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Abstract

:

The characteristics and distribution of foliage biomass are important aspects of the crown structures of trees. In this study, we developed a foliage biomass distribution model at the branch level and annual shoot level (i.e., all branches on an annual increment of the main tree bole) using a sample of 51 Korean pine trees that were destructively sampled in Liaoning Province, northeast China. A variety of independent variables, including branches, trees, and forest competition, were used as explanatory variables in the model development. Our results indicated that foliage biomass at the branch level increased with an increasing relative distance from the tree tip into the crown. The peak of the foliage biomass distribution shifted to the tree tip with increasing tree age. A power function, including branch diameter and competition variables, showed excellent performance in modeling branch foliage at the branch level. The final model, which included branch diameter, competition variables, and relative distance to branch base for the relative foliage density, showed best performance. The trees that showed advantageous growth ability also had a larger amount of foliage biomass.
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1. Introduction


The forest canopy, denoting the aggregate of tree crowns, is essential for a variety of processes [1]. The canopy controls the growth and production of forests by housing the process of photosynthesis and also affects microclimates at various scales [2]. Canopy dynamics associated with ecological benefits play an essential role in the terrestrial carbon cycle, in climate feedbacks, and in forest management [3]. The crown of an individual tree is a primary element of the canopy affecting forest stand development and is thus a determinant in studying forest dynamics and functioning [2,4]. The spatial distribution of foliage biomass within the crown exerts a strong influence on light interception and thus directly affects photosynthesis, respiration, and transpiration [5,6]. For these reasons, it is important to study foliage biomass distribution within crowns.



The distribution and amount of foliage biomass of individual trees within the entire crown determine tree and stand growth [7,8]. Foliage biomass distribution is also related to shade tolerance and stand density and exerts an evident influence on competitive interactions, crown asymmetry, and tree bole values [9,10,11]. Foliage biomass is generally recognized as concentrating vertically in the central part of the crown; moving down from the tree tip toward the crown base, it first increases and then decreases [12,13]. In addition, a proportional relationship has been identified between the foliage biomass and the cross-sectional area of sapwood; this is termed pipe model theory [14]. For these reasons, evaluating the amount and distribution of tree foliage biomass is critically important in evaluating its biological functioning [12,15]. Because direct measurements of foliage biomass distribution are almost impossible to conduct in forest stands, allometric relationships have been used to obtain accurate measurements [16].



Light interception drives tree growth and so growth is generally related to leaf area [17]. Specific tree species with a high number of branches and high branch biomass exhibit greater productivity because they are able to develop a crown with a higher leaf area [18]. The leaf area of an individual tree is therefore closely related to photosynthesis and productivity [19]. Specific leaf area (SLA), defined as the ratio of leaf area to leaf dry biomass, is a useful measure which provides a good indicator of the potential photosynthetic rate and plant productivity [20,21]. Many studies have reported that the regularity of SLA increases from the tree tip downward to the crown base and that the amount and distribution of foliage biomass of the whole tree ultimately affects the canopy position of trees [12,22]. The characteristics and distribution of the foliage biomass and leaf area are indispensable factors affecting the microenvironment, the growth of individual trees, and forest stand development, which in turn influence the timber and nontimber values of forests [12].



The distribution of foliage biomass and its relations to tree dominance, crown size, and stand characteristics have been well documented [23]. The remarkable capacity of individual trees to forage for light at the crown level through branch development allows them to increase their occupation of the surrounding space at the stand level [2,24]. The length of the crown and the stem diameter at the base of the crown have both been found to be useful variables in the determination of allometric scaling for foliage biomass [25]. The crown ratio is considered another important structural and morphological trait and may contain ecological legacy information about the past of the individual tree, reflecting present and future tree growth [26]. Low crown ratio values are likely to be linked to low levels of leaf area and may result in variations in foliage distribution within the crown [23]. The growth of an individual tree in the forest stand is usually associated with competition with its neighbors. Competitive interactions between individual trees lead to the mortality of branches in the lower part of the crown [27]. For this reason, allometries of foliage biomass are generally used for predictive models that consider tree size and/or leaf characteristics as independent variables [20,28]. Neighbor competition typically produces a large effect on crown asymmetry and thus affects the amount of foliage and its distribution [29]. However, the variations in the amount and distribution of foliage biomass as a result of competition between neighboring trees at different social positions are still limited. The extent of foliage biomass observation is also important when predicting the foliage biomass distribution in forests [12]. For conifers with rigid branching, a central vertical stem supporting whorls of branches is related to annual growth increments, which are defined as annual shoots [30,31]. Studying the effect of neighbor competition on annual shoot level foliage biomass distribution is essentially important for the forest management practice. However, the response of foliage biomass distribution to neighbor competition at the annual shoot level remains unclear.



Korean pine (Pinus koraiensis Siebold and Zucc.) is an ecologically and economically important tree species in northeast China. In addition to the economic benefits derived from the seeds of Korean pine, its timber is also very valuable and is widely used in industrial production [32,33]. The goal of the present study was to develop a foliage biomass model for planted Korean pine in northeast China at the individual tree level and the annual shoot level (all branches on an annual increment of the main tree bole). We also sought to examine the variation in foliage biomass distribution of different individual trees in response to competition from their nearest neighbors and the wider forest stand.




2. Materials and Methods


2.1. Study Area


The present study was conducted at Dabiangou and Beisanjia forest farms, which are located at an approximate straight-line distance of 50 km from each other in Qingyuan County (124°20′–125°28′ E, 41°47′–42°28′ N) of Liaoning Province, which is the most southerly Chinese province where Korean pine trees can grow. The research of Korean pine in this area also provides reference for potential distribution of this tree species. The study region is characterized by a typical monsoon climate, with hot, rainy summers and cold, dry winters. Annual precipitation ranges from 700 to 800 mm, and most precipitation occurs from July to September. The total annual evaporation capacity is 1275 mm. The annual temperature ranges from −37.6 °C to 37.2 °C, with a mean temperature of 5.3 °C. There are approximately 120 to 139 frost-free days every year. The altitude in the study area ranges from 136 to 1100 m above sea level. The main tree species are Larix gmelinii (Rupr.) Kuzen, Pinus koraiensis Siebold and Zucc., Quercus mongolica Fisch, Pinus tabuliformis Carr., and Picea asperata Mast.




2.2. Sample Plot Establishment and Sample Tree Selection


A total of 51 Korean pine sample trees were selected and destructively measured in 2021. In July and August, in Dabiangou forest farm, 6 forest stands aged 8–56 years were selected. In 5 of these stands, 3 sample plots were established; in the remaining stand, a single plot was established. To expand the sample size aged 40–56 years, 1 forest stand aged 43 years was selected, and 1 sample plot was established in Beisanjia forest farm in October. The site quality and the local topography for the two forest farms are similar. In all, a total of 17 sample plots were established (Table 1). All the sample plots were rectangular in shape, and all had an area of 0.06 ha (20 m × 30 m). Descriptive statistics of all the sample plots from the Dabiangou and Beisanjia forest farms are shown in Table 1; these include stand age, quadratic mean diameter (Dg), dominant tree height (Hdom), stand density and crown width (CW). For all the trees in each plot, diameter at breast height (DBH, cm), defined as 1.3 m above ground level, was measured using a diameter tape. Total tree height (HT, m) and height to crown base (HCB, m) were measured using a Vertex IV Ultrasonic Hypsometer (Haglöf, Torsång, Sweden). The crown width (CW, m) in the four cardinal directions (north, east, south, and west) was measured using a measuring tape.



For the 16 sample plots from Dabiangou forest farm, trees were ranked in descending order by DBH. The cumulative basal area of each sample plot was calculated and was divided into five even intervals, each representing approximately 20% of the total plot basal area. The average size of trees within the first, third, and fifth intervals for each plot was calculated; these were defined as dominant trees, intermediate trees, and suppressed trees, respectively. Finally, 1 dominant tree, 1 intermediate tree, and 1 suppressed tree were selected from each sample plot. Therefore, 48 trees were selected in Dabiangou forest farm. From the single sample plot in Beisanjia forest farm, 3 dominant trees were selected, using a similar classification approach to that used at Dabiangou. In total, 51 sample trees were selected for study purposes, and a summary of statistics for the variables of these sample trees is shown in Table 2. To keep the permanent sample plot intact and ensure that it could be measured again in the future, all the sample trees were chosen outside the plots in which the condition was similar to the sample plot. To calculate the pressure exerted upon sample trees from their nearest neighbor trees, we first defined as neighbors those trees with crowns contacting the sample tree. The neighbor trees were also located outside the sample plot and located around the sample tree.



The DBH, HT, and CW of neighboring trees in the four cardinal directions relative to the sample tree were then measured; the direction of these trees and their distance from the sample tree were also recorded in the field. In all, a total of 219 nearest neighbor trees were measured.




2.3. Branch Analysis and Foliage Biomass Calculation


Before felling, the DBH, HT, HCB, and CW of all the sample trees were measured, and a vertical line from the stem base to the breast height was marked on the magnetic north side of the tree bole to determine the azimuth of the branches. The sample trees were then felled using a chainsaw—as carefully as possible, to avoid damage to the branches—and the line on the north side was extended to the tree tip. The stem was cut into 1 m sections from the tree base to the tree tip, and the section shorter than 1 m was recognized as the tree tip for study purposes. Branch measurements were then carried out from the tree tip downward to the crown base. Each section was erected at the ground level, and the attributes of branch diameter (BD), branch length (LBR), branch chord length (BC), branch angle (VA), branch azimuth (AZ), and distance between the branch base and the tree tip (L) were measured in all living branches from each section. The distance between the tree tip and the lowest live branch that was contiguous to the former whorl was defined as the crown length (CL, m). The crown ratio (CR) was defined as CR = CL/HT. The vertical distance between the branch tip and tree tip was termed DINC and was calculated as DINC = L − BC × cos (VA). To eliminate the effect of the tree height, the relative position of the branch within the crown (RDINC) was defined as RDINC = DINC/CL. The graphic description for the main tree and branch variables is shown in Figure 1.



Each stem section was separated into stem and branch + foliage components after the branch attributes were measured. The total green weight of each branch with foliage attached (i.e., a foliated branch) was weighed as soon as the branches were cut from the tree bole in the field. The entire live crown was divided into three equal sections by dividing crown length by 3. For each layer, one median-sized and healthy branch with no insect damage was randomly selected as a sample branch, and the foliage was then detached. The branch without foliage and the foliage itself were separately weighed immediately after the foliage was detached in the field. For each sample branch, an approximately 100 g subsample of foliage was bagged for laboratory drying at 70 °C to a constant weight and the moisture content of the needles was applied to branch wet weight to calculate a total sample branch needle dry weight. Descriptive information of the potentially independent variables used in the model development is shown in Table 3. The summary statistics for all the sample branches and for the branch attributes are shown in Table 4.




2.4. Foliage Biomass Distribution Model Development


Using the foliage biomass of the sample branches, we developed Equations to predict foliage biomass for the other branches within the entire crown at the branch level. For the branch level, the basic independent variables considered in the model included branch age, basal diameter, branch length, and branch position defined as the distance between the branch base to tree tip in the crown [12].



Based on the primary graphic analysis of foliage biomass against the candidate independent variables at the branch level, a power model with branch diameter as the primary explanatory variable was selected as the basic model, as follows.


    F B   i j k   =   β   0 i   ×   B D     β   1 i     +   ε   i j k    



(1)




where FBijk is the foliage biomass for the ith branch of the jth section from the kth individual tree, BD is the branch diameter,     β   0 i     and     β   1 i     are model parameters for the ith tree to be estimated using ordinary least square estimation, and     ε   i j k     is the error term. We sequentially tested the other variables, including branch age (ABR), diameter at breast height (DBH), and branch length (LBR), as well as variables related to position in crown and to competition. Following the study of Schabenberger and Pierce (2002) [34], a likelihood ratio test was used to test whether the inclusion of a variance model significantly improved the fit of the model. For each value of β0 and β1 for the individual trees, the independent variables that displayed the best linear unbiased estimates were evaluated. In addition, the other potential explanatory variables and the transformations were sequentially tested to ensure that all the fits were approximate correct [12]. We sequentially tested other potential independent variables until the change in Akaike’s information criterion (△AIC) became less than 5 [12]. Following the study of Goudie et al. (2016), a likelihood ratio test was used to support the inclusion of other variables.



The foliage biomass of the branches located on the same annual shoot was calculated as the sum of the total foliage biomass for all the branches on the same annual increment of the main stem. The foliage biomass of the branches located on the same annual shoot was calculated as the sum of the total foliage biomass for all the branches on the same annual increment of the main stem. To model the foliage biomass distribution at the annual shoot level, the relative annual shoot foliage density was used as the dependent variable. For the annual shoot level, the basic independent variables considered in the model included the annual shoot age at the crown base, absolute or relative length of each shoot, and position of the annual shoot in the crown [12]. The beta probability density function is flexible, and the vertical trends of foliage biomass on the annual shoot level were therefore described using the beta probability density function [12,35] (Equation (2)).


    F D R   s i j   =   β   0 i   ×   L R   1 i j     β   i i         1 −   L R   1 i j         β   2 i     +   ε   i j    



(2)




where FDRs is the relative annual shoot foliage density, calculated as FDRs = FDs/CL, in which FDs is the annual shoot foliage density, calculated by dividing the foliage biomass of the annual shoots by the length of the ith shoot; CL is the crown length; LR1 is the relative distance down an annual shoot defined as the distance from the leader to the midpoint of the annual shoot divided by the distance between the base of the leader and height to the base node in which the midpoint of the shoot is half the length of the projection of the shoot onto the stem; i denotes the tree; and j denotes the annual shoot.



In addition to the independent variables at the branch level, annual shoot level and tree level, forest stand (CI1–CI3, Equations (3)–(5)), and competition from nearest-neighbors trees (CI4, Equation (6)) were also computed and incorporated into the foliage biomass model [36,37], as follows:


    C I   1   =     D B H   i       d   g      



(3)






  C  I 2  =    g i    g ¯    



(4)






  C  I 3  = B A L =     ∑   d i  <  d j      g i     S   



(5)






    C I   4   = C L   I   i   =   1   C   L   i       C   L   i   ⋅ N h   a   i   +   ∑      i = 1       i ≠ j       n      C L   i   ⋅ N h   a   i        



(6)




where CLIi is the crown length index of the subject tree i and is a comprehensive competition index relating the stand density to the crown base of the subject tree and combines the horizontal and vertical competition effects; CLi is the crown length of the subject tree i; Nhai is the per hectare expansion factor of the subject tree i; CI1 is the ratio of the diameter of the subject tree to the quadratic mean diameter; CI2 is the ratio of the basal area of the subject tree to the mean basal area of the stand; and CI3 is the sum of the basal areas of those trees with a diameter greater than that of the subject tree [38].



In our study, 3 branches were sampled from each individual tree. By such means, the error term of the regression model would not be independent or uncorrelated. A mixed-effect model that showed good performance in modeling the dataset with a correlated error term was also used [39]. The variance model was evaluated by likelihood to test if its inclusion significantly improved the goodness of fit of the equation [34]. The mixed-effect model integrated tree-level random variations into the base model. All possible parameter combinations were considered as mixed-effects parameters and the model with the smallest AIC and RMSE, and largest Log-likelihood and Ra2, was selected as the best model. The first-order autoregressive structure was used to resolve the autocorrelation in the residuals within the same tree. The heteroscedasticity of error variance was modeled using power and exponential variance functions [34]. All analyses and parameter estimates were conducted using the nlme package of R software [40,41].





3. Results


3.1. Foliage Biomass Distribution at the Branch Level


As for model (1), the estimates for β0 and β1 were 0.2972 (p < 0.001) and 1.9981 (p < 0.001). Likelihood ratio tests showed that β0 had significant random effects. Sequential building of a foliage biomass distribution model at the branch level suggested that the final prediction model at the branch level is shown as Equation (7).


  F B =   a   0   ×   B D     a   1     ×   C I   2     a   2      



(7)




where a0–a2 are fixed model parameters to be estimated and a1 is regarded as the random effect showed the best performance. The other variables in Equation (7) are as defined above. For the competition variables, CI2 showed the best performance. We also compared the nearest-neighbor competition variables but found no significant effects on the model performance. The Ra2 of the final model was 0.44. The goodness-of-fit statistics and model parameter estimates of model (7) are shown in Table 5. The estimates of the fixed parameters for model (7) are shown in Table 6. Using the developed foliage biomass model (7), the foliage biomass for the other branches was predicted. The foliage biomass at the branch level increased with increasing relative depth into the crown from the tree tip and then decreased.



Using model (7), foliage biomass of each living branch was predicted with the same age and the predicted foliage biomass distribution within the crown for the trees of different ages is shown in Figure 2. Relative distance to the branch base is defined as the ratio of the distance between tree tip and branch base and crown length. This result indicated that the model showed good performance in foliage biomass prediction at the branch level. The foliage biomass increased with increasing tree age, and the predicted peak of the foliage biomass distribution at the branch level also shifted to the tree tip. The effect of competition on the foliage biomass distribution is shown in Figure 3. This result indicated that the foliage biomass increased with increasing CI2 for trees of different ages. The trees that showed advantageous growth ability also had a larger amount of foliage biomass.




3.2. Foliage Biomass Distribution at the Annual Shoot Level


The relative foliage density per annual shoot (FDR) over the relative distance from the base of the leader shifted higher in the crown with the growth of individual trees. Similar to the foliage biomass distribution at the branch level, the peak distribution for the relative foliage density per annual shoot shifted up toward the tree tip with the growth of individual trees. Model (2) was used as the basic model to fit the FDRs. Similar to the approach used for foliage biomass distribution at the branch level, other variables, including BDm, and CI1, were sequentially tested and finally included in the prediction model, as shown in Equation (8).


    F D R   s   =     B D   m       ( b   0   +   u   0   )   ×   C I   1     b   1     ×   L R 1     b   2     ×   ( 1 − L R 1 )     b   3      



(8)




where BDm is the mean branch diameter, b0–b3 are model parameters to be estimated, u0 is the random effect, and all other parameters are defined as above. For the final model, the likelihood ratio test indicated that parameter b1 as the random effect showed the best performance. The goodness-of-fit of model (8) is shown in Table 5, and estimates for all the parameters of Equation (8) are shown in Table 6. Based on the test results, all the parameters were significantly different from zero, and the symbols of the parameters were consistent with the biological reasoning of each variable. The predicted FDRs along the tree bole within the entire crown are shown in Figure 4. In a similar way to the foliage biomass at the branch level, the relative foliage density per annual shoot within the crown first increased and then decreased as it moved toward the crown base. FDRs also increased with increasing tree age. The effect of competition on the FDRs is shown in Figure 5. This result indicated that those trees with a strong competitive advantage usually displayed larger foliage biomass at all ages compared to less dominant trees.





4. Discussion


The display of leaves on branches and in the crown is a strategy used by individual trees to optimize radiation interception [42]. The quantity and distribution of foliage biomass expresses the suitability of trees to the microenvironment and thus exerts a large impact on tree growth, on stand dynamics, and on the timber and nontimber values of forests [12]. The spatial distribution of foliage biomass is also a crucial characteristic of canopy architecture because the amount and distribution of intercepted radiation intrinsically depend on the crown structure of the individual trees [43,44]. The importance of the vertical distribution of foliage biomass has already been emphasized for Douglas fir [45,46], jack pine [34], and loblolly pine [18].



We found that there was more foliage biomass in the upper part of the crown of younger trees, but in contrast, more foliage biomass in the lower crown of older trees. The upper foliar layer within the crown is generally the main location of photosynthesis converting more solar energy within the foliage component biomass [47]. In addition, the upper crown also tends to maximize the light available to the foliage component in the higher crown of individual trees, at least for species adapted for direct rather than diffuse light. Therefore, it suggests that younger trees are much more vigorous than older trees in intercepting light sources in forest stands [12,48]. Dependable allometric predictive equations based on branch- and tree-level dimensions can estimate foliage biomass and have been widely reported [49,50]. The foliar biomass allometric relationship is an important component for predicting growth and carbon circulation in many growth models [11,51]. The extent of observed foliage biomass is essential for evaluating the distribution of foliage within forest stands. Therefore, we studied and compared the foliage biomass at the branch and annual shoot scales, similar to the study of Goudie et al. (2016) [12]. Branch characteristics, such as branch diameter, branch length, and branch position within the crown, are generally considered the main variables used to predict foliage biomass for many tree species [52]. We found that foliage biomass increased with branch diameter at both the branch level and annual shoot level, as shown by the parameter estimates for a2 and b2 in Equations (7) and (8), respectively (Table 6), and the results of our study are consistent with those of Xiao and Ceulemans (2004) [43]. However, branch length is only a significant variable for the foliage biomass model at the branch level; it is not significant at the annual shoot level. We examined the relationships between foliage biomass at branch level and the mean branch diameter and mean branch length and found that mean branch diameter explained most variability. The foliage biomass at the branch level increased with increasing branch length. Branch age is another important variable in the foliage biomass distribution model at the branch level [52]. The foliage biomass at the branch level increased with increasing branch age for the other branch-, tree-, and stand-level variables (Table 6). HRCC is a reflection of the location of crown contact with neighboring trees and emphasized the effect of the relative position of the crown to the neighboring trees on foliage biomass distribution [12]. Crown contact with neighboring trees also reflected the neighbor density and thus limited the crown development [53]. DBH and CR were two other important tree-level variables for the foliage biomass. The foliage biomass at branch level and annual shoot level decreased with the increasing of CR at the same LR1 when other variables were unchanged. CR reflects the vigor of individual trees and despite the HRCC level. Therefore, we included CR in the final model.



The vertical distribution of foliage biomass is generally changeable when trees face different competitive environments and different stages of stand development [53,54]. In the present study, only the ratio of the diameter of the subject tree to the quadratic mean diameter (CI1) was significant for predicting the foliage biomass distribution at both the branch level and annual shoot level. The foliage biomass at both branch level and annual shoot level increased with increasing of CI1 for trees of different ages. It indicates the trees which showed advantageous growth ability also had a larger amount of foliage. As shown in Figure 3 and Figure 5, the larger trees were more sensitive to the level of competition than the smaller trees in our study, which was similar to the study of Yu et al. (2009) [55]. Foliage biomass is concentrated vertically in the central part of the crown, but the annual shoot foliage biomass is much more sensitive to competition than the branch foliage biomass at the branch level [12]. This may be the reason why the competition variable showed a larger effect than the foliage biomass at the annual shoot level [56,57]. In our study, we also observed that relative distance to crown contact (HRCC) also had an effect on the foliage biomass of Korean pines, and this is consistent with the results of Goudie et al. (2016) [12] and Meng et al. (2006) [58].



Foliage display within the crown is critical to photosynthesis and thus the tree growth potential. Therefore, we developed the foliage biomass model within the crown at both branch level and annual shoot level for the native tree species of Korean pine in northeast China. The crown structure of individual trees strongly determines how foliage is arranged [12]. The purpose of developing foliage biomass distribution models is to determine what factors are important for determining tree and stand photosynthetic potential. Lots of forest management activities directly or indirectly affect crown structure and foliage biomass distribution [57]. Understanding how forest management activities affect foliage biomass distribution at different levels is especially useful in the evaluation of different silvicultural systems [58]. For instance, pruning to remove lower branches is an activity decreasing the size of the knotty core and restricting the development of loose knots. In addition, pruning activity changes the foliage biomass distribution within the crown. Therefore, quantifying the effects of different factors on foliage biomass distribution will provide a reference to determine the pruning height of individual trees. In addition, detailed knowledge of branch and foliage biomass allocation patterns will also be extremely useful in evaluating the effect of deploying such species in more mixed silvicultural settings in the future. However, our model did not take foliage attributes such as needle angle inclination into consideration, which may also show a large impact on the foliage biomass, though further study will be required to elucidate this.




5. Conclusions


The distribution of foliage biomass at the branch level and annual shoot level was studied for planted Korean pine in northeast China. The Ra2 of the foliage biomass distribution models at branch level and annual shoot level was 0.85 and 0.53, respectively. The mean observed peak of the foliage biomass distribution was 0.63. The foliage biomass at the branch level increased with increasing relative depth into the crown from the tree tip. The peak of the foliage biomass distribution shifted to the tree tip with increasing tree age. The power function, including branch diameter, branch length, branch age, height to crown contact, crown ratio, diameter at breast height, and competition variables, showed excellent performance in modeling branch foliage at the branch level. The relative foliage density per annual shoot (FDRs) over the relative distance from the base of the leader shifted higher in the crown with the age of individual trees. The final model included DBH, branch diameter, branch age, crown ratio, and competition variables. The foliage biomass model developed at the branch level and annual shoot level showed good performance and was successful in reflecting the effects of competition status on tree foliar biomass allocation. The present study provides a reference for forest management decision making, for instance, the pruning intensity determination for individual trees. This approach to quantifying foliage allocation patterns in relation to tree and stand competition indices will be invaluable for quantifying the effects of alternative silvicultural approaches (e.g., changes in thinning intensity) on stand production, carbon stocks, and other ecosystem services.
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Figure 1. Graphic description for tree and branch variables. 






Figure 1. Graphic description for tree and branch variables.



[image: Forests 14 01005 g001]







[image: Forests 14 01005 g002 550] 





Figure 2. Variations in foliage biomass distribution within the entire crown for individual planted Korean pine trees of different ages in northeast China. 
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Figure 3. Effect of competition on the foliage biomass distribution within the entire crown for three different planted Korean pine trees (For (A), age = 21 years, DBH = 18.7 cm, CL = 7.75 m; for (B), age = 40 years, DBH = 24.2 cm, CL = 7.63 m; for (C), age = 52 years, DBH = 29.5 cm, CL = 12.38 m). 
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Figure 4. Variations in relative foliage biomass density per annual shoot within the entire crown for individual planted Korean pine trees of different ages in northeast China. 
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Figure 5. Effect of competition on the variations in relative foliage biomass density per annual shoot within the entire crown for individual planted Korean pine trees of different ages in northeast China (For (A), age = 21 years, DBH = 18.7 cm, CL = 7.75 m; for (B), age = 40 years, DBH = 24.2 cm, CL = 7.63 m; for (C), age = 52 years, DBH = 29.5 cm, CL = 12.38 m). 
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Table 1. Summary of the descriptive statistics of stand age, quadratic mean diameter (Dg), dominant tree height (Hdom), density and crown width (CW) for the sample plots used to conduct the destructive tree sampling in Dabiangou (DBG) and Beisanjia forest farms (BSJ). Ns is the number of sample plots selected in each forest stand to conduct destructive tree sampling. Nt is the number of sample trees selected in each forest stand.
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Location

	
Stand Age (Year)

	
Ns

	
Nt

	
Dg (cm)

	
Hdom (m)

	
Density (Trees ha−1)

	
CW (m)






	
DBG

	
8

	
3

	
9

	
1.8

	
2.2

	
1917

	
0.55




	
21

	
3

	
9

	
13.8

	
11.4

	
1806

	
1.71




	
23

	
3

	
9

	
12.9

	
11.5

	
1256

	
1.62




	
40

	
3

	
9

	
23.6

	
16.8

	
700

	
2.21




	
52

	
3

	
9

	
31.7

	
20.7

	
322

	
3.11




	
56

	
1

	
3

	
35.1

	
21.0

	
233

	
3.68




	
BSJ

	
43

	
1

	
3

	
25.3

	
16.2

	
680

	
2.99
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Table 2. Descriptive statistics for the attributes of 51 planted Korean pine trees (19 dominant trees, 16 intermediate trees, and 16 suppressed trees) from Dabiangou forest farm and Beisanjia forest farm in Liaoning Province, northeast China. DBH is the diameter at breast height, HT is the total tree height, HD is the ratio of HT and DBH, and CR is the ratio between crown length and HT. Std is the standard error of the mean for each variable.
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Tree Class

	
Statistics

	
Age (Year)

	
DBH (cm)

	
HT (m)

	
HD

	
CR






	
Dominant

tree

	
Mean ± Std

	
34 ± 15

	
24.7 ± 11.7

	
12.8 ± 5.6

	
0.56 ± 0.11

	
0.69 ± 0.18




	
Min.

	
8

	
3.5

	
2.5

	
0.45

	
0.46




	
Max.

	
56

	
43.1

	
20.2

	
0.84

	
1.02




	
Intermediate

tree

	
Mean ± Std

	
33 ± 16

	
19.4 ± 10.9

	
11.8 ± 5.8

	
0.68 ± 0.17

	
0.69 ± 0.15




	
Min

	
8

	
2.0

	
2.1

	
0.50

	
0.44




	
Max

	
56

	
36.1

	
19.7

	
1.05

	
1.04




	
Suppressed

tree

	
Mean ± Std

	
33 ± 16

	
14.9 ± 9.1

	
10.7 ± 5.7

	
0.89 ± 0.36

	
0.65 ± 0.15




	
Min

	
8

	
1.1

	
1.8

	
0.59

	
0.41




	
Max

	
56

	
29.5

	
18.6

	
1.81

	
0.93
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Table 3. Description of potentially independent variables used in the foliage biomass distribution at the branch level and annual shoot level.
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	Symbol
	Definition
	Measure





	Branch level
	
	



	LBR
	Branch length
	The length of a natural stretch from bole pith to branch tip



	BC
	Branch chord length
	The length between the bole pith and branch tip



	ABR
	Branch age
	Ring numbers at the branch base



	HRCC
	Relative distance to crown contact
	Ratio of distance between HT and branch base height to the distance between HT and crown contact height to the neighboring trees



	LR1
	Relative distance down an annual shoot
	Distance from the leader to the midpoint of the annual shoot divided by the distance between base of leader and height to base node



	FDRs
	Relative annual shoot foliage density
	Ratio of annual shoot foliage density to the top of the first annual shoot below the live crown void of live branches



	Tree level
	
	



	DBH
	Diameter at the breast height
	



	CR
	Crown ratio
	Ratio of crown length and total tree height



	HT
	Tree height
	



	FB
	Foliage biomass
	Foliage biomass for the specific branch



	Competition
	
	



	CI1
	Competition index 1
	Ratio of the diameter of the subject tree to the quadratic mean diameter



	CI2
	Competition index 2
	Ratio of the basal area of the subject tree to the mean basal area of the stand



	CI3
	Competition index 3
	Sum of the basal areas of those trees with a diameter greater than that of the subject tree



	CI4
	Competition index 4
	Relating the stand density to the crown base of the subject tree and combines the horizontal and vertical competition effects
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Table 4. Statistics of the foliage biomass of the total tree and annual shoots for the 51 planted Korean pine trees from Dabiangou forest farm and Beisanjia forest farm in Liaoning Province, northeast China. Q1 and Q3 are the 25% and 75% quantiles, respectively.
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Tree Status

	
Attributes

	
Mean

	
Std

	
Min.

	
Max.






	
Dominant tree

	
Foliage biomass per branch (g)

	
282.9

	
452.2

	
0.2

	
3861.3




	
Branch diameter (BD, mm)

	
28.07

	
18.83

	
2.28

	
96.95




	
Branch length (BL, cm)

	
215.4

	
163.9

	
1.0

	
760.0




	
Branch chord length (BC, mm)

	
196.2

	
148.5

	
1.0

	
692.0




	
branch angle (VA, °)

	
42

	
18

	
3

	
135




	
Intermediate tree

	
Foliage biomass per branch (g)

	
285.5

	
612.1

	
0.1

	
3670.1




	
Branch diameter (BD, mm)

	
22.95

	
14.90

	
2.17

	
77.01




	
Branch length (BL, cm)

	
174.5

	
131.4

	
1.0

	
637.0




	
Branch chord length (BC, mm)

	
161.5

	
121.4

	
1.0

	
601.0




	
branch angle (VA, °)

	
37

	
17

	
5

	
130




	
Suppressed tree

	
Foliage biomass per branch (g)

	
137.1

	
239.4

	
0.1

	
2122.9




	
Branch diameter (BD, mm)

	
17.50

	
12.20

	
1.36

	
69.00




	
Branch length (BL, cm)

	
140.0

	
116.4

	
1.0

	
682




	
Branch chord length (BC, mm)

	
130.2

	
107.9

	
1.0

	
625




	
branch angle (VA,°)

	
43

	
20

	
5

	
150
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Table 5. Goodness-of-fit statistics for the foliage biomass distribution at the branch level and annual shoot level for planted Korean pine trees from Dabiangou forest farm and Beisanjia forest farm in Liaoning Province, northeast China.
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	Model
	Random Effects
	Variance Function
	AIC
	−2loglikelihood
	RMSE
	Ra2





	Equation (7)
	u4
	    σ     u   1       = 0.0312
	4465
	4450
	283.8
	0.44



	Equation (8)
	u2
	    σ     b   2       = 0.0151
	393
	−371.4
	0.31
	0.28
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Table 6. Parameter estimates for the foliage biomass distribution model at the branch level and annual shoot level for planted Korean pine trees from Dabiangou forest farm and Beisanjia forest farm in Liaoning Province, northeast China.
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Equation (7)

	
Equation (8)




	
Parameter

	
Estimate

	
Std

	
p

	
Parameter

	
Estimate

	
Std

	
p






	
a0

	
0.2096

	
0.0605

	
0.0006

	
b0

	
0.8459

	
0.0580

	
<0.0001




	
a1

	
2.0471

	
0.0712

	
<0.0001

	
b1

	
0.6439

	
0.0918

	
<0.0001




	
a2

	
0.2110

	
0.0873

	
0.0158

	
b2

	
1.6539

	
0.1006

	
<0.0001




	

	

	

	

	
b3

	
5.6105

	
0.3341

	
<0.0001
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