to external conditions, both biotic and abiotic [14,15,16,17]. In accordance with functional equilibrium theory, the biomass allocation pattern is mostly derived from access to vital resources, which can be limited by interactions between trees, mainly by competition, manifested in the differentiation of the stand structure. Competition for light is especially important for light-demanding species, such as Scots pine (Pinus sylvestris L.), which usually form even age stands, according to the common silvicultural approach. In stands composed of light-demanding species, the competition is mainly one-sided, i.e., large trees suppress smaller ones, while small trees compete very little with larger ones [18]. Hence, individuals occupying different social positions have a highly diversified growth space and, consequently, limited access to light, water, and nutrients. The growth space of trees has been studied and defined in different ways [19,20] but is usually linked with crown characteristics, such as length, width, or form [21,22]. In addition, tree social status can be developed by allelopathy, which is a type of interaction between plants where the inhibitory effect on growth and germination can play an important role during the struggle for existence in interspecific competition. The species (or clone of one species) with a higher allelopathic potential might win the competition and place themselves in a better social position for growth [23].



Competition and stand structure differentiation change with age and rely also on stand density. The latter, as well as biomass production, can be regulated, to some extent, according to the silvicultural treatments applied, such as thinning operations of differing intensity and frequency. Thinning reduces the density, improves the resource availability for the remaining trees, and increases their growth [24,25,26]. Some long-term experiments have shown that the higher the intensity of the thinning, the lower the stand growth, hence more intense growth has been noted in unthinned stands [27,28,29]. Intensive thinning usually leads to smaller volume increments [30,31,32,33], whereas low thinning intensity results in a weak or no effect [33,34]. Some studies have shown that thinning has no influence on either stand growth [25,35] or biomass production [36]. In contrast, detailed studies devoted to the wood quality of single trees have shown that the timber from stands of low density has up to 12% higher value in comparison to the timber from stands of high density [37]. This was studied previously by Eriksson [38], who showed that a dense, unthinned regime for Scots pine was preferable if the objective was to maximize the standing biomass and carbon pool. This was also confirmed by Węgiel et al. [39], who reported that lower stand densities were more beneficial for sawmill wood production, while higher densities might be more beneficial for pulpwood and energy wood, total biomass production, and carbon sequestration.



Identifying the drivers influencing tree biomass allocation is essential for an understanding of the carbon cycle and carbon accumulation in the forest [5]. Such knowledge can also be very helpful in ascertaining the allometry of single trees and the modeling of individual tree biomass [40] and in assessing the technical properties and quality of wood [41,42]. Taking into account the impact of stand density, there exist different strategies of forest management, which are strictly connected to assumed economic goals, resulting in the shaping of different levels of within-stand competition and different biomass allocation patterns. Understanding the allocation pattern is especially important in premature stands, where silvicultural treatment can influence stand structure and density and, therefore, also differentiate stand biomass distribution.



Generally, two approaches for the investigation of biomass allocation exist: the application of biomass ratios or mass fractions, where the mass of the various organs is expressed relative to the total mass of the plant, while the second is based on elaborating so-called allometric equations, i.e., the relationship between the absolute size of one organ as a function of the size of another [43]. In Europe, where pine is a common species in forests, the impact of intraspecific competition and stand density on biomass allocation was studied by Nilsson and Albrektson [44], who discovered that in the case of trees under the stress of strong competition, the allocation of carbon to the stem wood had a higher priority than to the needles. Furthermore, Mäkinen [45] confirmed that competition clearly affected allometric relations and biomass allocation to the stem, branches, and needles. Studies of growth partitioning have also shown that suppressed trees have allocated more growth to stem wood than dominant trees [46]. Vanninen [47] indicated that competition was a significant additional explanatory variable when the stem, branch, and needle growth was estimated according to needle mass. The impact of tree social status on biomass allocation was the aim of the study by Ochał et al. [48]. The researchers showed that with a decrease in a tree’s social status, the stem fraction increased while the branches fraction decreased. On the other hand, the social status did not affect the needles fraction. Most of the above-mentioned studies were performed in young stands with a relatively small number of sample trees, and they concentrated on biomass allometric relations but did not explore the differences between the mass fractions of the different tree parts. All these studies clearly indicated that the position in the stand influenced the total biomass accumulated in different parts of the tree. However, the relationship between tree position in the stand and the fraction of the specific biomass tree part is still a topic to be explored, especially in premature and mature stands.



The social status may be a key factor in the process of differentiating the accumulation of biomass by different parts of the tree. Therefore, it was hypothesized that the mass fraction of different tree parts is related to a tree’s crown position and crown form, as a result of competition for environmental resources. Since this relation can be additionally modified by stand age and density, it was expected that this relationship would be evident in premature stands, especially those of high density, while it would be less obvious in low-density mature stands. Taking into account the above-mentioned indications, the objective of this research was to find out: (1) if stand density and tree social status have an impact on the distribution of tree biomass fractions, mainly stem and branches, and (2) if this impact is more evident in younger stands.




2. Materials and Methods


2.1. Study Area


The study was carried out on 100 trees selected from 10 stands of Scots pine (Pinus sylvestris L.), located in northwestern Poland (15°50′–16°00′ E, 53°10′–53°13′ N). This area has nutrient-poor habitats on podzolic soils, where the dominant tree species is Scots pine. It mostly forms uniform stands with a small mixture of other tree species, usually birch (Betula pendula Roth).



It was assumed that the stands had been established in a similar way (the same initial spacing) and similarly managed (the same owner and manager). Since 1945, the stands have been managed by the State Forests National Forest Holding. Standard management practice in these stands has been to perform thinning once per decade, and the selected stands had not been thinned in the previous five years.



The sample plots were located close to each other and on the same habitats in order to maintain similar tree growth conditions (Figure 1). The average annual rainfall in this area is 589 mm, the average temperature is 7 °C, and the growing season lasts on average 220 days [49].




2.2. Selection of Sample Trees


Five premature (51–60 years) and five mature (81–90 years) pure Scots pine stands were selected. The differentiating factor was the stand density, expressed firstly as the number of trees in a given area, and secondly as the stand density index, according to Reineke [50], ranging from 649 to 878 trees per hectare for the premature stands, and from 589 to 732 for the mature ones (Table 1). All the stands were characterized by the following shared attributes: single-layer, single-species, even-aged, flat terrain (without hills or pits), same soil type (Carbic Podzol), not damaged or deformed, without any gaps or undergrowth, and with forest floor plants typical of this habitat type (not grass-covered). In the selected stands, rectangular sample plots were established (one plot per stand)—0.3 hectare in the premature stands and 0.5 hectare in the mature stands (a minimum number of 200 trees per plot was assumed).



In order to select the sample trees, all diameters at breast height (DBH) were measured on each sample plot, and the height was also measured for 20% of the trees. Based on this data, Näslund’s height curves were developed to establish the height of each tree for each plot separately [51]. The tree measurements and sample collections were performed from July to September 2012.



All the trees in each sample plot were grouped into 10 classes of equal size based on their DBH. In each diameter class, one sample tree was selected at random. In this way, 10 trees were selected on each plot, representing the range of diameter. In total, 100 sample trees were selected.




2.3. Tree Classification


The social status of the sample trees was determined based on two attributes: crown position and crown form, according to the Schädelin classification [52]. The crown position (CP) consists of 4 classes: (1) dominant, (2) co-dominant, (3) intermediate, and (4) overtopped, while crown form (CF) consists of 3 classes: (1) developed, (2) crowded, and (3) dying (Figure 2). The Schädelin classification system consists of three features. The third feature—trunk quality—was not considered in this study as it was assumed that stem quality has no impact on biomass accumulation.



The general characteristics of the sample trees, depending on the stand development phase and tree social status, showed that the differences were more evident in premature stands (Table 2). Trees with overtopped CP and with dying CF were not included in further analyses due to their single occurrence.




2.4. Biomass Assessment


The sample trees were felled and divided into the following compartments (trees’ parts): stem (wood with bark), living branches, dead branches, foliage (needles), and cones. The fresh weight of each compartment was weighed directly in the field, and a representative sample of each tree part was collected. These samples were weighed fresh, dried to a constant mass at 65 °C, and weighed again. Using the sample’s proportion of dry and fresh mass, the dry mass of each part of each sample tree was estimated.



The biomass allocation approach described by Poorter and Nagel [43], who introduced a calculation of the mass fractions of the living tree parts, was followed. The use of fractions avoids some of the complications related to ratios, and the component values always add up to 1.0 or 100, thereby providing an easy-to-understand scaling. On the basis of the dry mass of each part of the tree, the total biomass was calculated. Consequently, by dividing the mass of each specific part of the tree by the total biomass, the stem mass fraction (SMF), branches mass fraction (BMF), and foliage mass fraction (FMF) were calculated. It was decided that the fractions of the dead branches and cones would not be analyzed because both had a marginal share and very high variability. Moreover, dead branches cannot be considered as a functional tree organ, while cones are very dependent on the season of the year, flowering intensity, and the occurrence of mast years.




2.5. Statistical Analysis


For testing the possible relationship between the specific mass fraction (SMF, BMF, or FMF) and the tree’s social status with regard to the development stage and stand density, the linear mixed model approach was selected. It made it possible to take into account the nested design of the study (trees within plots) and include different sources of variation and correlation of data. Each mass fraction was treated as a dependent variable, while the crown position, crown form, stand density index, and the stand’s stage of development were treated as fixed factors, with the sample plot introduced as a random term. The study was not oriented towards the construction of a prediction model, as in many similar studies [53,54,55]. Instead, the goal was to understand the key factors that influence tree allometry, selected at the planning stage of the study.



All statistical analyses were performed in R environment [56] with the help of packages lme4 [57], giving access to the construction and evaluation of mixed models, package lmerTest [58], providing a way to calculate the p-values and helpful for assessing the statistical importance of the tested variables, and package sjPlot [59] for the visualization of the results obtained.



The full model tested for a fraction of each biomass tree part included:


   y  i j   =  β 0  +  β 1  C  P  i j   +  β 2  C  F  i j   +  β 3  D  S j  +  β 3  S D  I j  +  u j  +  ε  i j    



(1)




where yij represents mass fraction (SMF, BMF, or FMF) of tree i in plot j, CPij indicates crown position class of tree i in plot j, CFij means crown form class of tree i in plot j, DSj describes development stage class of plot j, SDIj is the stand density index of plot j, β0-β4 are fixed-effects parameters, uj is a random effect connected with j plot, and εij is a random error of tree i in plot j.



The fixed effects significance was assessed on the basis of a t-test, while the significance of the random effects was determined by an ANOVA test, comparing the final model with a null model without the random term [60]. For all the final models, the assumptions of homoscedasticity of residuals, normality of random error distribution, as well as the absence of collinearity for the independent variables, were assessed. The presence of potential influencing observations was also investigated on the basis of Cook’s distance.





3. Results


Total dry aboveground tree biomass ranged from 24.9 to 463.9 kg with a mean of 169.0 ± 13.4 kg in the premature plots, while in the mature stands, it ranged from 69.0 to 545.5 kg with a mean of 249.7 ± 17.4 kg (Table 3). The coefficient of variation was slightly higher in the premature stands and reached 55.9%, while in the mature stands, it was equal to 49.4%.



The trees generally had different biomass according to the tree’s social status. For the premature stands, the trees with dominant crown position (CP) had approximately a 1.78 times greater total aboveground biomass than the trees with co-dominant CP, and 3.15 times greater than the trees with intermediate CP (Table 3). In the case of the mature stands, those ratios were substantially smaller and equaled 1.56 and 1.86, respectively. On the other hand, the trees with a developed crown form (CF) in the premature stands had total aboveground biomass, which was 1.60 times greater than those with the crowded CF. This ratio in the mature stands was equal to 1.96 (Table 3).



Among all the studied tree compartments, the stem mass fraction (SMF) had, as expected, the biggest total biomass with a mean share as high as 85.4 ± 0.6% in the premature stands, while in the mature stands, it was 84.8 ± 0.6%. In the case of the dominant, co-dominant, and intermediate CP in the premature stands, the SMF reached 84.7 ± 0.7%, 86.6 ± 0.9%, and 88.1 ± 0.5%, respectively, whereas in the mature stands, it was as high as 83.6 ± 0.7%, 85.4 ± 1.2%, and 88.9 ± 0.9%, respectively. The trees with a developed CF generally had a lower SMF of the total aboveground biomass (84.3 ± 0.7% in the premature stands and 83.9 ± 0.6% in the mature stands) in comparison with the trees with a crowded CF, which reached 86.9 ± 0.8% in the premature stands and 87.6 ± 1.1% in the mature stands.



The branches mass fraction (BMF) contributed to the total aboveground biomass with a mean share as high as 8.6 ± 0.4% in the premature stands, while in the mature stands, it was 9.2 ± 0.4%. The BMF decreased with a lower CP from 9.0 ± 0.5% for the dominant CP, 7.9 ± 0.7% for the co-dominant, and 6.7 ± 0.6% for the intermediate CP in the premature stands, while it decreased from 10.0 ± 0.5% for the dominant CP, 8.9 ± 0.9% for the co-dominant to 6.2 ± 0.7% for the intermediate CP in the mature stands. As expected, the trees with a developed CF had a higher BMF, reaching 9.5 ± 0.5% in the premature stands and 9.7 ± 0.5% in the mature stands, while trees with a crowded CF had 7.2 ± 0.5% and 7.5 ± 0.8%, respectively.



In the case of the foliage mass fraction (FMF), the mean share was 3.22 ± 0.1% and 2.85 ± 0.1% in the premature and mature stands, respectively. Along with a deterioration in the relative crown position, the FMF was substantially lower, from 3.29 ± 0.1% for the dominant, 3.16 ± 0.1% for the co-dominant to 2.78 ± 0.1% for the intermediate CP in the premature stands. In the mature stands, the FMF was generally smaller and decreased from 2.99 ± 0.1% for the dominant, 2.73 ± 0.2% for the co-dominant to 2.49 ± 0.1% for the intermediate CP. In a similar way to the BMF, the FMF was higher for the trees with a developed CF where it reached 3.27 ± 0.1% and 2.99 ± 0.1% in the premature and mature stands, respectively, while for the crowded CF, it was 3.11 ± 0.1% for the premature and 2.51 ± 0.1% for the mature stands (Figure 3).



For each analyzed tree compartment, the intercept estimated the mean value of the mass fraction for the trees of the highest social status, i.e., the dominant CP and developed CF in the premature stands (Table 4). The values of the parameters expressed the mean changes in the compartment mass fraction for trees of a lower social status. For example, the mean SMF for the intermediate CP with a crowded CF in the mature stand was predicted to be 3.39% + 1.94% + 0.45% = 5.78% higher than the intercept. The values of σ2 expressed variation not explained by the model, while τ00 expressed variation explained by a random effect, connected with the nesting of the trees within the plots. ICC is the inter-correlation coefficient, Nplot describes the number of groups (plots), marginal-R2 is the part of variation explained only by fixed factors, and conditional-R2 is the part of variation explained by fixed and random factors—both expressed the overall goodness of fit of the model.



The tree’s social status had a significant impact on SMF (Table 4). Differences between the intermediate and dominant CP were found, while those between the dominant and co-dominant CP were not significant. The intermediate CP had, on average, a 3.39% higher SMF than the dominant CP. The obtained results also indicated that the CF had a slightly smaller impact on the SMF than the CP. On average, the crowded CF had a 1.94% higher SMF than the developed CF. Simultaneously, the impact of both stand density and the stand’s stage of development was not confirmed (Figure 4, Table 4). As with the SMF, the BMF depended on the CP, as well as on the CF, did not significantly depend on the stand’s stage of development but was significantly influenced by SDI. The intermediate CP had a 2.94% lower BMF than the dominant CP, and trees with a crowded CF had a 1.69% lower BMF than trees with a developed CF. In addition, a higher stand density index (SDI) contributed to a lower BMF. The FMF also differed between trees of different social status and did not depend on stand density. In contrast to other compartments, a statistically significantly lower FMF was found in the mature stands compared to the premature ones. The model indicated the non-significant effect of the random factor; therefore, there was no specific biomass allocation for a particular stand.




4. Discussion


Stand density management has been recognized as one of the tools offering forest managers an opportunity to optimize growth and yield [61], regulate tree size distributions [33], and improve the quality of forest products [62] and merchantable timber value [37]. Knowledge of the relationship between stand density and biomass allocation could have direct implications for forest management decision-making [35]. In some studies, stand density and tree social status have been identified as major drivers of growth allocation in even-aged stands of sessile oak Quercus petraea (Matt.) Liebl., while water stress has a detrimental effect on height in height-circumference growth allocation [15]. The impact of various environmental growth factors, as well as density, on biomass allocation was studied within the meta-analysis by Poorter et al. [63]. On the basis of a comprehensive number of experiments found in the literature, the authors found, with regards to the three main functional compartments for vegetative plants, that the average response to increasing plant density was a small decrease in the LMF (leaf mass fraction) and RMF (root mass fraction) and an increase in the SMF (stem mass fraction). The authors explained that these phenomena were connected to the near-unidirectional nature of light in a closed canopy, where the positioning of the leaves at the top of the canopy was of utmost importance for light interception; therefore, an increase in stem length was essential [63].



In contrast to the above, the results of this study did not confirm unambiguously the direct impact of stand density on the aboveground biomass distribution in trees. With an increase in the SDI, only a decrease in the BMF was noticed, while the SMF and the FMF did not change significantly. It can be assumed that the overall stand density is more general information than social status, the latter reflecting ‘local stand density’. In fact, locally, pine stands at the age of 50–80 years have unequal distribution of density in different parts of the stand. Even in a stand with a very high density, there still exist trees with high social status, expressing low pressure on neighboring trees, and thus ‘local density’ can be understood as low. In contrast, in stands with a low stand density, some trees are still subject to high competition; therefore, their social status remains low. Observations from the presented research showed that local density, expressed as tree social status, had a stronger impact on biomass allocation than the overall stand density.



The results obtained in the presented research indicated that stem mass fraction was smaller for pine trees representing a higher social status in comparison with suppressed trees. Consequently, intermediate and overtopped trees had a larger stem mass fraction. This confirmed the results of the previous studies performed by Bartelink [7,64] and Vanninen and Mäkelä [65], who indicated that suppressed trees had a more dry matter in the stem than average trees, and the share of crown biomass in the dry matter distribution was lower for suppressed individuals than for average trees. Moreover, Naidu et al. [66] carried out research on Pinus taeda L. and found that in suppressed trees, the stem share was greater and consisted of 75.9% of the total tree biomass in comparison with dominant trees, in which the stem consisted of 63.4% of the total biomass. Additionally, the suppressed trees were characterized by a higher share of heterotrophic components (roots, stem, and branches) in comparison with the autotrophic parts (needles).



According to functional equilibrium theory, suppressed trees should invest primarily in fractions of branches and foliage, which mostly contribute to gathering light. This theory is in line with the study by Kellomäki [67], who confirmed that the growth-share of all fractions was dependent on the within-stand light regime. In a 21-year-old pine stand, it was found that a suppressed tree position favored needle growth over the growth of the other trees’ parts. In unsuppressed conditions, branch growth increased substantially, while stem growth was greatest in moderate shade conditions [67]. The results of the present study seemed to be contrary to those findings because suppressed premature and mature pines allocated more biomass to the stem than the dominant trees. This phenomenon could be explained by the fact that smaller and shorter trees had less access to light. However, it could be assumed that their strategy was not to maximize crown development but first to try to achieve a crown position, which was as high as possible within the stand, relying therefore mostly on stem development. Moreover, it is worth remembering that it can be misleading to use the biomass share to infer either flux or partitioning in forests because trees accumulate biomass in both long- and short-lived tissues, and flux and partitioning are not proportional to retention [5].



Discovering that trees of a lower social status distribute more nutrients to the stem rather than the crown is basically fundamental, but it also has practical meaning and value. Based on this information, it can be stated that trees from a lower social status contribute well to carbon sequestration within the process of thinning, during which trees mainly from lower social positions are removed. The extracted timber (tree trunks) creates advantageous carbon mitigating conditions: proportionally, a maximal share of the tree timber is utilized and stores carbon, thereby following the policy of the well-balanced management of raw material resources [68]. In addition, branches left in the forest for decomposition enrich the soil, although they constitute proportionally smaller tree shares, releasing, respectively, smaller amounts of carbon.



Crown size, being closely related to the photosynthetic capacity of a tree, is an important parameter in studies of the growth of individual trees [19] and carbon sequestration [69,70]. In forestry and ecological modeling, crown size has been found to be a useful measure of tree vigor [71], allowing one to successfully predict tree growth [72,73] and mortality [74]. Crown dimensions have been used in ecological modeling to predict light interception of the canopy [75,76]. Average values of crown size (length, width, volume) are lower as the social tree position weakens. However, in a dominant stand, the layer values of these features increase along with tree age [77]. In the study by Ochał et al. [48], it was noted that for trees with the same stem biomass, those trees of a higher Kraft social position had much larger crown dimensions and higher crown biomass. Moreover, differences in the branches to foliage ratios within the crowns of trees of different social status were found. On the other hand, the biosocial position did not significantly affect the share of needles, dead branches, and cones [48]. In the study presented, it was found that social position had a significant impact on both the branches and foliage mass fractions. Furthermore, the foliage share seemed to be negatively related to age because a statistically significant difference between the stands of premature and mature development stage was found. Since only stands of two age classes were analyzed, this finding should be treated with caution, but on the other hand, it is supported by other studies, showing that the allocation of growth to stem and needle increases with tree age and size, while the allocation of growth to branches decreases [47,78].



Knowledge of the impact of stand density and social status on the amount and share of different tree compartments may be considered a silvicultural tool to help grow the forest in a way that a particular tree part will be developed on a larger scale. In the presented research, stand density did not have a direct impact on the biomass distribution of the trees’ parts. However, when tree social status was considered, it was found that the stems of dominant, well-developed trees had a smaller share of the whole tree biomass. The results proved that crown position and crown form influenced the allocation of the tree biomass in premature and mature pine stands.




5. Conclusions


The results obtained indicated that local density, having, in the end, an impact on tree social position, had a larger influence on biomass allocation than overall stand density. In fact, when social status was considered as a potential influencing factor, stand density had lower importance—in the presented research, statistically significant differences were only found for a fraction of branches. Along with the growth in tree social position, the stem share was smaller, although the shares taken by the branches and needles of the whole tree biomass were greater. However, these relationships were not more evident in the premature stands, where there is a bigger competition between trees. It was also confirmed that the stage of tree crown development (crown form) had a significant impact on the biomass quantity of the stem and branches. The results presented might have practical value and might be applied in silviculture when considering the type or intensity of thinning.
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Figure 1. Distribution of sampled Scots pine stands in northwestern Poland (Central Europe: 15°50′–16°00′ E, 53°10′–53°13′ N). 
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Figure 2. Visualization of the social status of the tree: crown position (CP): (1) dominant, (2) co-dominant, (3) intermediate, (4) overtopped, and crown form (CF): (1) developed (symmetric, with well-developed foliage), (2) crowded (crowded on sides or asymmetric), (3) dying. 
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Figure 3. Median (thick horizontal line), lower and upper quartiles (box), and range (whiskers) of mass fraction of three main tree compartments (stem, branches, and foliage) of aboveground biomass for trees sharing the same crown position and crown form in premature (blue) and mature (red) stands. 
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Figure 4. Relationships between stand density index and stem/branches/foliage mass fractions in premature (blue) and mature (red) stands. 
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Table 1. Main characteristics of sample plots established in premature and mature Scots pine stands.
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	Sample Plot
	Age

(Years)
	SDI

(Trees·ha−1)
	Mean DBH

(cm)
	Mean Height

(m)
	Basal Area

(m2·ha−1)
	Standing Stock

(m3·ha−1)





	P1
	59
	724
	23.4
	21.6
	31.2
	312



	P2
	57
	759
	20.6
	21.4
	31.0
	310



	P3
	55
	878
	19.2
	20.5
	33.8
	325



	P4
	53
	676
	16.6
	18.3
	30.6
	265



	P5
	55
	649
	18.5
	20.0
	38.5
	364



	M1
	82
	628
	28.2
	22.9
	30.5
	319



	M2
	82
	677
	25.7
	20.8
	31.5
	301



	M3
	82
	589
	23.6
	19.6
	30.1
	275



	M4
	82
	631
	23.9
	20.1
	35.7
	334



	M5
	82
	732
	21.8
	19.3
	31.5
	286







Stands: P—premature; M—mature; SDI—stand density index; DBH—diameter at breast height.
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Table 2. Mean ± standard error of basic characteristics of sample trees according to the stand’s stage of development and tree’s social status.
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Stand’s Stage of Development

	
Tree’s Social Status

	
N

	
DBH

(cm)

	
Height

(m)

	
Crown Length

(m)

	
Volume

(m3)






	
premature

	
crown position

	
dominant

	
35

	
21.7 ± 0.7

	
20.8 ± 0.3

	
7.0 ± 0.3

	
0.390 ± 0.029




	
co-dominant

	
11

	
16.5 ± 0.9

	
19.2 ± 0.5

	
5.7 ± 0.3

	
0.219 ± 0.033




	
intermediate

	
4

	
14.6 ± 1.7

	
16.3 ± 1.0

	
4.1 ± 0.6

	
0.134 ± 0.035




	
crown form

	
developed

	
25

	
22.2 ± 0.8

	
20.7 ± 0.3

	
7.0 ± 0.3

	
0.406 ± 0.033




	
crowded

	
24

	
17.6 ± 0.9

	
19.4 ± 0.4

	
5.8 ± 0.4

	
0.253 ± 0.033




	
dying

	
1

	
22.0

	
20.6

	
9.9

	
0.395




	
mature

	
crown position

	
dominant

	
32

	
26.7 ± 0.9

	
21.6 ± 0.3

	
7.6 ± 0.4

	
0.589 ± 0.042




	
co-dominant

	
9

	
21.5 ± 1.0

	
20.5 ± 0.6

	
6.4 ± 0.4

	
0.387 ± 0.051




	
intermediate

	
8

	
21.7 ± 1.5

	
20.2 ± 0.9

	
5.8 ± 0.8

	
0.339 ± 0.060




	
overtopped

	
1

	
16.5

	
18.7

	
5.7

	
0.182




	
crown form

	
developed

	
35

	
26.2 ± 0.8

	
21.8 ± 0.2

	
7.7 ± 0.3

	
0.574 ± 0.038




	
crowded

	
14

	
20.5 ± 1.1

	
19.3 ± 0.4

	
5.4 ± 0.5

	
0.303 ± 0.040




	
dying

	
1

	
33.7

	
21.3

	
7.2

	
0.886








N—number of sample trees; DBH—diameter at breast height.
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Table 3. Mean ± standard error of biomass (kg) of different tree compartments according to the stand’s stage of development and tree’s social status.






Table 3. Mean ± standard error of biomass (kg) of different tree compartments according to the stand’s stage of development and tree’s social status.





	
Stand’s Stage of Development

	
Tree’s Social Status

	
Stem

	
Living Branches

	
Foliage

	
Dead Branches

	
Cones

	
Total






	
pre-mature

	
crown position

	
dominant

	
165.9 ± 11.9

	
19.8 ± 2.5

	
6.7 ± 0.6

	
5.8 ± 0.9

	
0.8 ± 0.2

	
199.0 ± 15.7




	
co-dominant

	
96.7 ± 13.9

	
9.4 ± 2.1

	
3.6 ± 0.5

	
2.3 ± 0.4

	
0.2 ± 0.1

	
112.1 ± 16.5




	
intermediate

	
55.8 ± 13.1

	
4.0 ± 0.8

	
1.7 ± 0.4

	
1.6 ± 0.4

	
0

	
63.2 ± 14.6




	
crown form

	
developed

	
171.8 ± 13.8

	
20.6 ± 2.4

	
6.9 ± 0.7

	
5.6 ± 0.9

	
0.9 ± 0.3

	
205.8 ± 17.5




	
crowded

	
109.4 ± 13.5

	
10.8 ± 2.9

	
4.1 ± 0.7

	
3.7 ± 1.0

	
0.4 ± 0.1

	
128.4 ± 17.9




	
dying

	
171.4

	
36.4

	
10.9

	
6.4

	
0.2

	
225.2




	
mature

	
crown position

	
dominant

	
242.9 ± 16.8

	
31.8 ± 3.5

	
8.9 ± 0.7

	
10.3 ± 1.3

	
0.7 ± 0.2

	
294.6 ± 21.7




	
co-dominant

	
160.9 ± 20.6

	
17.4 ± 3.1

	
5.1 ± 0.7

	
5.1 ± 0.8

	
0.6 ± 0.3

	
189.1 ± 24.4




	
intermediate

	
139.7 ± 23.8

	
10.5 ± 2.6

	
4.0 ± 0.8

	
3.6 ± 0.8

	
0.5 ± 0.2

	
158.3 ± 27.8




	
overtopped

	
77.2

	
6.4

	
2.1

	
2.3

	
0

	
88.0




	
crown form

	
developed

	
237.5 ± 14.9

	
29.5 ± 3.0

	
8.5 ± 0.6

	
9.3 ± 1.0

	
0.9 ± 0.2

	
285.7 ± 19.1




	
crowded

	
125.6 ± 15.9

	
12.4 ± 3.3

	
3.8 ± 0.7

	
3.8 ± 1.0

	
0.1 ± 0

	
145.7 ± 20.3




	
dying

	
345.0

	
59.6

	
12.3

	
26.5

	
0.7

	
444.1
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Table 4. Results of linear mixed-effects analysis of relationships between stem mass fraction (SMF), branches mass fraction (BMF), and foliage mass fraction (FMF) and fixed effects, i.e., tree’s social status, stand density index (SDI), stand’s stage of development with random effects defined by the nesting of trees within plots.
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SMF

	
BMF

	
FMF




	
Fixed Effects

	
β

	
CI

	
t

	
β

	
CI

	
t

	
β

	
CI

	
t






	
(Intercept)

	
80.36

	
74.03 ÷ 86.69

	
24.88 *

	
16.03

	
10.28 ÷ 21.78

	
5.46 *

	
3.59

	
2.18 ÷ 5.00

	
5.00 *




	
co-dominant CP

	
1.12

	
−0.32 ÷ 2.55

	
1.53

	
−0.94

	
−2.25 ÷ 0.36

	
−1.42

	
−0.16

	
−0.46 ÷ 0.13

	
−1.09




	
intermediate CP

	
3.39

	
1.59 ÷ 5.19

	
3.69 *

	
−2.94

	
−4.57 ÷ −1.30

	
−3.52 *

	
−0.44

	
−0.81 ÷ −0.07

	
−2.34 *




	
crowded CF

	
1.94

	
0.70 ÷ 3.18

	
3.06 *

	
−1.69

	
−2.82 ÷ −0.56

	
−2.94 *

	
−0.25

	
−0.51 ÷ −0.01

	
−1.91 *




	
mature stands

	
0.45

	
−0.89 ÷ 1.80

	
0.66

	
−0.09

	
−1.31 ÷ 1.13

	
−0.14

	
−0.37

	
−0.67 ÷ −0.07

	
−2.42 *




	
SDI

	
0.0084

	
−0.0001 ÷ 0.0170

	
1.93

	
−0.0083

	
−0.0161 ÷ −0.0005

	
−2.08 *

	
−0.0001

	
−0.0021 ÷ 0.0018

	
−0.15




	
Random Effects




	
σ2

	
7.96

	
6.57

	
0.33




	
τ00, plot

	
0.13

	
0.15

	
0.01




	
ICC plot

	
0.02

	
0.02

	
0.02




	
N plot

	
10

	
10

	
10




	
observations

	
97

	
97

	
97




	
marginal-R2/conditional-R2

	
0.275/0.288

	
0.273/0.292

	
0.176/0.192








* significant at 0.05; CP—crown position; CF—crown form; σ2—variation not explained by the model; τ00—variation explained by a random effect; ICC—inter-correlation coefficient.
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