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The development and morphology of branches, a crucial step in producing 
high-quality large-diameter lumber, may be  influenced by fertilization. The 
response of branch attributes to different fertilization regimes, however, is still 
poorly understood. The Catalpa bungei plantations, which had been growing 
for 6  years in northern China, were chosen to study how various fertilization 
measures affected branch attributes. The two fertilization techniques used 
were hole fertilization (HF) and water and fertilizer integration (WF), with no 
fertilization (CK) as a control. The quantity, density, morphology (e.g., diameter, 
length, and angle), and position (e.g., height and orientation) of branches, and 
organ biomass of 18 standard trees (total of 516 branches) were investigated. 
The results demonstrated a considerable increase in tree height, diameter 
at breast height (DBH), canopy ratio, branch quantity, and organ biomass 
following the addition of fertilizer. Both the maximum branch diameter and the 
number of branches rose with fertilization. Following fertilization, the number 
of branches rose by 16% (HF) and 28% (WF) compared to non-fertilized trees, 
while the maximum branch diameter increased by 3.5% (HF) and 17.3% (WF), 
respectively. WF led to an increase in the number of branches and largest 
branch diameter in comparison to CK and HF. The length, angle, and diameter 
of branches, however, were not affected significantly by different fertilization 
treatments. There were roughly equal amounts of branches in four orientations. 
The mixed-model analysis revealed that the number of branches was positively 
correlated with branch density and tree height. The branch diameter increased 
with the increase of branch length and angle. The branch length was negatively 
correlated with branch height and angle. The branch angle showed a larger 
angle at the bottom of the canopy. Tree height plus diameter at breast height 
combined, or just the diameter at breast height indicator alone, can both reliably 
predict the total biomass of trees. The branch models created in this research 
may offer some theoretical backing for understanding the crown dynamics of 
valuable tree species in northern China.
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Introduction

The vigor and yield of trees are directly determined by the size, 
composition, and morphology of the tree canopy (Hein et al., 2007; 
Newton et al., 2012). The first-order branch, a vital component of the 
crown, mainly serves as the backbone of the tree. The crown shape is 
primarily determined by the length and spatial layout of the first-order 
branch. The evaluation and selection of appropriate management 
measures are potentially more accurate and biologically realistic via 
the quantitative simulation of the quantity, size, distribution, and 
growth of first-order branches, which can accurately forecast canopy 
dynamics, tree growth, and wood quality (Hein, 2008; Danescu et al., 
2015; Wang et al., 2016, 2018).

Numerous studies have explored the branch attributes of various 
tree species, and, the majority of reports focus mostly on the linear 
and nonlinear models (Li, 2004; Liu et al., 2008; Courbet et al., 2012). 
For example, the branch models (e.g., diameter, length, angle, and 
number) are constructed directly with stand variables (e.g., site and 
density), tree variables (e.g., diameter at breast height, tree height, and 
crown length), as well as branch depth (Maguire et al., 1999; Courbet 
et  al., 2007). These models have a high level of accuracy. The 
collinearity problem must be  taken into account since variable 
components may autocorrelate. Furthermore, the model’s forest 
interpretation is subpar (Hein et al., 2007; Jiang et al., 2012). Actually, 
the fundamental data used in forest management may follow a 
hierarchical pattern. As an illustration, consider the following 
categorization system: the stand covers the sample plot, the plot covers 
the sample tree, and the sample tree covers the branch (Wang et al., 
2015, 2017, 2018). Therefore, the errors can not satisfy the assumption 
of independent distribution due to the situations of ‘plot effect’ or ‘tree 
effect’ in traditional modeling. As a result of the random selection of 
plots and trees, at least three effects should be included in the random 
errors (i.e., plots, trees, and branches).

The theoretical model (such as the nonlinear model) serves as the 
foundation for the mixed effect model. The fact that there is nesting 
in the data means that the mixed effects model can only be applied 
under this condition. The goal of mixed linear models, as opposed to 
general linear models, is to introduce random effects to create a better 
model for data interpretation. The theoretical model’s parameters are 
updated to include the variable factors that have a meaningful 
relationship with the dependent variables. The model parameters that 
were built have strong ecological or forest implications (Gao et al., 
2014). The mixed-effect models specify several covariance structures 
to describe the pertinent error scenario in order to reduce the error 
correlation and heterogeneity caused by the hierarchical structure 
data, increase the predictive power of models and illuminate the origin 
of variance components (Li and Tang, 2010).

In recent years, mixed models have been extensively utilized in 
forest investigation, such as diameter at breast height (Lei et al., 2009; 
Li, 2011), tree height (Fang and Bailey, 2001; Calegario et al., 2005), 
wood volume (Jiang et al., 2011), stem form (Jiang and Liu, 2011), and 
stand basal area (Li and Tang, 2010). Meredieu et al. (1998) established 
the length and angle models of Pinus nigra branches using a linear 
mixed model. Similarly, Beaulieu et al. (2011) developed the branch 
models of Pinus banksiana after considering the random impacts of 
the block, plot, and individual tree. Wang et al. (2018) created the 
generalized linear mixed models of live and dead branch numbers for 
Betula alnoides plantations. Dong et al. (2013) predicted the size of 

first-order branches for Pinus koraiensis forests based on mixed-effect 
models. All of the relevant reports show that the mixed models 
outweigh traditional regression techniques when modeling the 
branch properties.

Until now, research has focused primarily on the effects of 
planting density (Wang et  al., 2015, 2017), stand thinning 
(Weiskittel et al., 2007; Jia et al., 2021), and pruning (Pinkard, 2002; 
Wang and Zeng, 2016) on branch development, whereas reports on 
the effects of different fertilization regimes on branch attributes are 
scarce. Fertilization can regulate the growth of trees, which in turn 
can indirectly affect branch development. Chen (2020) discovered 
that various fertilization methods might drastically alter the branch 
diameter and length for seven-year-old Tectona grandis clones. 
Moreover, Briggs et al. (2008) noted that fertilizer intake had an 
impact on the branch diameter of coastal Douglas-fir plantings. As 
a result, we used the commercially valuable tree species Catalpa 
bungei originated from northern China as an example to investigate 
the effects of various fertilization measures, including water and 
fertilizer integration, hole fertilization, and no fertilization as a 
control, on branch attributes and tree biomass through branch 
dissection. The objectives of this study are addressed: First, create 
the mixed models that predict the quantity, diameter, angle, length 
of the branches, and tree biomass, respectively; second, explore 
whether the various fertilization regimes have an impact on the 
branch attributes. The hypothesis put forth in this study is that 
fertilization will, on the one hand, increase the biomass of trees, as 
well as the diameter and length of their branches, and will also 
significantly affect the branching angle of those branches; on the 
other hand, the branching properties of branches will be affected 
differently by different fertilization regimes. The findings of this 
study can be  used to theoretically support branch development 
forecasts in broad-leaved trees in North China.

Materials and methods

Experimental plot and tree species

The study plots are situated in the Jujube Preservation Warehouse 
in Zhangqiu District, Shandong Province, China (36°25′-37°09′ N, 
117°10′-117°35′ E). The research regions experience a moderate 
monsoon climate. The yearly average temperature is 12.8°C, with a 
maximum monthly temperature in July of 27.2°C and a minimum in 
January of-3.2°C. There is an average of 600.8 mm of precipitation, 
2647.6 h of sunshine, and 192 days without frost throughout the entire 
year. The growing seasons of C. bungei forests last 130–150 days from 
May to September.

In March 2017, we established a pure forest with a row spacing of 
3 × 4 m using a 2-year-old C. bungei clone (“9–1”). The total planting 
area was 0.8 ha with a total of 18 plots (384 m2 for each plot), and 45 
trees (5 rows × 9 columns) were planted in each plot. Since the 
planting of the trees, no tending had been done. After planting, 
C. bungei trees had an average height of 4.2 m and diameter at breast 
height (DBH) of 4.0 cm. Immediately following afforestation, the 
chemical composition of the soil was assessed, including its pH (7.67), 
organic matter content (19.64 g/kg), total nitrogen (0.91 g/kg), total 
phosphorus (0.53 g/kg), total potassium (16.70 g/kg), alkaline 
hydrolyzed nitrogen (81.88 mg/kg), available phosphorus (32.10 mg/
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kg), and available potassium (176.82 mg/kg). The majority of the soil 
in the area is brown loam.

Field fertilization

Beginning in May 2018, we  selected 9 plots at random and 
fertilized them as part of a split-plot experiment. Existing fertilization 
techniques included hole fertilization (HF) and water and fertilizer 
integration (WF), with no fertilization acting as a control. The HF 
approach was applied based on the previously fertilized forests of 
C. bungei (unpublished). The WF method was alluded to as being 
derived from the fertilization of fruits and crops in the agricultural 
ecosystem. Three plots were randomly selected for each fertilization 
treatment, and the distance between plots was around 6–8 m.

Early in May 2018, fertilization studies were carried out, with WF 
and HF applying the same quantity of fertilizers each year. In the first 
year, N (24 g/tree), P2O5 (8 g/tree), and K2O (16 g/tree) were applied as 
fertilizers. Subsequently, the annual amount of fertilizers increased by 
20% compared to the previous year. Every year in May, HF applied all 
of the fertilizers at once. We excavated a hole, with a size of 20 cm in 
diameter and 30 cm in depth in the south and north of each tree. Then 
the fertilizers were equally divided into 2 parts and placed into the 
holes. No water was added after covering the soil. WF divided its 
annual fertilizers into 12 portions that were distributed equally. 
Starting on May 1st, we fertilized once every 10 days. The fertilizers 
were correctly delivered close to the roots after being dissolved in 
1000 L of water using an intelligent drip irrigation system (HN-BXE, 
Huinong Automation Corporation, China). Potassium sulfate was 
employed as the potassium fertilizer and urea as the nitrogen fertilizer 
for HF and WF. Calcium superphosphate was utilized as a phosphate 
fertilizer for HF, whereas ammonium dihydrogen phosphate was used 
for WF. All Fertilizers were purchased on the Taobao website. The 
temperature and precipitation data from the nearby meteorological 
station for the years 2017 through 2022 were displayed in 
Supplementary Figure S1.

Branch dissection and biomass 
determination

The standard tree represents the average level of trees in each 
sample plot, including their average height and DBH. Two standard 
trees were felled in each plot, and a total of 18 trees and 516 branches 
were collected in November 2021. In short, 6 trees were felled in each 
of the three treatments. The DBH and crown width (CW) were 
measured before being cut down. The tree height (TH) and the height 
of the crown base (HCB) were determined after felling. All branches 
(except dead branches) were dissected from the crown base to the top. 
The branch height (BH) (2.30–9.13 m), diameter (BD) (6.21–
94.05 mm), angle (BA) (6.3–92.8°), length (BL) (0.45–5.10 m), 
orientation (BO) (0–355°), number of branches (NB) (20–39 
branches), and density of the branches (DB) (3–6 branches·m−1) 
were measured.

The DBH was the diameter of the trunk at 1.3 m. The CW was the 
mean of the east–west and north–south projections of the canopy. The 
TH was the vertical distance from the bottom to the top of the tree. 
The HCB was the vertical distance from the bottom of the trunk to the 

crown base. The BH was the vertical distance from the base of the 
branch to the bottom of the trunk. The BD was the diameter at the 
base of the branch. The BA was the insertion angle between the branch 
and trunk pith. The BL was the distance between the base and the tip 
of the branch. The DB was the ratio of branch number to crown 
length. In addition, the trees were divided into the individual organ, 
including stems, branches, leaves, and roots. All of the roots were dug 
up with an excavator, and any soil that was left on top of the roots was 
then removed with a brush. The fresh weight of each organ was 
determined. Then, a small portion of each organ was collected, taken 
back to the laboratory at low temperature, and dried for water 
content determination.

Statistical analysis

The biomass was the difference between the fresh weight and 
water content of the organ. The total biomass of the tree was the sum 
of trunks, branches, leaves, and roots. The differences in branch 
attributes or organ biomass in different fertilization regimes were 
compared using a one-way analysis of variance (ANOVA) and Tukey’s 
honestly significant difference test (Tukey’s HSD). Since the data for 
the branch attributes of the investigated trees had a hierarchical 
structure, linear mixed-effects models (Equations 1 and 2) were used 
to assess the significance of variations in treatment for branch 
attributes at the tree and branch level.

 ( )pt F p pt tree levely = µ + + ϕ + ϕϑ
  (1)

 ( )ptbr F p pt ptbr branch levely = µ + + ϕ + ϕ + ϕϑ
  (2)

Where y was observed value; μ was the overall mean; ϑF was the 
effect of fertilization regimes; φp, φpt, and φptbr were the random effects 
for plot (p), tree (t), and branch (br), respectively.

The restricted maximum likelihood estimation (REML) was 
employed in the mixed-model analysis, and Tukey’s HSD was utilized 
to conduct multiple range tests between treatments. Generalized 
linear mixed models (GLMM) were utilized for count variables (e.g., 
branch number) in the model-building process, and linear mixed 
models (LMM) were used for continuous variables (e.g., BD and BL). 
The following approaches were used to model the branch attributes. 
The multiple linear regression models were initially run for dependent 
variables with all pertinent independent variables to select potential 
factors. The prospective factors with statistical significance, a 
reasonable ecological explanation, and a variance inflation factor 
(VIF) that was not greater than three were then used to construct the 
mixed effects models. All of the above candidate and random 
components (such as plot and tree effects) were then evaluated using 
likelihood ratio tests (LRT) when a mixed effects model was 
constructed using the REML. Factors at a significance level of 0.05 
were incorporated into models. Generalized linear models (GLM) or 
linear models (LM) were replaced in the absence of any discernible 
random factors. Lastly, the models were updated using the previously 
selected fixed and random components, and the best-fit models were 
picked from a range of variance functions primarily based on model 
simplicity and the Akaike Information Criterion (AIC).
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Model performance was evaluated using the root mean squared 
error (RMSE), which was determined for each model on the original 
data scale. In the case of GLM, the predictive power R2 was calculated 
as the squared correlation between observations and predictions. The 
marginal R2 (Rm

2, only the fixed effects) and conditional R2 (Rc
2, 

including the fixed and random effects) were measured for LMM. The 
associations between the dependent and all independent variables 
were expressed using simulation plots built on the fitting models. All 
statistical analyses and model building were performed using SPSS 
25.0 for Windows (IBM-SPSS Inc., Chicago, IL, United  States) 
(Table 1).

Results

Tree growth

The fertilizing regimes had minimal impact on the HCB and CD but 
markedly increased the TH, DBH, and CR (Table 2). The DBH grew by 
7.8 and 19.5% and the TH increased by 1.9 and 8.2% for HF and WF in 
comparison to CK, respectively. HF and WF produced greater stems, 
branches, leaves, roots, and total biomass than CK (Table  3). WF 
dramatically enhanced the total biomass of each organ compared to 
other fertilizing methods. WF increased the stem biomass by 45.9%, 
branch biomass by 59.8%, leaf biomass by 63.8%, root biomass by 37.7%, 
and total biomass by 48.3% compared to CK, respectively. The rank of 
organ biomass in three fertilization regimes was: stem > root > branch > 
leaf. The fertilization techniques did not, however, have a significant 
impact on the allocation proportion of organ biomass.

Branch quantity and orientation

Amongst the three fertilization regimes, there was a noticeable 
difference in the total number of branches within the crown (Table 4). 
Most branches were in WF, and the fewest were in CK. Branch density 
did not considerably vary in response to fertilization regimes. The 
amount and percentage of branches at the four orientations for each 
fertilization treatment did not differ noticeably (Table 5). Thus, the 
four orientations of the branches within the crown were distributed 
roughly equally.

Branch diameter, length, and angle

Fertilization regimes had no discernible effect on the diameter, 
length, and angle of the C. bungei branches (Table 4). WF dramatically 
increased the biggest branch diameter compared to CK and HF. The 
height of the largest branch in WF was dramatically lowered than 
CK and HF.

Simulation of branch attributes and total 
biomass

Branch number
The number of branches (NB) was strongly correlated with the 

density of branches (DB), fertilization regimes (FR), and tree height 
(TH) (Equation 3). Parameter estimates, standard errors, and 

statistical significance of the intercepts and predictors of the equation 
were displayed in Table 6.

 ln ln lnNB a a DB a FR a TH( ) = + × + × ( ) + × ( )0 1 2 3  (3)

The NB increased with the increase of DB (Figure 1A) and TH 
(Figure 1B). The NB under fertilization was higher than CK, and the 
NB in WF was larger than HF. A larger percentage of the overall 
variation was explained by the model (R2 = 0.804). The accuracy of the 
model was likewise great (RMSE = 1.150).

TABLE 1 Summary of the abbreviation and symbol.

Abbreviation Indices 
implication

Precision

Fertilization

FR Fertilization regime /

CK No fertilization /

HF Hole fertilization /

WF
Integration of water and 

fertilizer
/

Tree indices

TH Tree height 0.01 m

DBH Diameter at breast height 0.01 cm

HCB Height of crown base 0.01 m

CR Crown ratio /

CD Crown diameter 0.01 m

Branch indices

BD Branch diameter 0.01 mm

BL Branch length 0.01 m

BA Branch angle 1°

BH Branch height 0.01 m

DB Density of branch /

NB Number of branch /

Biomass indices

LB Leaf biomass 0.01 kg

BB Branch biomass 0.01 kg

SB Stem biomass 0.01 kg

RB Root biomass 0.01 kg

TB Total biomass 0.01 kg

Model descriptors

a, b, c, d
Coefficients of fixed 

effect and intercept
/

p, pt., ptbr
Subscripts for plot, tree, 

and branch
/

α, β, γ
Variance component 

(random effect)
/

ln() Natural log-link /

RMSE Root mean squared error /

Rc
2, Rm

2
Conditional and 

marginal R2
/
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Branch diameter
Branch diameter (BD) was closely associated with branch length 

(BL) and angle (BA) (Equation 4). Parameter estimates, standard 
errors, and statistical significance of the intercepts, fixed and random 
effects of the equation were presented in Table 6.

 ( ) ( )0 1 2 ptbrln BD b b ln BL b BA= + × + × + α
 (4)

Branch diameter was positively correlated with branch length 
(Figure  2A) and angle (Figure  2B). Branch length had a higher 
impact on branch diameter than branch angle across the whole 
range of our dataset under consideration. The current model had a 
modestly low level of precision (RMSE = 9.300 mm), and it only 
adequately explained about 40% of the overall variance (Rm

2 = 0.363, 
Rc

2 = 0.370).

Branch length
The model showed that branch length (BL) was significantly 

correlated with branch diameter (BD), height (BH), and angle (BA) 
(Equation 5).

 ( ) ( )0 1 2 3 ptbrln BL c c ln BD c BH c BA= + × + × + × + β
 (5)

Across the whole range of the datasets we gathered, branch length 
increased as branch diameter did (Figure 3A), but it decreased when 
branch height and angle did (Figures 3B,C). Branch height and angle 
were less influential factors in determining branch length than branch 
diameter. The current model performed well in terms of prediction 
accuracy (RMSE = 0.882 m), accounting for around 50% of the overall 
variance (Rm

2 = 0.453, Rc
2 = 0.457).

Branch angle
In our study, branch angle was significantly correlated with branch 

height (BH), diameter (BD), and length (BL) (Equation 6).

( ) ( ) ( )0 1 2 3 pt ptbrln BA d d BH d ln BD d ln BL= + × + × + × + γ + γ
 (6)

The branch angle increased as branch diameter increased 
(Figure 4B), but it reduced when branch height (Figure 4A) and length 
(Figure 4C) increased. The influence of branch diameter on branch 
angle was stronger than that of branch height and length across the 
entire range of our investigated datasets. The model had a good level 
of precision (RMSE = 5.8°), and it described a significant amount of 
the overall variation (Rm

2 = 0.717, Rc
2 = 0.723).

Total biomass
We developed the models that combined individual tree biomass 

and growth parameters such as tree height, DBH, crown width, and 
so on, and discovered that a single index (DBH) or two indexes (H and 
DBH) can better predicted biomass, with adj-R2 reaching 0.95 
(Table 7). The models of H-TB, CW-TB, and H:DBH-TB with adj-R2 
only ranging from 0.34 to 0.53 had lower predictive ability for TB.

Discussion

Tree growth and biomass

Our results showed that fertilization regimes (i.e., WF and HF) 
significantly increased the tree height, DBH, and organ biomass in the 
C. bungei forests compared to no fertilization. The fertility of the soil 

TABLE 3 Summary of biomass partitions of the felled Catalpa bungei.

Biomass CK HF WF

Stem (kg) 40.13 ± 4.64 b 47.09 ± 2.16 b 58.55 ± 7.00 a

Stem ratio (%) 46 ± 1 a 48 ± 2 a 45 ± 2 a

Branch (kg) 16.10 ± 3.67 b 17.98 ± 2.84 b 25.73 ± 4.33 a

Branch ratio (%) 19 ± 3 a 18 ± 2 a 20 ± 2 a

Leaf (kg) 9.03 ± 1.62 b 9.95 ± 1.72 b 14.79 ± 0.98 a

Leaf ratio (%) 10 ± 1 a 10 ± 2 a 12 ± 1 a

Root (kg) 21.82 ± 2.73 b 23.25 ± 2.91 b 30.05 ± 1.81 a

Root ratio (%) 25 ± 4 a 24 ± 2 a 23 ± 2 a

Total (kg) 87.08 ± 9.93 b 98.27 ± 5.26 b 129.12 ± 12.21 a

Mean ± SD was shown. The different letters in the same row indicated significant differences 
between fertilization regimes at the 0.05 level (Tukey’s HSD).

TABLE 4 The branch attributes of Catalpa bungei undergoing three 
fertilization regimes.

Branch attributes Fertilization regimes

CK HF WF

Branch number 25 ± 5 b 29 ± 4 ab 32 ± 4 a

Branch density (branches·m−1) 4.64 ± 0.67 a 4.75 ± 0.63 a 4.71 ± 0.72 a

Branch diameter (mm) 23.21 ± 11.31 a 23.24 ± 11.40 a 24.73 ± 12.36 a

The largest branch diameter 

(mm)
55.25 ± 15.01 b 57.17 ± 12.42 b 64.81 ± 15.68 a

Height of the largest branch (m) 4.49 ± 0.93 a 4.37 ± 0.87 ab 3.65 ± 0.81 b

Branch length (m) 1.94 ± 0.83 a 1.91 ± 0.81 a 2.10 ± 0.88 a

Branch angle (°) 33 ± 15 a 31 ± 15 a 34 ± 15 a

Mean ± SD was shown. The abbreviations saw Table 1. The different letters in the same row 
indicated significant differences between fertilization treatments at the 0.05 level (Tukey’s 
HSD).

TABLE 2 The sampled tree attributes of Catalpa bungei.

Fertilization TH (m) DBH (cm) HCB (m) CD (m) CR

CK 8.98 ± 0.42 b 12.57 ± 0.62 c 3.51 ± 0.54 a 3.15 ± 0.64 a 0.61 ± 0.06 b

HF 9.15 ± 0.30 ab 13.55 ± 0.35 b 3.06 ± 0.30 a 3.32 ± 0.34 a 0.66 ± 0.04 ab

WF 9.72 ± 0.53 a 15.02 ± 0.56 a 2.91 ± 0.70 a 3.69 ± 0.31 a 0.70 ± 0.07 a

Mean ± SD was shown. The different letters in the same column indicated significant differences between fertilization regimes at the 0.05 level (Tukey’s HSD). CR = (TH − HCB)/TH. The 
abbreviations were referred to Table 1.
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and availability of nutrients needed for plant growth are improved 
through soil fertilization (Tumushime et al., 2019; Yang and Karban, 
2019; Li et al., 2021). In this study, the WF forests had greater tree 
growth and organ biomass than the HF forests did. Tree absorption 
and utilization for liquid fertilizer were superior to solid fertilizer, 
producing more biomass in the WF forests (Ma et al., 2019; Guan 
et al., 2022). The forest serves as a massive biomass carbon reservoir 
while also conserving water. Thus, WF forests may be recommended 
in terms of exhibiting greater water conductivity and carbon storage 
capabilities. Moreover, the DBH-TB model stated that it was possible 
to compute the total biomass of trees fairly quickly and efficiently, 
saving both time and labor, by precisely determining the DBH value.

Branch quantity
The H:D (i.e., TH: DBH) and crown ratio (i.e., CR) can 

be generally used as the indicators of tree vigor. The findings on the 
Scots pine and Norway spruce demonstrated that greater tree vigor 
increased the number of branches in a whorl (Kellomäki and Tuimala, 
1981; Hein et  al., 2007). Similarly, our results also indicated that 
fertilizer input obviously improved the CR and branch quantity 

compared to non-fertilizer added. Furthermore, WF considerably 
increased the tree height and crown ratio compared to HF, which may 
result in an increase in branch number. However, our study was not 
partly in line with the reports on Tectona grandis, where the number 
of total branches was proved to be not affected by fertilization (Chen, 
2020). Weiskittel et al. (2007) also found that the branch numbers of 
the coastal Douglas-fir were not related to the fertilizer input. But, 
instead, our results seemed to be in agreement with observations of a 
positive relationship between the number of branches and height 
growth in Norway spruce (Colin and Houllier, 1992; Klang and Ekö, 
1999), and our study showed that fertilization increased the annual 
height growth of the stem. Another finding in our study was that the 
branch quantity in the WF forests was higher than that in the HF 
forests. These differences in the above studies might originate from the 
differences in fertilizer types, duration, and frequency in different 
fertilization regimes. In addition, the varying results among studies 
may also be potentially attributable to differences in soil attributes and 
species morphology/physiology.

The fertilized trees exhibited bigger crowns than the control trees 
due to their enhanced height and branch growth. The competition for 

TABLE 5 The branch quantity at four orientations of Catalpa bungei undergoing three fertilization regimes.

Fertilization East-North (0–90°) East-South (91–180°) West-South (181–270°) West-North (271–360°)

Number Proportion Number Proportion Number Proportion Number Proportion

CK 7 ± 3 a 0.28 ± 0.12 a 7 ± 2 a 0.28 ± 0.08 a 6 ± 2 a 0.23 ± 0.06 a 5 ± 2 a 0.22 ± 0.10 a

HF 8 ± 3 a 0.28 ± 0.08 a 8 ± 1 a 0.27 ± 0.06 a 7 ± 3 a 0.24 ± 0.09 a 6 ± 2 a 0.22 ± 0.05 a

WF 9 ± 3 a 0.26 ± 0.09 a 7 ± 2 a 0.23 ± 0.06 a 8 ± 3 a 0.24 ± 0.06 a 8 ± 1 a 0.27 ± 0.05 a

Mean ± SD was shown. The abbreviations saw Table 1. The different letters in the same column indicated significant differences between fertilization treatments at the 0.05 level (Tukey’s HSD).

TABLE 6 Parameter estimates of fixed and random variables of the Equations (3–7).

Equations Response 
variables

Regression 
parameters

Predictor 
variables

Estimate Standard 
error

Significance

(3) NB

a0 Intercept −0.116 1.013 0.910

a1 DB 0.179 0.032 <0.001

a2 FR 0.121 0.053 0.038

a3 TH 1.142 0.449 0.023

(4) BD

b0 Intercept 2.481 0.023 <0.001

b1 BL 0.909 0.017 <0.001

b2 BA 0.002 0.001 0.011

αptbr 0.005 0.002 0.04

(5) BL

c0 Intercept −1.604 0.098 <0.001

c1 BD 0.830 0.021 <0.001

c2 BH −0.053 0.007 <0.001

c3 BA −0.002 0.001 0.003

βptbr 0.005 0.002 0.016

(6) BA

d0 Intercept 3.487 0.278 <0.001

d1 BH −0.115 0.017 <0.001

d2 BD 0.218 0.098 0.026

d3 BL −0.212 0.102 0.038

γpt 0.005 0.001 0.047

γptbr 0.054 0.013 <0.001

The abbreviations were referred to Table 1.
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light, thus, may be more intense in WF and HF stands. The base of the 
green crown was, however, lower in WF and HF forests than in 
non-fertilized forests, but the difference was small. This indicated that 
light limitations had not resulted in increased branch mortality at the 
bottom of the canopy in WF and HF stands. The fact that there were 
fewer living branches at the bottom of the canopy in control stands 
was probably the effect of low nutrient availability in 
non-fertilized stands.

Branch diameter
Branch characteristics, such as branch diameter, length, and angle, 

control the crown architecture and have a substantial impact on stem 
growth and knot development (Hein et al., 2008; Forrester et al., 2012; 

Nelson et  al., 2014). Our investigation found that fertilization 
schedules only increased the diameter of the largest branch but had 
no discernible impacts on the mean diameter and length of the 
branches. The results were partly different from the previous reports 
on Tectona grandis (Chen, 2020), Pseudotsuga menziesii (Briggs et al., 
2008), as well as Picea abies (Mäkinen et al., 2001). These reports all 
concluded that fertilization had a positive effect on the branch size. 
Branch diameter was directly correlated with the age and size of the 
trees. The C. bungei species under investigation was young (i.e., 6 years 
old), hence the influence of fertilization on branch growth was not 
fully reflected. As a tree ages, the effect of fertilization on mean branch 
diameter would progressively become apparent; however, for the 
largest branch in the crown, as branches with large diameters were 
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also longer, competition effects between trees first became apparent 
on the larger branches. Furthermore, the position of the main branch 
on the stem is crucial to forest managers since it may shed with serious 
knot-related issues. Fertilization decreased the height of the biggest 
branch in the current study. That is to say, trees in the fertilization 
stands gave lower branches a preference for nutrients, which facilitated 
their rapid growth. Hence, pruning at the appropriate time improves 
the quality of the wood at the most desirable stem portion (e.g., below 
6 m in the stem).

Branch angle
The angle at which the branches are attached to the stem has a 

significant impact on the wood’s quality and the shape of the crown 
(Kantola and Mäkelä, 2004). On a particular tree, the factors of gravity, 
light availability, and reaction wood production dominate in 
determining branch angle. Also, the social position of the trees in the 
stand can significantly affect the branch angle (Maguire et al., 1994; 
Weiskittel et al., 2007). Hence, branch position inside the crown and 
branch diameter had a major role in determining branch angle in this 

study. The models used in the current study demonstrated that as 
branch height fell near the crown base, branch angles became flatter.

Steep branch angles can prolong the time that branch stubs are 
occluded, which can result in severe wood defects including 
discoloration and knots (Hein, 2008; Danescu et al., 2015; Wang et al., 
2015). In this study, fertilization did not seem to have much of an 
impact on the mean branch angle. The results had also been 
acknowledged by studies on Picea abies (Mäkinen et al., 2001) and 
Tectona grandis (Chen, 2020). However, research on Scots pine had 
indicated that branch angle was only marginally correlated with site 
fertility and stand structure (Mäkinen and Uusvaara, 1992). These 
different results might be properly explained by their differences in 
age, branching habits of species, and other compound effects. In our 
study, The tree-level variance component of the mixed model 
explained a moderate part of the total variation in branch angle, i.e., 
branch angles within a tree were correlated and the between-tree 
differences could not be completely explained by the fixed tree or 
stand variables. This may be the effect of the moderate heritability of 
the branch angle (Haapanen et al., 1997).
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Research limitation and prospect

The development of crown branches is influenced by a variety of 
factors, including site characteristics, stand density, management 
techniques, and tree growth potential. However, due to the limitations – a 
young stand age and a small number of sample trees – the models given 
are not suitable for widespread application. The impact of other aspects 

must also be taken into account while creating a large-scale model. A 
future study based on more extensive data from various geographic 
regions is required to create models that might be broadly utilized.

Tree branches develop inconsistently at every age stage. The 
competition between branches for water, light, and nutrients 
intensifies as trees get older, which leads to natural pruning and 
inevitable disruption of the branch indexes. Furthermore, the size of 
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TABLE 7 The relationships between biomass of individual plant and growth index.

Equations RSS Adj-R2 F p

(7) TB = −169.27 + 29.53 × H 3121.35 0.53 20.22 0.00036

(8) TB = −132.40 + 17.30 × DBH 352.63 0.95 304.61 <0.00001

(9) TB = 17.32 + 25.83 × CW 4382.91 0.34 9.79 0.00647

(10) TB = 318.21–314 × (H:DBH) 4054.34 0.39 11.88 0.00331

(11) TB = −158.99 + 5.32 × H + 15.64 × DBH 286.56 0.95 177.43 <0.00001

H, DBH, CW, and H:DBH referred to tree height, diameter at breast height, crown width, and the ratio of H and DBH, respectively. TB, total biomass; RSS, residual sum of squares; Adj-R2, 
adjust R2.
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knots as well as the diameter, angle, and length of branches are 
significantly influenced by stand density. In the future, research on the 
development of large-diameter timber without knots in C. bungei 
plantations could focus on the importance of reasonable afforestation 
density and appropriate tending measures.

Conclusion

This study looked into the effects of several fertilization methods 
on the branch properties and tree growth. The biomass and 
development of C. bungei stands were positively impacted by 
fertilization. Water and fertilizer integration produced greater biomass 
and growth in comparison to hole fertilization. The number of live 
branches at age 6 years was greater on trees that had received HF and 
WF fertilization. Certain branch characteristics, like diameter, length, 
and angle, were not discovered to be significantly more sensitive to 
various fertilization regimes. Only the size and height of the largest 
branch, which was typically concerned with the quality of the wood 
at the lower stem section, were related to fertilization. With a high 
prediction accuracy and a clear understanding of the relationships and 
influencing variables between branch attributes, the mixed effect 
models of branches (including number, diameter, angle, and length) 
developed in this work might be utilized to forecast the dynamic 
evolution of the C. bungei crown. The established models could serve 
as a guide for producing high-quality wood from other valuable tree 
species in northern China.
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