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Height to crown base is a main component of crown structure to understand the
growth of the tree. It is essentially important to construct a comprehensive height
to crown base model to facilitate the application in forest management practice
decision making. Measurements from a total of 13,822 trees across 159 sample
plots developed in the forest stands of Larix kaempferi plantations in Liaoning and
Hubei provinces were used to fit the model. Variables of tree size, competition,
climate, and thinning practice were considered in the model development. A dummy
variable approach was used to analyze the effects of initial planting density and
study area on height to crown base, and the interaction between initial planting
density and competition was also considered in the height to crown base model.
A nonlinear mixed effects model was developed to eliminate heteroscedasticity
at the sample plot level. The results showed that the logistic model had the best
performance and was therefore selected as the base model. Total tree height and
height-diameter ratio from tree level variables, stand basal area of competition
variables, spring degree-days below 0°C (DD_0_sp) of climate variables, and
thinning variables showed significant contributions to height to crown base and
were finally included in the final model. Height to crown base increased with the
increase in total tree height, competition, height-diameter ratio, thinning intensity,
and decreased with the increase in DD_0_sp and logarithmic transformation of
altitude. Large initial planting density resulted in a rise in height to the crown base.
The relative contributions of each group of variables to height to crown base were
as follows: tree size (41.7%) > competition (27.3%) > thinning (24.5%) > interaction
of competition and thinning (3.2%) > climate (2.4%) > site quality (0.9%). The model
reveals that thinning mitigates the impact of competition on height to crown base,
especially for trees from Hubei province.This comprehensive model provides a
robust tool for optimizing Larix kaempferi plantation management strategies and
will lay a foundation to conduct forest management strategies decision.
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1 Introduction

Forest canopy is important in determining the structures of the
forest stand and affecting tree development within stand (Pan et al.,
2020; Wang et al., 2022; Qin et al., 2022). The distribution of tree
crowns affects the canopy structure and photosynthesis capacity
through its effects on light penetration and absorption (Monsi and
Saeki, 2005; Gao et al, 2023a). Crown dimensions are generally
characterized by horizontal characteristic (e.g., crown width) (Sharma
et al,, 2016; Liu et al., 2025), vertical feature (e.g., crown length)
(Sattler and LeMay, 2011) and three-dimensional occupation (e.g.,
crown volume) (Aryal et al, 2023), and is a reflection of tree
interactions with their surrounding environment (Martin et al., 2021;
Wang et al., 2024). Crown length or height to crown base indicated the
vitality of the tree and has been successfully incorporated into tree
growth models (Sporek and Sporek, 2023; Jia and Chen, 2019; Sattler
and LeMay, 2011). Due to the complexity of topography and forest
environment for a dense stand, directly measuring height to crown
base is almost impossible (Fu et al., 2017). Therefore, it is essentially
important to develop a height to crown base model to facilitate its
incorporation into the forest growth and yield system (Shi et al., 2022;
Vi et al.,, 2023). Despite many heights to crown base models for a
variety of tree species having been developed (Rijal et al., 2012; Torita
et al., 2024; Yan et al,, 2024), a comprehensive model considering
initial planting density and thinning practice is still limited.

The original motivation for developing height to crown base
model is to simulate the recession of tree crown (Ledermann, 2011).
The static model relies on allometric relationships between height to
crown base and tree size, stand attributes, neighbor tree competition,
as well as the climate variables (Garber et al., 2008). Otherwise, the
dynamic approach directly predicts the change in height to crown base
by developing a function including only initial forest stand conditions
(Hann and Hanus, 2004). In addition, the dynamic height to crown
base can be developed using the branch mortality technique, which
seems more complicated (Jia and Chen, 2019). Due to the lack of
repeated measurements, developing a static model is more common
compared to the dynamic model (Garber et al., 2008; Liu et al., 2024).
An accurate height to crown base model is more useful in the crown
shape description and thus provides a reference for the forest
management practice decision based on the crown thinning (Dagley
etal, 2023; Tong et al., 2024). However, the application of static model
is still limited because the information on historical forest stand
structure has not been included in the model. Initial planting density
is an important forest management practice that affects the inter-tree
competition, mortality of individual trees, and stiffness of trees
(Antony et al., 2012; Zhang et al., 2017). The increasing stand density
increases crown recession; otherwise, crown recession will be slowed
in the condition of reducing stand density by thinning (Short and
Burkhart, 1992). Thinning has been tested and regarded as an
important practice to improve the performance of tree growth model
(Barbeito et al., 2008; Jia et al., 2021; Dagley et al., 2023). However,
initial planting density and thinning have not been incorporated into
height to crown base model at present.

Height to crown base development is also attributed to
competition, because the intense competition will result in more
rapid mortality for the branches from the lower part of crown
(Antos et al,, 2010). Therefore, it is essentially important to avoid
under-prediction in sparse forest stands and over-prediction in
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dense stands for height to crown base prediction. Sharma et al.
(2018) developed a height to crown base model by comparing
distance-related competition variables and distance-independent
competition variables and found that the distance-related
competition variables showed better performance. Climate is also
an important factor that affects the characteristics of crown (Yan
et al., 2024; Zhou et al., 2024; Yan et al., 2023; Chhin et al., 2008).
Shi et al. (2022) evaluate the influence of tree height, forest stand
competition, site conditions, and climate on height to crown base
modeling. The results indicated that large tree height and intense
competition increased the height to crown base, and climate also
significantly affected the model performance. Exponential and
logistic equations were commonly used as base models in the height
to crown base model development (Rijal et al, 2012; Duan
etal., 2018).

Larix kaempferi is a main economic tree species that has been
introduced in China for more than 110 years (Gao et al., 2023b).
Because of the characteristics of fast growth, good quality, strong
resistance, and wide adaptability, Larix kaempferi is widely planted in
northern China and sub-high mountainous areas of southern China.
The initial planting density and thinning strategy for Larix kaempferi
plantation across the planting area in China are sophisticated and
inconsistent. Therefore, it is challenging to analyze the variations of
forest management strategies on height to crown base. We aimed to
develop a comprehensive nonlinear mixed effects height to crown base
model for planted Larix kaempferi in China, incorporating initial
planting density, thinning strategy, climate, and competition factors.
The results will lay a foundation for linking the crown development,
tree growth, and wood quality for Larix kaempferi.

2 Materials and methods
2.1 Study area description

Dagujia forest farm and Changlinggang forest farm, characterized
by different climate characteristics, were the locations to conduct our
field investigation. Dagujia forest farm (124°47'-125°12'E, 42°22'-
42°16'N) is from Liaoning province of Northeast China, and
Changlinggang forest farm (110°00"-110°04'E, 30°47’-30°50'N) is
from Hubei province of central China. The present study was
conducted at these two forest farms because the two sites are nearly
the northernmost and southernmost areas suitable for the normal
growth of Larix kaempferi plantation. The elevation of Dagujia forest
farm ranges from 200 to 600 meters. The annual average temperature
is 6.3°C, the extreme maximum temperature is 34°C, and the extreme
minimum temperature is —34°C. The average annual precipitation is
600 mm, mainly concentrated from July to September. Frost-free days
in 1 year is about 137 days, and the type of soil is mainly Alfisol.
Changlinggang forest farm is characterized by a north subtropical
monsoon mountain temperate climate. The range of altitude is 1,600
1900 m. The annual average temperature is 13.5°C, the extreme
maximum temperature is 29°C, and the extreme minimum
temperature is —17.2°C. The average frost-free days per year is about
250 days. The annual precipitation is 1,600 mm, mainly concentrates
from July to September. The type of soil is mountainous brown soil.
Larix gmelinii, Pinus massoniana, and Cunninghamia lanceolata are
the main tree species.
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2.2 Data collection

An investigation at Dagujia forest farm was conducted in 2017
and 2018. A total of 17 forest stands with complete appearance and
different ages were selected to develop permanent sample plots. In
2017, a total of 96 permanent sample plots, each with an area of 0.08
hectare (approximately 28.3 x 28.3 m?), were developed from 14 forest
stands with ages ranging from 4 to 34 years. In 2018, a total of nine
permanent sample plots with an area of 0.06 hectare for each plot
(20 x 30 m?) were developed from the remaining three forest stands
with age ranging from 12 to 20 years. Thus, 105 sample plots were
developed with current densities from 388 to 2,850 trees per hectare,
and with an initial planting density of 2,500 or 3,300 trees per hectare.
The field investigation at Changlinggang forest farm was conducted
from June to August in 2019 and 2022. In 2019, six permanent sample
plots, each measuring 0.06 hectares (20 x 30 m?), were developed for
each of the forest stands aged 5-42 years. In 2022, a supplementary
field study was conducted at three additional forest stands aged
19-36 years. Six plots, each sized 0.06 hectare (20 x 30 m?), were
developed from each forest stand. Therefore, a total of 78 permanent
sample plots were developed at Changlinggang forest farm, with the
current density ranging from 183 to 1,667 trees per hectare, and an
initial planting density of forest stands of 1,667 or 2,500 trees per
hectare. The detailed description of the initial planting density and
historical forest management practices for each sample plot are shown
in Table 1.

TABLE 1 Descriptive information of the initial planting density and
thinning practice for the sample plots used in the height to crown model
development.

Study  Number Initial Thinning  Thinning
area of planting time intensity
sample density
plot (Trees-ha™)
12 2,500 0 0
33 3,300 0 0
3 3,300 1 43.67%
32.14%,
9 3,300 2
15.63%
Liaoning 36.01%,
province 6 3:300 2 16.92%
35.04%,
12 3,300 2
20.06%
34.35%,
12 3,300 3 42.51%,
10.39%
24 1,667 0 0
6 1,667 2 17.5%, 17.5%
12 2,500 1 22.5%
Hubei 12 2,500 2 17.5%, 25%
province 22.5%, 27.5%,
6 2,500 3
25%
17.5%, 25%,
6 2,500 3
17.5%
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The measurements for the attributes of all trees from each plot
were conducted and recorded in the field. Diameter at breast height
(DBH, cm), tree height (HT, m), and height to the crown base (HCB,
m) were measured. Crown width (CW, m) from four directions was
measured with a measuring tape. Height-diameter ratio (HDR) was
calculated as the ratio of total tree height to diameter at the breast
height. Dominant tree height (HT;,,,, m) was defined as the average
tree height for the eight trees with the largest tree height from the
0.08-hectare plots and six trees from the 0.06-hectare plots. The sum
of the basal areas of trees larger than the subject tree (BAL, m*ha™"),
the number of trees with DBH larger than the subject tree (LDN,
trees-ha™) and the stand basal area per hectare (BA, m*ha™') defined
as the ratio of the sum of basal area for each tree in the plot-to-plot
area were calculated. Trees from each plot were screened for the
preliminary inspection, and those with unreasonable measurements
or other tree species in the sample plots were excluded. Only the plots
with complete records of thinning times and thinning intensity were
used in the height to crown base model development. Finally, a total
of 87 plots from Dagujia forest farm and 78 plots from Changlinggang
forest farm were used to fit the height to crown base model. Table 2
shows detailed information about the stand characteristics of each
sample plot. A total of 13,822 trees from 165 sample plots were used
to develop the height to crown base models for Larix
kaempferi plantations.

2.3 Base model selection

Among all the predictors, height to crown base is mostly related
to tree height. Therefore, height to crown base is first modeled by
using total tree height as the sole variable. Logistic function and
exponential function (Wykoff et al., 1982; Soares and Tome, 2001)
were used as base models, and the three models finally used and
compared were listed in Table 3. All three base equations were fitted
by ordinary least squares estimation. Ra*, AIC, and RMSE were used
to compare models (Equations 1-3).

R2=1- N (1)
(n-p-1)xX(yi-7)
i=1
(2)
(3)

2.4 Base model extension

Tree variable, competition variable, site quality, climate variable,
initial planting density, and thinning intensity were added to the
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TABLE 2 Statistics for the variables used in the height to crown base
model development.

Levels Variables Mean Std. Min. Max.
Tree level HCB (m) 5.8 5.0 0.1 24.1
HT (m) 12.9 6.2 0.9 34.7
DBH (cm) 11.8 5.9 0.6 38.1
HDR 1.1 0.2 0.2 2.8
BAL (m*ha™") 1.5 2.9 0 27.5
LDN 746.9 557.4 0 2,800
Stand level HD (m) 17.9 6.7 5.7 32.5
BA (m*ha™) 17.3 8.2 1.4 35.4
LNE 6.6 0.7 5.7 7.6
TE 0.1 0.1 0 0.4
SLC 23 9.5 -29.9 289
SLS —0.1 2.9 -10.3 9.9

HCB is height to crown base, HT is total tree height, DBH is diameter at the breast height,
HDR is height-diameter ratio, BAL is the basal area of the trees larger than the subject tree,
LDN is the number of trees with DBH larger than the subject tree, HD is, BA is the stand
basal area per hectare, LNE is logarithmic transformation of altitude, TE is thinning
intensity, SLC is slope percentage multiplied by cosine of slope direction, SLS is slope
percentage multiplied by sine of slope direction.

TABLE 3 Models used to fit the base height to crown model.

Model Equation Model Interval Source

number form

(1) HCB=HT/ Logistic (0, HT) Ritchie and
[1 + exp.(aX)] Hann (1987)

) HCB=HT*[1- Exponential | (—oo, HT) Wykoff et al.
exp(aX)] (1982)

3) HCB=HT*exp. Exponential | (—oo, HT) Soares and
[-@X)] Tome (2001)

HCB is height to crown base, HT is total tree height, a is a parameter, and X is the
independent variable.

base model. All the variables and combinations of different variables
have been tried to incorporate into the model. The fitting accuracy
of each model and significance of parameter test were combined to
select the best model. In addition, the biological sense of the
parameter estimates was also considered. In detail, the tree level
variables included HT, DBH, CW, and HDR. The competition
variables considered were BA and BAL, site factor of HT,,,,
logarithmic transformation of altitude (InE), slope percentage
multiplied by cosine of slope direction (SLC), slope percentage
multiplied by sine of slope direction (SLS), and LDN. The climate
variables were generated following Ma et al. (2024). Initial planting
density was added using a dummy variable approach. To further
analyze the effects of thinning on the change of height to crown base
of individual trees, we further developed an index by considering the
thinning intensity and the thinning intervals, and added it to the
height to crown base model. Jia et al. (2021) developed an index for
forest stands, conducted only once at the time of thinning, using a
ratio between the thinning intensity and stand age when the
thinning practice was implemented. In our study, we developed a
comprehensive index for conducting two and three times of thinning
by taking the thinning time effect into consideration. For the forest
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stands conducted thinning practice one, two, and three times, a
comprehensive thinning effect could be shown as Equations 4-6.

 TIx(Age—Age;)

TE, = 4
! Age; +(Age—Agel) @
IE, :Tllx(Age—Agel)-i—TIz x(Age—Age,) )
Age; +(Age— Agey )
TE, = TIy x (Age —Age; ) +TI, x (Age —Age, ) +T15 x (Age - Age3) ©)

Age; + (Age - Agel)

Where TE; were the thinning indices for the forest stands
conducting thinning for one (i=1), two (i=2), and three times
(i =3), respectively; TI,, TL, and TI; were the thinning intensities for
the first time, second time, and third time, respectively; Age is forest
stand age for the current time, Age,, Age, and Age; were the forest
stand ages for the first thinning, second thinning and third thinning.

To avoid the problem of over-parameterization results from the
increasing number of variables included in the model, only one
variable from each type was selected and added to the final model. The
multicollinearity of the model was examined using the variance
inflation factor (VIF). VIF is larger than 10, indicating a problem of
multicollinearity between variables. Considering the hierarchical
structure and the possible correlation between the trees nested in the
plots, a nonlinear mixed effects model was developed by introducing
random effects at the plot level (Yan et al., 2024; Yang and Huang,
2018). A residual plot was used to detect the efficiency of
heteroscedasticity elimination by using the power equation and
exponential equation. All analyses were conducted through the R
software using nlme package (R Core Team, 2023). Hierarchical
partitioning analysis was used to quantify relative importance of the
independent variables on height to crown base performed by “hier.
part” package of R software (Tong et al., 2025).

3 Results

3.1 Model development of height to crown
base

Based on estimates and biological sense of parameters, as well as
goodness of fit for the three candidate models in Table 3, the logistic
equation was regarded as the best base model with Ra* of 0.76 and
RMSE of 2.48 m. HDR from tree level variables and stand basal area
per hectare from competition variables were finally incorporated into
height to crown base model. DD_0_sp of climate and logarithmic
transformation of altitude of site quality variables were included in the
final model. Subsequently, the thinning index was successfully
incorporated into the height to crown base model. Finally, initial
planting density and study area were added into the model using a
dummy variable approach. The final model is shown as Equation 7,
and the parameter estimates and goodness of fit statistics are shown
in Table 4. The final model had Ra? of 0.9297, AIC of 46,789, and
RMSE of 1.3137 m. All parameter estimates were significant at the
significance level of 0.05, and they had biological significance. It
indicated that competition, climate, site quality, and thinning practice
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significantly affected height to crown base. All parameters for the
dummy variables were significantly different at the significance level
0f 0.05, indicating that initial planting density had a significant impact
on the height to crown base of trees from Liaoning and
Hubei provinces.

HT

a+(mxY, +m,xY, +m3><Y3)><BA+c><HDR+d><DDnSP + )
1+ e(nlxXl +1,%x X, )XLNE+ f xTE+gxBAXTE

HCB=

Where HCB is height to crown base; HT is total tree height; BA is
stand basal area per hectare; HDR is height-diameter ratio; DD_0_sp
is spring degree-days below 0°C; TE is the comprehensive index
related to thinning practice. Y, = 1, Y, = 0, Y; = 0 indicated the initial
planting density of 1,667 tree-ha™; Y, =1, Y, = 0, Y; = 0 indicated the
initial planting density of 2,500 tree-ha™; Y;=1, Y, =0, Y,=0

-1

indicated the initial planting density of 3,300 tree-ha™, respectively;
X, =1 and X, = 0 represented Liaoning province, X, =0 and X, = 1

represented Hubei province.

3.2 Mixed effect HCB model

A nonlinear mixed effects HCB model at the plot level for Larix
kaempferi was developed. The combinations of more than two random
effect parameters lead to non-convergence or insignificant estimates.
Finally, the parameter of m,, regarded as a random effect, had the
largest Ra’, and the smallest AIC and RMSE (Table 4). Compared to
the base model, Ra? of the final mixed model was 0.9316, AIC was
46,642, and RMSE was 1.2954 m, which were better than the base
model. Based on the likelihood ratio test (LRT), the performance of
nonlinear mixed effects model was significantly improved compared

10.3389/ffgc.2025.1635431

to the nonlinear model (LRT = 151.42, p < 0.0001). By comparing the
residual graphs of the base model and nonlinear mixed effects model,
it was shown that heteroscedasticity was improved and the range of
residuals was reduced (Figure 1).

3.3 Effects of variables on the HCB

Based on the parameter estimates for the fixed effect in the mixed
model, we further analyzed the influence of each variable on height to
crown base (Figure 2). The results revealed that height to crown base
of individual trees increased with the increasing of total tree height
(Figure 2A), competition level (Figure 2B), HDR (Figure 2C), and the
thinning intensity (Figure 2I). Height to crown base decreased with
the increasing of DD_0_sp (Figure 2D) and logarithmic
transformation of altitude (Figure 2E). The results from Figure 2 also
indicate that a large initial planting density will increase the height to
crown base in both Liaoning province and Hubei province. Increased
thinning intensity decreased the competition level, and the effect of
interaction of thinning and competition on the height to crown base
was also studied, as shown in Figure 3. It indicated that the height of
crown base rose with the increase in thinning intensity for forest
stands with all the kinds of initial planting densities. The intense
competition level also increased the height to crown base. It firmly
showed that the effect of competition on the height to crown base was
reduced with an increase in thinning intensity, especially for trees
from Hubei province.

Relative contribution for each variable (Figure 4) and different
groups of the data divided by different study areas (Figure 5, A1,A2),
initial planting densities (Figure 5, B1-B3), and different thinning
intensities (Figure 5, C1-C4) were studied. It indicated that the
relative contributions of each group of variables to height to crown
follows: tree size (41.7%) > competition

base were as

TABLE 4 Parameter estimates, random effects variance components, and goodness of fit for the mixed-effects HCB model.

Models Parameter Base model Std. p value Mixed Std. p value
model
a —4.2414 0.2366 <0.0001 —4.2913 0.2343 <0.0001
m, —0.0556 0.0012 <0.0001 —0.0355 0.0099 <0.0001
m, —0.0616 0.0011 <0.0001 —0.0613 0.0016 <0.0001
m; —0.0716 0.0009 <0.0001 —0.0717 0.0009 <0.0001
c —0.6228 0.0180 <0.0001 —0.6181 0.0178 <0.0001
Fixed effect
d 0.0018 0.0005 0.0003 0.0017 0.0005 <0.0001
n, 1.1253 0.0438 <0.0001 1.1323 0.0433 <0.0001
n, 0.8655 0.0318 <0.0001 0.8703 0.0317 <0.0001
f —3.9209 0.0494 <0.0001 —3.8236 0.0585 <0.0001
g 0.2891 0.0045 <0.0001 0.2802 0.0057 <0.0001
0_2 1.5418
Random effect o
(e m, 0.0023
Ra? 0.9297 0.9316
Goodness of fit AIC 46,789 46,642
RMSE 1.3137 1.2954
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(A) represents the influence of HT on height to crown base, (B) represents the influence of BA on height to crown base, (C) represents the influence of
HDR on height to crown base, (D) represents the influence of DD_0_sp on height to crown base, (E) represents the influence of LNE on height to

(27.3%) > thinning (24.5%) > interaction of competition and thinning
(3.2%) > climate (2.4%) > site quality (0.9%). Total tree height, stand
basal area per hectare and thinning intensity were the most important
variables in determining height to crown base with tree height
(36.9%) > stand basal area (24.6%) > thinning intensity (20.71%) for
Liaoning province, and total tree height (33.8%) > thinning intensity
(22.28%) > stand basal area (26.76%) for Hubei province. For the trees
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from different initial planting densities, the most important variables
for the trees from the stand with initial planting density of 1,667 trees
per hectare were thinning intensity (31.53%) > total tree height
(28.97%) > stand basal area (27.57%), total tree height
(23.28%) > logarithmic transformation of altitude (20.76%) > thinning
intensity (19.05) for trees from the stand with initial planting density
0f 2,500 trees per hectare, and total tree height (39.67%) > stand basal
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with the initial planting density of 2,500 trees per hectare.
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FIGURE 3

Effects of the interaction of thinning and competition on the height to crown base of individual trees, A represents trees from Liaoning province with
the initial planting density of 2,500 trees per hectare, B represents trees from Liaoning province with the initial planting density of 3,300 trees per
hectare, C represents trees from Hubei province with the initial planting density of 1,667 trees per hectare, and D represents trees from Hubei province
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FIGURE 4

The relative contributions of variables to the height to crown base
model. HT is total tree height, BA is the stand basal area per hectare,
HDR is height-diameter ratio, DD_O_sp is spring degree-days below
0°C, LNE is the logarithmic transformation of altitude, TE is thinning
intensity, and BATE is the interaction of initial planting density and
competition.

area (24.30%) > thinning intensity (21.06%) for trees from the stand
with initial planting density of 3,300 trees per hectare. We divided the
thinning intensity into four groups; the most important variables for
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most of the groups were tree height, stand basal area, and
thinning intensity.

4 Discussion

Height to the live crown base is an important crown dimension
related to photosynthesis capacity, tree vigor, and wood quality
(Ledermann, 2011; Kuprevicius et al., 2013). The low forest density
increases the branch diameter, especially at the lower crown levels.
Pruning is by far the most common practice to improve wood quality,
resulting in an increased proportion of high-quality timber
(Skovsgaard et al., 2018). However, high-pruning in young forest
stands requires a high input of labor. Thus, the accurate height to
crown base model will provide a prediction for the height to crown
base and provide a reference for the height of pruning. Initial planting
density and thinning intensity are two main factors in changing the
height to crown base of individual trees. We therefore developed a
comprehensive nonlinear mixed effects height to crown base model
for planted Larix kaempferi in China by incorporating initial planting
density and thinning intensity. The planted Larix kaempferi used for
model development ranged from 30°N to 42°N, characterized by
different climates. We used the dummy variable approach to
characterize the two study regions. Therefore, the model developed in
our study can be used in the planted regions for Larix kaempferi. The
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FIGURE 5

interaction of BA and TE.

The relative contributions of each variable to height to crown base of individual trees by different groups, including different study area (Liaoning and
Hubei province, A1,A2), different initial planting densities (1,667 trees/ha, 2,500 trees/ha, 3,300 trees/ha, B1-B3), and different thinning intensities

(0 < TE<0.11, 0.11 < TE<0.22, 0.22 < TE<0.34, 0.34 < TE < 045, C1-C4). HT is total tree height, BA is the stand basal area per hectare, HDR is height-
diameter ratio, DD_0_sp is days below 0°C in spring, LNE is the logarithmic transformation of altitude, and TE is thinning intensity. BATE is the

results will lay a foundation for the forest management strategy
decision making for forest managers.

The logistic model with the best performance in the present study
was selected to fit height to crown base of planted Larix kaempferi,
which was consistent with the conclusions in most literature (Zhou
etal, 2022; Yang et al., 2020; Pan et al., 2020; Shi et al., 2022; Yan et al.,
2024). Tree size, including total tree height and HDR, emerged as the
most influential factor with a relative contribution of 40.59% on height
to crown base, which is similar to the study of Yan et al. (2024) and Shi
et al. (2022). HDR is also a reflection of competition and can
be interpreted as an indicator of social position in the forest stands
(Rijal et al., 2012; Power et al., 2012). Larger HDR indicating intense
competition and a highly competitive forest stand increase the
possibility of crown recession resulting in a larger height to crown
base (Dyer and Burkhart, 1987; Yang and Huang, 2018). In addition,
HDR is also an important variable in estimating biomass and carbon
stock, and assessing access of tree to light resources (Hulshof et al.,
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2015). As an indicator of symmetrical competition in size, the
influence of stand basal area per hectare can be attributed to the
competition for light, water, and nutrients (Yan et al., 2024). Some
researchers have showed that tree facing intense competition tend to
have shorter crown width (Sharma et al., 2016), and the greater
competition for a tree in forest stand resulting in larger height to
crown base which is consistent with the recent studies, such as Yan
etal. (2024) and Shi et al. (2022). In our study, the relative importance
of competition was 28.41%, just smaller than the tree level variable.
Climate has a significant impact on tree growth and stand
dynamics (Bennett et al.,, 2020; Zhou et al., 2021). The influence of
climate also varies with the variables used and the time scales. In our
study, the climate variable of DD_0_sp at the scale of season is
selected, which is inversely proportional to HCB and is the same as
that of the previous study (Yang et al., 2020). The reason may be that
low temperature will affect the physiological activities of Larix
kaempferi, and the more DD_0_sp., the longer the physiological
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(A) represents the influence of HT on height to crown base, (B) represents the influence of BA on height to crown base, (C) represents the influence of
HDR on height to crown base, (D) represents the influence of DD_0_sp on height to crown base, (E) represents the influence of LNE on height to

activities will be inhibited. The terminal buds and lateral buds of trees
grow slowly, and the rate of branch elongation decreases (Cortini
et al., 20125 Bai et al,, 2019; Guo et al., 2024). In order to maintain
survival and basic physiological functions, more energy will be used
to maintain cell activity and repair damage caused by low temperature,
while less energy will be invested in upward growth. The relative
contribution of climate variables in our research is only 2.59% which
is not as great as in the study by Shi et al. (2022). The probable reason
is that the study by Shi et al. (2022) has not considered the effect of
thinning practice. Site factors can represent the site quality and vitality
of sample plots. The better the site quality, the denser the stand density,
and the stronger the growth vitality of trees (Li, 2018). The site quality
showed best performance in our study, which conformed to the study
of Shi et al. (2022). Our study revealed that the height to crown base
of individual trees decreases with the increase of altitude, indicating
that the crown recession rate is lower at high elevations.

Thinning is generally regarded as an effective forest silvicultural
activity to regulate inter-tree competition (Pretzsch, 2009). Short and
Burkhart (1992) developed a variable that expresses thinning effects
by considering basal area before thinning, basal area immediately after
thinning, current age of the forest stand, along with the age at
thinning. Basal area ratio before and after thinning plus time effect
representing the thinning effect on the prediction model of the crown
height increase and decrease of loblolly pine (Short and Burkhart,
1992). Ganbaatar et al. (2021) mainly focused on the effect of thinning
on the horizontal expansion of crown. However, the monitoring for
the thinning effect was only conducted for 5 years, so it was difficult
to reveal the long-term impact of thinning on crown. There was few
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relevant research to add thinning as a factor to the height to crown
base model. Our study revealed that the height to crown base of
individual trees increased with the thinning intensity which is
consistent with our primary analysis between the observed height to
crown base and the thinning intensity (Figure 6). The reason might
be that thinning changed the structure of the stand, increased the
growth environment of the stand, and thus increased the radial growth
of the individual trees. The rise of height to crown base will increase
the sunlight interception and the photosynthesis capacity of individual
trees, leading to an increase in radial growth (Li, 2007). Based on the
permanent sample plots by conducting thinning, the reasons why the
increase of thinning intensity increased the height to crown base will
be further studied in the future.

5 Conclusion

The height to crown base of an individual tree affects crown size,
tree growth, and wood quality of trees. The logistic equation was
selected as the base model to develop height to crown base model. The
height to crown base increased with the increase in total tree height,
competition, HDR, thinning intensity, and decreased with the increase
in DD_0_sp and altitude. Large initial planting density led to a rise in
height to crown base. The effect of competition on the height to crown
base was reduced with an increase in thinning intensity. The relative
contributions of the main variables, including tree size, competition,
and thinning to height to crown base were 41.7, 27.3, and 24.5%,
respectively.
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