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Abstract:



Branch development in the lower part of stem is critical to both early stem growth and wood quality of the most valuable section of tree, and its regulation through planting density has always been greatly concerned. Here the effect of planting density on branch development was examined in a five-year-old plantation of Betula alnoides with six planting densities (625, 833, 1111, 1250, 1667, and 2500 stems per hectare (sph)) in Guangdong Province, South China. Branch quantity (number, proportion, and density), morphology (diameter, length, and angle), position (height and orientation), and branch status (dead or alive) were investigated for 54 dominant or co-dominant trees under six treatments of planting density after the growth of each tree was measured. Factors influencing branch development were also explored by mixed modelling. The results showed that the mean tree heights of 1250 and 1667 sph treatments were higher than those of other planting density treatments. The quantity of live branches decreased with increasing planting density. However, planting density had no significant effect on the number of all branches, and there existed no remarkable difference in branch number and proportion among four orientations. As for branch morphology, only the largest branch diameter had a significantly negative correlation with planting density. In addition, high planting density significantly increased the height of the largest branch within the crown. Mixed effects models indicated that branch diameter, length, and angle were closely correlated with each other, and they were all in positively significant correlation to the branch height at the stem section below six meters. It was concluded that properly increasing planting density will promote natural pruning, improve early branch control, and be beneficial for wood production from the most valuable section of the stem.
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1. Introduction


Betula alnoides Buch. Ham. ex D. Don is a valuable deciduous tree species mainly distributed in Southeast Asia and South China. As a fast-growing, high-yield tree species, it has a wide adaptability to soil type, altitude, and climate condition [1]. It has been widely accepted by farmers and many private companies in South China. The planting areas have exceeded more than 150,000 hectares in these areas [2]. The wood of B. alnoides is of moderate density with beautiful texture and less likely to crack and warp. It is normally used for floor and high-grade furniture making, and especially for high-class interior decoration and overlaid veneer [3]. It is well-known that timber quality is very important in these applications [4,5], and the price of high-quality wood of B. alnoides is generally two to three times higher than that of common wood in the local wood market. The production of high-value wood with B. alnoides is, thus, paid more and more attention by forest owners.



Quality grade and value of the timber depend largely on branchiness, as the size and number of branches along the stem influence the development of knots and the occurrence of knot-related defects [2,6,7]. This has also been demonstrated for a large quantity of species with a specific focus on branch and knot development [4,7,8,9,10]. For artificial commercial forests, producing high quality wood should also be economically viable. Thus, high-quality timber production through branch development control under strict economic timeframes is the target for forest managers.



There are numerous factors influencing branch development; for example, nutrient [11,12], genotype [13,14,15], competition [16,17], etc. The main measures regulating branch development, such as artificial pruning [8,18] and stand density control [16,17,19,20,21], have been used in practice for a long time. Planting density may have no effect on early bud formation, but it does influence subsequent growth and persistence of branches, which then affects branch occlusion [21,22,23]. Hence, proper planting density is important for the improvement of timber quality.



In our previous study, we have examined the effect of planting density on branch attributes within crown of mid-aged (14-year-old) B. alnoides [21]. Niemistö [24] and Mäkinen [19] also studied the influence of planting densities on branch development of 11 to 22-year-old Betula pendula. Umeki and Kikuzawa [25] and Umeki and Seino [26] focused on the population dynamics and growth of first–order branches on Betula platyphylla. However, most of the branches in these studies exceeded eight meters in height along the upper part of the stem, and branch development in the lower part of stem is more deserved to study, because the lower part of stem represented generally up to 90% of future tree value [27]. Furthermore, information on branch development of the most valuable stem section in response to planting density is also still unavailable for B. alnoides. Here, we took five-year-old spacing trial plantations of B. alnoides as an example, in which branches are all concentrated in the most valuable part of stem for future harvesting, to find out relationships between branchiness and planting density. The aims of this study were to test the effect of planting density on branch development and explore potential influencing factors on branch development for young B. alnoides as well as to compare the differences in branch development linked to planting density between young and mid-aged B. alnoides. The study could give a better instruction for determination of optimal planting density and, thus, for high-quality wood production of this species in these regions.




2. Materials and Methods


2.1. Experimental Site and Design


The spacing trial plantation is located at Zhenlongmiao, Xijiang Forest Farm, Yunfu City, Guangdong Province, China (111°53′56″ E, 23°05′01″ N, 430 m altitude). It belongs to the subtropical monsoon climate zone with a mean annual air temperature of 21.6 °C. The extreme minimum and maximum air temperature is 0 °C and 36.2 °C, respectively. The annual precipitation ranges from 1400 mm to 1700 mm, and mainly concentrates from April to September. The mean annual air humidity is about 82%. The density trial plantation was established at a cutover land of Cunninghamia lanceolata in April 2012 with the same clonal seedling form Experimental Center of Tropical Forestry, Chinese Academy of Forestry. Six treatments viz. 2500 (2 m × 2 m, spacing), 1667 (2 m × 3 m), 1250 (2 m × 4 m), 1111 (3 m × 3 m), 833 (3 m × 4 m), and 625 (4 m × 4 m) stems per hectare (sph) were arranged in a randomized complete block design with three replicates. Two replicates lied on an east slope and the other was exposed on a southwest-oriented slope. The mean slope degree is about 25°. Each plot was 0.4 hectare in size.




2.2. Measurements


In March 2017, a subplot (30 m × 30 m) was designed in the middle of each plot to avoid edge-effects. Tree height (H), diameter at breast height (DBH), height to crown base (Hcb), and crown diameter (CW) were measured for all trees in each subplot. Explanations of all abbreviations and symbols in text were given in Table 1. H, Hcb, and CW were measured with telemeter rod (0.1 m), and CW was the horizontal projection of crown in four directions. DBH was measured with steel measuring tape (0.1 cm). Three dominant or co-dominant trees per plot were sampled for further branch measurement. All sampled trees were required to have a single leader, be free of broken tops, wood damage, obvious insect attack, and disease. Furthermore, the sampled trees were also completely surrounded by healthy trees in all directions.



Table 1. Explanation of abbreviations and symbols.







	
Abbreviation

	
Attributes Represent

	
Precision






	
Stand attributes




	
PD

	
Planting density treatments

	
/




	
Tree attributes




	
H

	
Tree height

	
0.1 m




	
DBH

	
Stem diameter at breast height

	
0.1 cm




	
Hcb

	
Height to crown base

	
0.1 m




	
CW

	
Crown diameter

	
0.1 m




	
NLB

	
Number of live branches

	
/




	
NDB

	
Number of dead branches

	
/




	
Branch attributes




	
BD

	
Branch diameter

	
0.01 mm




	
BL

	
Branch length

	
0.1 m




	
BA

	
Branch angle

	
1°




	
BH

	
Branch height

	
0.01 m




	
Model descriptors




	
a, b, c, d, e

	
Coefficients of fixed effects and intercepts

	
/




	
r, rp, rpt, rptb

	
Subscripts for replicate, plot, tree and branch

	
/




	
α, β, γ, δ

	
Variance components (random effects)

	
/




	
Φ

	
Dispersion parameter

	
/




	
ln()

	
Natural log-link

	
/




	
RMSE

	
Root mean squared error

	
/




	
R2(c), R2(m)

	
Conditional and marginal R2

	
/










The number of dead (NDB) and live (NLB) branches on each sampled tree were counted from the first live branch to the top of the tree. Dead branches were defined as those without green leaves and with evidence of desiccation, as well as branch stubs that had not been completely occluded. Branch density was the mean number of branches per meter along the stem in crown. All live branches with branch height lower than 6 meters on each sampled tree were numbered and marked with plastic cards. The following attributes of the live branches were measured: the branch height (BH), branch length (BL), branch diameter (BD), branch angle (BA) and branch orientation. BH was the height of the joint point of branch and stem above ground. BL was the length from the attachment of the branch on the stem to the top of the branches as a bowstring. Both BH and BL were also measured with telemeter rod. BD was the diameter over bark at branch base and measured by an electronic Vernier caliper (0.01 mm). BA was defined as the vertical intersection angle between branch pith and stem pith, and measured with electronic protractor (1°). Branch orientation was equally separated into four quadrants: east, south, west, and north. A total of 1885 branches were measured from 54 trees (three trees per plot × three plots per treatment × six treatments). All branches on each tree were measured in situ by climbing a telescopic ladder.




2.3. Data Analysis


One-way analysis of variance (ANOVA) and Duncan’s multiple range tests were conducted to explore the differences among planting density treatments for tree attributes at stand level. Due to the hierarchical nature of the data for branch characteristics of the sampled dominant and co-dominant trees, linear mixed-effects models (Equations (1) and (2)) were used to test the significance of difference between treatments for branch attributes at tree and branch level:


ybpt = μ + ρD + λr + λrp + λrpt (tree level)



(1)






ybptb = μ + ρD + λr + λrp + λrpt + λrptb (branch level)



(2)




where y is a dependent variable, μ is the overall mean, ρD is the effect of planting density; λr, λrp, λrpt, and λrptb are the random effects for block (r), plot (p), tree (t), and branch (b), respectively. Restricted maximum likelihood estimation (REML) was used in the mixed-model analysis, and multiple range tests were performed between treatments with least significant difference (LSD). Since the branch portion was expressed as a proportion, a transformation using the arcsine square root function was performed before analysis.



Regarding model building, generalized linear mixed models (GLMM) were used for count variables (e.g., branch number), and linear mixed models (LMM) were adopted for continuous variables (e.g., BD, BL, etc.). The following strategy was applied for modeling. Firstly, a multiple linear regression analysis was performed for each dependent variable with all available predictive factors involved so as to select candidate descriptors. The candidate predictive variables with statistical significance, reasonable ecological explanation and variance inflation factor (VIF) not larger than three were used for further mixed effects models building. Then all the above selected candidate and random factors (e.g., block, plot and tree effects) were tested using likelihood ratio tests when employing the restricted maximum likelihood estimation during mixed effects model building. Factors were included into models at a significance level of 0.05. If no significant random effect was observed, linear models (LM) or generalized linear models (GLM) were adopted instead. Finally, the models were refitted with above selected fixed and random factors, and the best-fit models were selected from different variance functions mainly on the basis of Akaike’s Information Criterion (AIC) and model simplicity. Parameters were estimated using the restricted maximum likelihood estimation method. For count data, a dispersion parameter Φ was added to the variance function to prevent misinterpretations from inflated or deflated test statistics. Φ was estimated directly in the GLM procedure. For model prediction, the predicted values were corrected using the method proposed by Newman [28].



Model performance was evaluated using root mean squared error (RMSE), which was calculated for each model on the original data scale. The predictive power R2 was also calculated as the squared correlation between observations and predictions for GLM, and marginal R2 ([image: ], only the fixed effects) as well as conditional R2 ([image: ], both the fixed and random effects) for LMM. Simulation plots based on the fitting models were also presented so as to expressing the relationships between the dependent and all independent variables. All data analyses and modelling were performed using SPSS 21.0 for Windows (IBM-SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Tree Growth Performance


Planting density had no significant effect on diameter at breast height (DBH) in five-year-old plantations of B. alnoides both at stand level and for dominant or co-dominant trees. However, the height to crown base (Hcb) was significantly positively, and crown diameter (CD) negatively, correlated with planting density (Table 2). For dominant and co-dominant trees, there was no significant difference in tree height between planting density treatments, while at the stand level, tree heights of 1250 and 1667 sph treatments were significantly higher than those of other treatments (Table 2).



Table 2. Plot and sampled dominant and co-dominant tree attributes of Betula alnoides. For abbreviations see Table 1.







	
Planting Density (sph)

	
Spacing (Row × Tree)

	
DBH (cm)

	
H (m)

	
Hcb (m)

	
CD (m)






	
Stand level

	
625

	
4 m × 4 m

	
6.85 (0.21)a

	
5.16 (0.15)b

	
1.46 (0.06)c

	
3.33 (0.08)a




	
833

	
4 m × 3 m

	
6.51 (0.13)a

	
5.00 (0.09)b

	
1.40 (0.04)c

	
3.07 (0.06)b




	
1111

	
3 m × 3 m

	
6.70 (0.14)a

	
5.33 (0.11)b

	
1.59 (0.04)bc

	
2.81 (0.05)c




	
1250

	
4 m × 2 m

	
6.65 (0.14)a

	
5.65 (0.10)a

	
1.80 (0.06)ab

	
2.64 (0.05)d




	
1667

	
3 m × 2 m

	
6.93 (0.14)a

	
5.69 (0.12)a

	
1.94 (0.08)a

	
2.63 (0.04)d




	
2500

	
2 m × 2 m

	
6.46 (0.13)a

	
5.21 (0.10)b

	
1.89 (0.11)a

	
2.43 (0.05)e




	
Sampled dominant and co-dominant trees

	
625

	
4 m × 4 m

	
8.19 (0.48)a

	
7.09 (0.26)a

	
1.48 (0.09)b

	
3.82 (0.15)a




	
833

	
4 m × 3 m

	
7.70 (0.21)a

	
7.00 (0.28)a

	
1.66 (0.25)ab

	
3.56 (0.09)ab




	
1111

	
3 m × 3 m

	
7.84 (0.28)a

	
6.41 (0.16)a

	
1.67 (0.10)ab

	
3.42 (0.16)ab




	
1250

	
4 m × 2 m

	
7.73 (0.24)a

	
7.46 (0.20)a

	
2.09 (0.09)a

	
3.55 (0.09)ab




	
1667

	
3 m × 2 m

	
7.79 (0.28)a

	
7.46 (0.17)a

	
1.97 (0.15)a

	
3.34 (0.10)bc




	
2500

	
2 m × 2 m

	
8.13 (0.41)a

	
7.62 (0.16)a

	
2.52 (0.19)a

	
3.11 (0.09)c








Note: The number in parentheses is the standard error of mean; totally different letters in the same column indicate significant differences between planting density treatments at the 0.05 level. The data on stand level all met the preconditions of one-way ANOVA on the original scale or after transformation.









3.2. Branch Quantity (Number, Proportion, Density)


There was no significant difference in the number of all branches within the crown among six planting density treatments. However, the number, proportion and density of live branches decreased and those of dead branches increased significantly with increasing planting density (Table 3). As for density of all branches, it varied with planting density more complexly. The lowest density of all branches on stem was seen in 1667 sph treatments, which differed significantly from treatments of 625, 833, and 1111 sph, and no remarkable difference was observed between 2500 sph treatment and any of above treatments (Table 3).



Table 3. Summary statistics of main branch attributes for Betula alnoides under six treatments of planting density.







	
Branch Attributes

	
Planting Density (sph)




	
625

	
833

	
1111

	
1250

	
1667

	
2500






	
Branch number

	
Live

	
63 (3)a

	
64 (3)a

	
57 (3)ab

	
51 (1)bc

	
50 (3)bc

	
47 (2)c




	
Dead

	
5 (1)d

	
6 (1)cd

	
6 (1)cd

	
10 (2)b

	
8 (1)bc

	
13 (2)a




	
Total

	
68 (3)a

	
70 (3)a

	
64 (4)a

	
61 (2)a

	
58 (2)a

	
61 (2)a




	
Branch proportion

	
Live

	
0.93 (0.01)a

	
0.92 (0.02)a

	
0.90 (0.01)ab

	
0.84 (0.02)c

	
0.86 (0.03)bc

	
0.78 (0.03)d




	
Dead

	
0.07 (0.01)d

	
0.08 (0.02)d

	
0.10 (0.01)cd

	
0.16 (0.02)ab

	
0.14 (0.03)bc

	
0.22 (0.03)a




	
Branch density

	
Live

	
11.4 (0.9)a

	
12.1 (0.8)a

	
12.1 (0.6)a

	
9.6 (0.5)b

	
9.1 (0.5)b

	
9.4 (0.5)b




	
Dead

	
0.8 (0.1)d

	
1.0 (0.2)cd

	
1.3 (0.1)cd

	
1.8 (0.3)b

	
1.5 (0.3)bc

	
2.6 (0.3)a




	
Total

	
12.3 (0.9)a

	
13.2 (0.7)a

	
13.4 (0.6)a

	
11.4 (0.4)b

	
10.6 (0.3)b

	
11.9 (0.4)ab




	
Branch diameter (mm)

	
12.11 (0.21)a

	
11.21 (0.19)a

	
11.04 (0.21)a

	
11.85 (0.24)a

	
11.05 (0.22)a

	
11.15 (0.25)a




	
Branch angle (°)

	
71.9 (0.6)a

	
70.3 (0.7)a

	
69.3 (0.7)a

	
69.5 (0.8)a

	
69.2 (1.0)a

	
69.0 (0.9)a




	
Branch length (m)

	
1.31 (0.02)a

	
1.23 (0.02)a

	
1.21 (0.02)a

	
1.26 (0.02)a

	
1.23 (0.03)a

	
1.18 (0.03)a




	
The largest branch dimeter (mm)

	
21.75 (0.69)a

	
19.94 (0.64)ab

	
19.05 (1.05)b

	
19.35 (0.47)b

	
18.06 (0.51)b

	
18.45 (0.86)b




	
Branch height of the largest branch (m)

	
4.00 (0.39)b

	
3.80 (0.26)b

	
4.18 (0.06)ab

	
4.91 (0.28)a

	
4.72 (0.25)a

	
4.90 (0.25)a








Note: The number in parentheses is the standard errors of mean; totally different letters in the same row indicate significant differences between treatments of planting density at the 0.05 level.








Comparing the number and proportion of branches at four orientations, there was no significant difference among four directions for each planting density treatment. Thus, branches within the crown were almost equally divided into four orientations (Table 4).



Table 4. Summary statistics of branch attributes at four orientations for Betula alnoides under six treatments of planting density.







	
Branch Attributes

	
Planting Density (sph)




	
625

	
833

	
1111

	
1250

	
1667

	
2500






	
Branch number

	
East

	
12 (1)

	
11 (1)

	
10 (1)

	
10 (0)

	
7 (1)

	
7 (1)




	
South

	
11 (1)

	
13 (1)

	
11 (1)

	
9 (1)

	
9 (1)

	
8 (1)




	
West

	
12 (1)

	
10 (1)

	
10 (1)

	
8 (1)

	
7 (1)

	
7 (1)




	
North

	
11 (1)

	
12 (0)

	
11 (1)

	
9 (1)

	
8 (1)

	
8 (1)




	
Branch proportion

	
East

	
0.26 (0.01)

	
0.23 (0.01)

	
0.24 (0.01)

	
0.29 (0.01)

	
0.23 (0.03)

	
0.24 (0.02)




	
South

	
0.23 (0.02)

	
0.29 (0.02)

	
0.27 (0.02)

	
0.24 (0.02)

	
0.29 (0.03)

	
0.26 (0.02)




	
West

	
0.26 (0.02)

	
0.22 (0.01)

	
0.24 (0.02)

	
0.21 (0.02)

	
0.21 (0.03)

	
0.23 (0.02)




	
North

	
0.24 (0.02)

	
0.26 (0.01)

	
0.25 (0.02)

	
0.26 (0.02)

	
0.26 (0.02)

	
0.27(0.03)








Note: The number in parentheses is the standard errors of mean value.









3.3. Branch Morphology (Diameter, Length, Angle, the Largest Diameter)


Planting density did not significantly affect mean branch diameter, angle, and length for B. alnoides at the age of five years, although there existed an increasing trend for them with decreasing planting density (Table 3). The mean branch diameter, angle, and length ranged from 11.05 to 12.11 mm, 69.0° to 71.9°, and 1.18 to 1.31 m, respectively. Nevertheless, a significant increasing trend of the largest branch was seen with the decrement of planting density. The diameter of the largest branch for 625 sph treatment was significantly larger than those in four treatments of higher planting density (2500, 1667, 1250, and 1111 sph) (Table 3).



Similar to height to crown base, height of the largest branch on stem increased significantly with increasing planting density. The heights of the largest branch for 625 and 833 sph treatments were significantly higher than those for 1250, 1667, and 2500 sph treatments.




3.4. Modeling and Simulation on Branch Attributes


3.4.1. Branch Number


As shown in Table 3, numbers of live (NLB) and dead (NDB) branches were significantly correlated with planting density (PD). In our fitted models, PD was also the only predictive variable for the models of NLB and NDB (Equations (3) and (4)). The equations are as follows:


ln(NLB) = a0 + a1 × ln(PD)



(3)






ln(NDB) = b0 + b1 × ln(PD)



(4)







Parameter estimates, standard errors and statistical significance of the intercepts and predictors of both equations were presented in Table 5. It was indicated that NLB decreased and NDB increased with planting density from 500 to 2500 sph (Figure 1). However, both models explained a lower proportion of total variance (R2 = 0.368 for NLB, R2 = 0.308 for NDB). The model precision was not high, either (RMSE = 7.9 for NBL, RMSE = 4.1 for NDB).


Figure 1. Predicted branch number (solid line) based on simulated equations of live branch (Equation (3); (A)) and dead branch (Equation (4); (B)) with 95% confidence intervals (dashed lines), the solid black spots were the observed data of branch number.



[image: Forests 09 00042 g001]






Table 5. Parameter estimates of fixed and random variables for Equations (3)–(7). Abbreviations see Table 1.







	
Equation

	
Response Variables

	
Regression Parameters

	
Predictor Variables

	
Estimate

	
Standard Error

	
Significance






	
(3)

	
NLB

	
a0

	
Intercept

	
5.738

	
0.2973

	
<0.0001




	
a1

	
PD

	
−0.244

	
0.0421

	
<0.0001




	
Φ

	

	
1.125

	

	




	
(4)

	
NDB

	
b0

	
Intercept

	
−3.166

	
0.7910

	
<0.0001




	
b1

	
PD

	
0.732

	
0.1089

	
<0.0001




	
Φ

	

	
2.051

	

	




	
(5)

	
BD

	
c0

	
Intercept

	
1.4341

	
0.0331

	
<0.0001




	
c1

	
BH

	
0.0489

	
0.0051

	
<0.0001




	
c2

	
BL

	
0.7283

	
0.0128

	
<0.0001




	
c3

	
BA

	
−0.0023

	
0.0004

	
<0.0001




	
αbp

	

	
0.0011

	
0.0006

	
0.041




	
αbptb

	

	
0.0440

	
0.0015

	
<0.0001




	
(6)

	
BL

	
d0

	
Intercept

	
−1.0484

	
0.0423

	
<0.0001




	
d1

	
BH

	
0.0196

	
0.0058

	
<0.0001




	
d2

	
BA

	
0.0025

	
0.0004

	
<0.0001




	
d3

	
BD

	
0.0827

	
0.0016

	
<0.0001




	
βbp

	

	
0.0017

	
0.0008

	
0.037




	
βbptb

	

	
0.0541

	
0.0018

	
<0.0001




	
(7)

	
BA

	
e0

	
Intercept

	
4.0002

	
0.0331

	
<0.0001




	
e1

	
BH

	
0.0726

	
0.0051

	
<0.0001




	
e2

	
BD

	
−0.0054

	
0.0014

	
<0.0001




	
γbp

	

	
0.0021

	
0.0010

	
0.027




	
γbptb

	

	
0.0466

	
0.0015

	
<0.0001










Due to the fact that no predictor was statistically significant for predicting the number of all branches on the basis of routine measurements, the model is not presented here.




3.4.2. Branch Diameter


Branch diameter (BD) was closely correlated with branch height (BH), length (BL) and angle (BA) (Equation (5)). Parameter estimates, standard errors and statistical significance of the intercepts, fixed and random effects of all the following equations were listed in Table 5.


ln(BD) = c0 + c1 × BH + c2 × BL + c3 × BA + αrp + αrptb



(5)







The model prediction indicated that branch diameter was positively correlated with branch height (Figure 2A) and length (Figure 2B), and negatively correlated with branch angle (Figure 2C). Moreover, branch length played more important role than branch height and angle in determining branch diameter over the whole range of our dataset sampled. The present mixed-effects models explained approximately 70% of total variance ([image: ], [image: ]), and performed well (RMSE = 2.18 mm).


Figure 2. Simulated plots (solid lines) based on marginal model (Equation (5)) for predicting branch diameter with 95% confidence intervals (dashed lines). (A) Predicted branch diameter versus branch height based on mean branch length and angle; (B) predicted branch diameter versus branch length based on mean branch height and angle; and (C) predicted branch diameter versus branch angle based on mean branch height and length.



[image: Forests 09 00042 g002]







3.4.3. Branch Length


The fitting branch length (BL) model showed that BL was significantly correlated with branch height (BH), diameter (BD) and angle (BA) (Equation (6)):


ln(BL) = d0 + d1 × BH + d2 × BA + d3 × BD + βrp + βrptb



(6)







It was indicated from simulated plots based on Equation (6) that branch length increased with the increases of branch height (Figure 3A), diameter (Figure 3B), and angle (Figure 3C) over the whole range of our sampled datasets. Branch diameter played more important role than branch length and angle. The present model also explained a higher proportion of the total variance ([image: ], [image: ]), and provided a good performance in predicting precision (RMSE = 0.25 m).


Figure 3. Simulated plots (solid lines) based on marginal model (Equation (6)) for predicting branch length with 95% confidence intervals (dashed lines). (A) Predicted branch length versus branch height based on mean branch diameter and angle; (B) predicted branch length versus branch diameter based on mean branch height and angle; and (C) predicted branch length versus branch angle based on mean branch height and diameter.



[image: Forests 09 00042 g003]







3.4.4. Branch Angle


In the present study, branch angle was significantly correlated with branch height (BH) and diameter (BD) (Equation (7)):


ln(BA) = e0 + e1 × BH + e2 × BD + γrp + γrptb



(7)







As revealed from the simulation plot of branch angle, branch angle increased with the increase of branch height (Figure 4A) and decreased with increasing branch diameter (Figure 4B). The effect of branch height on branch angle was larger than that of branch diameter over the whole range of our sampled datasets. The model only explained really a small portion of the total variation ([image: ], [image: ]), and its precision was also relatively low (RMSE = 12.6°). This inferred that branch angle was codetermined by many other unknown factors.


Figure 4. Simulated plots (solid lines) based on marginal model (Equation (7)) for predicting branch angle with 95% confidence intervals (dashed lines). (A) Predicted branch angle versus branch height based on mean branch diameter; and (B) predicted branch angle versus branch diameter based on mean branch angle.
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4. Discussion


4.1. Tree Growth Performance


The increment in height to crown base and the reduction in crown diameter with increasing planting density for young B. alnoides is consistent with previous studies on the spacing and planting density for a number of tree species, such as Cordia alliodora [29], Eucalyptus globulus [30], and Pinus taeda [31], etc. However, due to the fact that the trial plantation has just been established for five years, canopy closure did not occur in the stands with lower planting densities (e.g., 1111, 833, and 625 sph), and for other stands with higher planting density, the canopy had fully closed or had closed only between trees in the same row for a short time, this might lead to the insignificant difference in the diameter at breast height between them. Additionally, the mean stand tree height of 1667 and 1250 sph treatments were significantly higher than that of other treatments. This was different from our previous study on mid-aged B. alnoides in which planting density had no significant effect on the mean stand tree height [21]. This inferred that planting at a proper high density could accelerate early tree height growth of B. alnoides, and this kind of effect would gradually disappear as tree age increased. While for dominant and co-dominant trees, planting density had no significant effect on their height. The results coincided with Alcorn’s [32] study on Eucalyptus pilularis and Eucalyptus cloeziana, where he explained that planting density might affect early tree height growth at stand level, but not for dominant and co-dominant trees.




4.2. Branch Quantity


Branch quantity (number, density) is critical to both quality and quantity of wood production. Here, the number of all branches within crown of five-year-old B. alnoides did not differ significantly among stands with six planting densities. This confirmed the results of our previous study on mid-aged B. alnoides [21]. Kint et al. [27] and Mäkinen and Hein [23] also explained that branch number was under moderate genetic control, and branch formation was not affected by planting density. Our branch distribution of four directions in the present study also proved the above viewpoint, where planting density and orientations had no significant effect on branch distribution.



Although the number of all branches within the crown was not significantly affected by planting density, higher planting density increased the number of dead branches and decreased the quantity of live branches. This is partly in line with relevant studies on E. pilularis and E. cloeziana [32], where the number of live branches on the lower stem (≤5.5 m height) were proved to be negatively correlated with planting density, but planting density had no significant effect on the number of dead branches. In addition, the increasing competition within stands with high planting densities led to the higher proportion and density of dead branches, as well as lower proportion and density of live branches. This was in accordance with study on branches in the lower part (below 5 m) of stem for young Pseudotsuga taxifolia [20]. However, our previous studies on mid-aged B. alnoides showed that densities of live and all branches were positively correlated with planting density [21]. This may be attributed to the differences in size and position height of branches between young and mid-aged B. alnoides. Pinkard and Neilsen also found that branch density of all branches within the crown of seven-year-old Eucalyptus nitens did not vary significantly with planting density from 500 to 1667 sph [33].




4.3. Branch Morphology


Branch morphology, like branch diameter, angle, and length, determines the crown architecture and greatly influences stem growth and knot development [34,35,36]. In the present study, planting density had no significant effect on mean branch diameter and length, and only influenced the diameter of the largest branch. This was partly different from our previous studies on mid-aged B. alnoides [21], as well as studies on B. pendula [24], several Eucalyptus species [9,37,38], and Endospermum medullosum [16]. They all illustrated that mean branch size was significantly negatively correlated with planting density. This might be attributed to the short time of canopy closure, and large variation between branches within each tree might be another explanation for this. With increasing tree age the effect of planting density on mean branch diameter will emerge gradually while, for the largest branch in crown, due to the fact that branches with large diameters were also longer (Figure 3), competition effects between trees appeared firstly on the larger branches. The largest branch on stem may form great knot-related defects after shedding; the height position of the largest branch is, thus, of great concern to forest managers. High planting density promoted natural pruning and also lifted the branch height of the largest branch in the present study. That is to say, the height to the largest branch was closely correlated with the height to crown base. Previous studies on Pseudotsuga menziesii [34,39] also testified the largest branch was located at about the position of a quarter of the lower canopy. In addition, our fitting branch diameter model also showed that branch diameter increased with branch height at the stem section below six meters. Therefore, proper higher planting densities are beneficial for wood quality improvement at the most valuable stem section.



Steep branch angle may increase time of branch stub occlusion, and then cause discoloration and other severe knot-related defects in wood. Planting density appeared to exert little control over mean branch angle in the present study. The result has also been acknowledged by researchers on many tree species with different ages, such as 14-year-old B. alnoides [21], five-year-old Eucalyptus nitens [38], 20-year-old Pinus sylvestris [14], and eight to 60-year-old Pseudotsuga menziesii [34,39,40]. However, it was also showed that angle of live branches became steeper with increasing planting density in Henskens et al.’s study on E. globulus [30] and Alcorn et al.’s study on E. pilularis and E. cloeziana [32]. This might be properly explained from their differences in age, branching habit of species and other compound effects. Branch angle was affected by many factors, and some of them were still not taken into consideration in the related study. This could also be demonstrated from our fitting model on branch angle, which only explained a relatively low total variance, although branch height on stem and branch diameter were statistically significant. The simulation plot based on branch model showed that branch angle increased with increasing branch height over the whole range of our sampled dataset (<6.0 m). On the contrary, Weiskittel et al. illustrated that branch angle of Pseudostuga menziesii decreased with increasing relative height [39]. The striking difference may be due in part to branching habit and crown shape between B. alnoides and P. menziesii, since the crown profile of conifer species is triangular, while broadleaves are oval in general. In addition, branch development was codetermined by some attributes or factors at branch level, e.g., branch status [9,41] and branch age; at individual level, for example tree vigor and social position [26,39]; and at stand level, such as site quality [12,26,39,42]. While in our predicting models on branch attributes, factors at branch level were only taken into account, this led to lower predictive power of the models.





5. Conclusions


Branch attributes were found to be much more sensitive to planting density than diameter at breast height and tree height for five-year-old B. alnoides. Branches may, thus, be seen as early indicators for the onset of horizontal competition among trees. Planting at a proper high density (e.g., 1250 or 1667 sph) could observably promote early tree height growth and increased the number, proportion, and density of dead branches within the crown. Orientation had no obvious effect on branch distribution for each planting density. Since canopy closure did not occur for a long time in the present B. alnoides plantations for higher planting densities (e.g., 2500, 1667, and 1250 sph) and large variations of values for branch attributes within a tree, planting density did not significantly influence the mean diameter and length of branches below 6 m in the crown. Only the size and height of the largest branch, which was commonly concerned for the wood quality at lower stem section, negatively correlated with planting density. Owing to relationships between branch attributes (e.g., branch number, diameter, length, angle, etc.) and planting density were highly dependent on time (e.g., tree age, branch age), monitoring, and highlighting branch development in response to planting density with time is, thus, more helpful for branch development regulation. This is also our central focus in future investigations. In addition, due to the fact that our fitting models on branch attributes were mainly based on routine measurements of nearly 2000 branches from 54 trees (nine trees per treatment) at branch level, some models did not perform well and had some limitations in practice. Nonetheless, the findings of the present study still can be applied in fine-tuning the current strategies for management of B. alnoides plantations, and be used as reference in the practices for high-quality timber production of other valuable tree species in tropical and sub-tropical regions.
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