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Abstract: Since tree morphological structure is strongly influenced by internal genetic and external
environmental factors, accurate simulation of individual morphological-structural changes in trees is
the premise of forest management and 3D simulation. However, existing studies have few descrip-
tions, and the research on the impact of growth environments and stand spatial structures on tree
morphological structure and growth is still limited. In our study, we constructed a comprehensive
grade model of spatial structure (CGMSS) to comprehensively evaluate individual tree growth states
of the stands and grade them from 0 to 10 correspondingly. In addition, we developed a Chinese
fir morphological structure growth model based on CGMSS, and dynamically simulate the growth
variations of Chinese fir stands. The results showed that the overall stand prediction accuracy of
CGMSS-based Chinese fir diameter at breast height, tree height, crown width and under-living branch
height growth models was more than 94%. According to the analysis of the comprehensive grade
of spatial structure (CGSS) of trees in the stand, except for the prediction accuracy and systematic
error of the under-living branch height growth model at the CGSS = 3-5 levels, the systematic error
of the Chinese fir growth model at each level was lower than 21.2%, and the prediction accuracy was
greater than 73%. Compared with the spatial structural unit (SSU)-based Chinese fir growth model
proposed by Ma et al., all growth models fit better at all levels, except for the CGMSS-based Chinese
fir tree height and under-living branch height growth models that fit significantly lower than the
SSU-based Chinese fir growth model at CGSS = 3-5 levels. In this study, the main conclusion is that
the simulation results of CGMSS’s Chinese fir morphological structure growth model are closer to
the real growth state of trees, achieving accurate simulation of differential growth of trees in different
growth dominance degrees and spatial structure states in forest stands, making visualized forest
management more effective and realistic.

Keywords: tree polymorphism; forest spatial structure grade; growth model; visual simulation;
Cunninghamia lanceolata

1. Introduction

Forest management practices aim to maintain or improve the forest ecosystem func-
tion, product, and service value by changing the spatial and temporal distribution of
forest resources, intra- and inter-competition relationships and stand spatial distribution
pattern [1]. Compared with traditional 2D descriptions, 3D visual simulation technology
can directly reveal differences before and after forest management practices, improve
the understanding of forest management benefits [2], and enrich information expression
approaches [3]. Therefore, realistic individual tree growth and morphological structure
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simulation with high complexity and diversity [4] play a key role in the analysis of the
relationship between tree growth, climate, and spatial environment [5], and is also the
premise of the effective visualization of forest management.

However, forest structure and tree growth have complex and variable characteristics,
which make it difficult to visualize the stand growth [6]. In the early stages, research into
3D visual simulation of stands was mainly focused on the plant function—structure [7-9]
under a given environment, combined with the algorithm of plant growth rules or fractal
geometry [10-12] to simulate and visualize the individual growth process. It can effectively
improve the realism of the tree growth process and reflect tree morphological structure in a
virtual environment using a refined individual tree growth model [9]. However, the visual
simulation of stand growth based on the individual tree model has the characteristics of
forest morphological structure similarity and growth environment ideality [13]. Trees are
usually faced with complex and diverse environments [14] and different spatial structure
of stands during their growth [15]. Therefore, existing research is mainly focused on site
conditions, climate factors and combining the biochemical-physics processes to establish a
tree growth visual model from the perspective of considering environmental factors, such
as using different organ biomass [16-18], and achieve the interactive process between tree
growth and environmental factors. However, existing studies lack interactive feedback
among the target tree and neighboring trees [17], but forest spatial structure parameters
based on the relationship between the target tree and neighboring trees play a key role
in the quantitative description of the forest state [15]. Therefore, some scholars have
realized a visual simulation of forest stands by optimizing forest stand spatial structure
parameters [2,19,20], incorporating one or more independent spatial structure parameters
to construct tree growth models [21-24], etc., or using the spatial structure parameters
as the constraints on tree growth, combined with the tree shape growth model [25-27].
These studies successfully simulated the growth process of tree morphology structure from
different perspectives, which could provide effective technical references for visualizing
the process of forest management practices [28].

However, there is a lack of comprehensive analysis of tree morphological structure
growth changes under different growth potential and spatial structure states in existing
visual simulation studies. The growth models for the visual simulation of forest stands are
mostly focused on the plot-stand growth model, or based on the single-tree model to realize
the visual growth simulation of forest stands [6], resulting in similar growth of trees [26].
They fail to reflect the morphological and structural differences among trees under different
growth states in the stand and lack a true simulation of stand growth [4]. Therefore, it is
essential to comprehensively analyze the growth and spatial structure of different trees in a
stand and to incorporate the differences in tree morphology and structure under different
growth states into the existing growth model to realize the growth polymorphism of the
stand. We took the Chinese fir plantation in the Huangfengqiao State-owned Forest Farm in
Hunan Province, China, as an example. Our main research work is as follows: (1) From the
three dimensions of a single-tree-spatial structure unit-stand, through the comprehensive
analysis of the growth difference of single-tree morphology and structure in the stand, the
comprehensive grade model of forest spatial structure (CGMSS) was constructed to realize
the comprehensive classification of the growth state of forest trees; (2) a growth model
was constructed of Chinese fir morphological structure based on CGMSS to provide the
theoretical basis for the visual simulation of Chinese fir growth; (3) with the help of three-
dimensional dynamic visualization technology, the visual simulation of the polymorphic
growth of Chinese fir forest was realized.

2. Materials and Methods
2.1. Study Area and Data Collection
The study area is in Huangfengqiao State-owned Forest Farm, which is distributed

in a belt across the east and west of Youxian County, Hunan Province, with latitude and
longitude between 113°04 and 113°43' E, 26° 43’ and 27°06" N. The altitude of the forest farm
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ranges from 115 m to 1270 m, with a humid subtropical monsoon climate, average annual
temperature of 17.8 °C, annual precipitation of 1410.8 mm, mid-low mountain landformes,
and the percentage of forest cover is over 90%. For six consecutive years (2012-2017), we
conducted field investigation and sampling in the Huangfengqiao State-owned Forest Farm,
and selected six Chinese fir plantation plots with the same range of forest sites, slopes, aspects,
and elevations (site index:18, aspect: south slope, slope: 5-10°, elevation: 270-320 m), and
used equipment to collect data such as individual tree coordinates, age, diameter at breast
height (DBH), tree height (H), crown width (CW), under-living branch height (UBH)), etc. Its
attribute distribution is shown in Table 1. In this study, the center tree and its four nearest
neighbor trees were used as the spatial structure unit of the tree [29]. To eliminate the influence
of the edge effect of the sample plot, a buffer zone of 5 m was set inward of the sample plot,
and 1787 central trees were calculated, among which 1008 center trees whose adjacent trees
did not change, and 779 center trees whose spatial structure changed due to the death or
thinning of adjacent trees. In this study, 1008 center trees whose adjacent trees have not
changed were used as the modeling data of the tree morphological structure growth model, of
which 70% were used for modeling and 30% were used for testing. The location of the study
area is shown in Figure 1.

Table 1. Statistical table of tree factors in the sample plot.

DBH

: 2
Plot Number Age Span  Quantity/Plant  Area/hm Range/cm H Range/m UBH Range/m CW Range/m
A 17~22 533 0.36 7.1~16.2~28.6 4.3~10.6~18.0 1.7~5.0~9.3 0.6~2.7~3.8
B 23-28 362 04 13.3~22.6~33.4 8.4~15.4~20.2 1.8~8.2~12.2 1.3~2.9~4.2
C 11-16 309 0.25 5.9~14.2~21.2 5.3~9.5~13.5 1.9~4.3~7.5 0.8~2.7~4.0
D 10-15 955 0.48 3.2~11.6~22.4 3.2~8.4~13.7 1.3~4.4~8.0 0.3~2.2~3.8
E 16-21 230 0.36 10.5~20.0~29.8 6.7~12.8~16.8 2.6~6.6~9.2 1.6~3.0~4.5
F 13-18 120 0.16 6.2~16.5~23.2 5.6~11.0~13.8 1.8~6.3~9.5 1.8~3.4~5.6
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Figure 1. Location of study area.
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2.2. Construction of Comprehensive Grade Model of Spatial Structure (CGMSS)

The core of comprehensive, integrated, and three-dimensional reflection of the real
growth state of a stand is a selection of factors or parameters that can express the growth
and spatial structure of different trees in the stand [30], and to evaluate and quantify
them [31]. This paper conducts a comprehensive analysis from the three dimensions of
individual tree—spatial structure unit-stand, and selects tree spatial advantage degree (S),
forest density of stocking (B), direction proportion (DP), neighborhood comparison (U),
crowding (C), and forest competition index based on intersection angle (UCI) as parameters
to quantitatively describe the growth state of trees. A comprehensive grade model of spatial
structural of trees (CGMSS) was constructed using the multiplication and division method
to provide a comprehensive and scientific classification of trees in different growth states.
Among them, S and B reflect the current growth state and potential maximum growth
value of the tree; DP, U, C, and UCI, respectively, reflect the distribution pattern of adjacent
trees, the degree of tree differentiation, the degree of crowding, and the magnitude of the
competitive pressure on the top of the center tree and on the flanks. The smaller the value
of the final calculated comprehensive grade of spatial structure (CGSS), the more sufficient
the space for tree growth and the higher the spatial dominance. The calculation formulas
and meanings describing each parameter index are shown in Table 2. What needs to be
explained is the calculation index of direction proportion proposed in this paper.

Table 2. Calculation parameters of the comprehensive grade of Chinese fir spatial structure.

Model Name Model Expression Explanation

n represents the number of adjacent trees (the
; same as below), and k;; is a discrete variable,
u; = % Y kij which means that when the diameter of the
=1 center tree i is smaller than that of the
adjacent tree j, kij =1, otherwise k; i = 0.

Neighborhood
comparison [32]

C; represents the density of the center tree
i; y;i is a discrete variable, which takes a
value of 1 when the crown of adjacent tree j

. n
Crowding [33] C; = % Y vij
=1 . . L
overlaps with center tree 7, otherwise, it is 0.

When the adjacent tree j is larger than the
center tree i, x; = tan~! %, otherwise
ij

_1H _1 Hi—H;
aq = tan 1d—f;oc2:tan 1255
ij

ij
When the adjacent tree j is larger than the
L. center tree i, C,-]- =1, otherwise C,-]- =0.
a forest competition index based on . .
. . - T2 i) . UCI; means the intersection angle
intersection angle [34] i ) 180° i S .
j=1 competition index; a1, a; means the included
angle; U; means the neighborhood
comparison, which means the weight; H;, H i
means the height of the center tree and
adjacent trees; C,v]' means the parameter,
valueis O or 1.

Pp, is the probability that the DBH of other
trees in the stand is smaller than the center
tree; Gyax is the potential maximum
tree spatial advantage degree [35] s — /P TiCum_ cross-sectional area of the tree, and the value
d =\ " Di1T Gm—0C of the largest cross-sectional area of the tree
in the stand is used as the potential size of
the tree growth; G is the cross-sectional area
of the center tree(the same as below).

forest density

of stocking [36] By = G/Gax
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In research, the neighborhood pattern parameter is usually used by judging the
relationship between the small angle and the standard angle (72°) between the center
tree and any two nearest adjacent trees to obtain the random (0.475 < W< 0.517), uniform
(W < 0.475), and cluster (W > 0.517) distribution pattern of trees [15]; however, only the
relationship between the small angle and the standard angle cannot determine the influence
of adjacent trees on the growth of its morphological structure in the specific orientation to
the center tree. When considering the distribution of adjacent trees in the east, south, west,
and north directions of the center tree [15], as shown in Figure 2a,b, the angle between
any two adjacent trees is smaller than the standard angle, i.e., when the value of the
neighborhood pattern is 0, the adjacent trees may be distributed in one or two orientations
of the center tree. However, when the angle between any two adjacent trees is larger than
the standard angle, and the value of neighborhood pattern is 1, the adjacent trees may be
distributed in three or four directions of the center tree (Figure 2¢,d). To determine the
influence of the nearest four adjacent trees on the morphological structure of the center
tree in each direction, we use specific parameter values to characterize the number of
positions occupied by the adjacent trees in each direction of the center tree. According to
the distribution of adjacent trees in the four directions of the center tree, this study proposes
the calculation index of direction proportion (DP). Let ¢;; be the proportion of the nearest
four adjacent trees in the east, south, west and north directions of the center tree. When
cij = 1, it means that the four adjacent trees are in the same direction of the center tree;
when ¢;; = 2, it means that the four adjacent trees are distributed in two different directions
of the center tree; when cij = 3, it means that the four adjacent trees are distributed in
three different directions of the center tree; when cij =4, it means that the four adjacent
trees are evenly distributed in four different directions of the center tree, and finally the
calculated expression formula is as follows:

1 &
:7zci'/ (1)
n S /

where DP; represents the direction proportion; n represents the number of adjacent trees;
DP; € (0,1], DP; takes four values—0.25, 0.5, 0.75, and 1—respectively indicating that the
adjacent tree is distributed in 1, 2, 3, and 4 directions of the center tree.

N
NS

NN
ANINZ

Figure 2. Schematic diagram of Adjacent trees in different orientations of the center tree. (a,b) Distribu-

>Z wn <
(o

)

<

tion when the angle between any two adjacent trees is smaller than the standard angle. (c,d) Distribution
when the angle between any two adjacent trees is greater than the standard angle. The numbers 14
represent the distribution of the four adjacent trees.
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Different parameters are of great significance for analyzing the growth changes in tree
morphological structure under different conditions; however, due to the interdependence
and mutual exclusion of each parameter, each parameter is required to achieve the best
judgment on the growth of tree morphology and structure at the same time, and the above
parameters need to be weighed comprehensively. The construction of the CGMSS in this
study is shown in Figure 3.

Stand spatial structure state Tree dominance
Direction .
. Crowding(C; ;
proportion (DP;) &(C) Dominance(Sy)

Neighborhood Competition
& : . P Bulkness(By)
comparison(U;) index(UCI;)
Multiplication and division \L
Method
o = 8pp 8y 8¢ Suct _ Multiplication and division
® 1+S»1+Bgy Normalized
Os p
5% = 5 1
CGSS = l10-$+—
Xmax — Xmin 2

Figure 3. Construction of comprehensive grade model of Chinese fir spatial structure.

The comprehensive grade value of spatial structure is obtained by synthesizing the
six sub-objectives that characterize the growth advantage of trees and the state of spatial
structure, and the calculation formula is as follows:

1+DP(i) . 1+U(z‘). 1+C(i) ) 1+UCI(7)
opp u Yol Juct (2)

T T Ss@] o [T+B@)] op

where DP(i), U(i), C(i), UCI(i), S(i) and (i), respectively, represent direction propor-
tion, neighborhood comparison, crowding, a forest competition index based on inter-
section angle, tree spatial advantage degree and forest density of stocking, and opp,
ou, 0c, oucl, s, op are the standard deviation of direction proportion, neighborhood
comparison, crowding, a forest competition index based on intersection angle, tree spatial
advantage degree and forest density of stocking, respectively.

To make the data indicators comparable, normalization and other standardized pro-
cessing methods are usually used to transform the data equivalently into the range of [0, 1].
To analyze and compare the comprehensive grades of the spatial structure of the center tree,
this study combined qualitative and quantitative methods [30] to divide the continuous
data in the range [0, 1], as shown in Equation (3). By rounding the comprehensive grade
value of spatial structure and rounding down, the normalized value is rounded to 0~10,
and there are 11 comprehensive grades of tree spatial structure.

CGSS = 10. X1~ Ymin_ | % 3)

Xmax — Xmin
where CGSS represents the comprehensive grade of spatial structure, x; represents the
value of comprehensive grades of the center tree spatial structure before normalization,
and Xpax and x,,;, represent the maximum and minimum values of the normalized values,
respectively.
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2.3. Fitting of Growth Model of Chinese Fir’s Morphological Structure
2.3.1. DBH Growth Model

The DBH is the basic and the most important variable for expressing both spatial and
non-spatial structural characteristics of a stand [37], and it is also the parameter that is
easy to obtain relatively and has the highest accuracy in field measurements (accuracy of
0.1 cm) [38,39]. Therefore, DBH is often used as a key variable in predicting tree growth.
In this study, the basic growth equation for DBH was established based on the Richards
equation [40], as in Equation (4).

[
D:a(l—e‘kt) >0, k>0, c>0, @)

where D represents the diameter at breast height; a represents the maximum value of tree
growth; k represents the growth rate of the tree; c is related to the shape of the equation curve
and determines the location of the inflection point; and t represents the age of the tree. Using
this growth equation to fit the tree diameter for different CGSS, 11 DBH growth equations with
CGSS of 0 to 10 levels can be obtained. To study the relationship between different grades and
growth equation parameters, the function expression f(x) between the parameters and CGSS
was established by drawing scatter diagrams of 4, k, ¢ in the 11 DBH growth equations and
the CGSS, respectively. By fitting the correlation analysis between each parameter and
the corresponding grade (Figure 4), this paper will use the quadratic polynomial to fit the
relationship between a and the rank where it is located and obtain the function f,(x); the
Gauss to fit the relationship between k and the corresponding rank to obtain the function fi(x);
and the logistics to fit the relationship between ¢ and the rank where it is located to obtain the
function f(x). The formula is shown in Table 3. We finally obtain the CGMSS-based DBH
growth model, as in Equation (5).

fe(x)
, ©)

CD = fa(x) (1 - e*fk(x)t>
where f,(x) is to replace parameter a, fi(x) is to replace parameter k, and f(x) is to replace
parameter c. CD represents the diameter at breast height based on CGMSS, x represents the
comprehensive grade value of the spatial structure of the tree, and t represents the current
tree age.

40 2.0
e aValue 1.8
PolynomialCurve

e CValue
Logistic

36

1.6
1.4
12
1.0
0.8 s . ° .
0.6 .

0.4 . .

02

32

28

24

* K Value
Gauss

0.18
0.16
0.14
0.12

*0.10
0.08
0.06
0.04

0.02

0 1 2 3 4 5 6 7 8 9 10
SSCL

Figure 4. The relationship between the parameters of the DBH growth equation and the CGSS.
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Table 3. Relational expression of each parameter and CGSS.
Equation Parameters Model Name Model Expression
6) a Quadratic polynomial fa(x) =bx? +cx+d
x—x0 2
(7) k Gauss x) = Ay + —A2_p=2(1)
f k ( ) 173 \/?
(8) c Logistic fe(x) = Ay + Al_XAZ,,
(%)

In the formula: x represents the CGSS value, and b, ¢, ko, w, A represent the fitting parameter values.

2.3.2. H, CW and UBH Growth Model

As basic parameters of tree morphological structure [39], DBH, H, CW and UBH are
often used as predictors of forest growth models [41]. We conducted a matrix analysis
on 1008 Chinese firs whose spatial structure had not changed (Figure 5) and found that
the correlation coefficient between H and DBH was the highest at 0.89, followed by the
correlation coefficients between H and UBH and CW at 0.70 and 0.66, respectively. Through
nonlinear fitting analysis among various morphological structure factors, this study intends
to use the Gauss function describing the relationship between DBH and H and H and
UBH, and use the logistic function describing the relationship between H and CW. The
expressions are shown in Table 4.

Pearson's r=0.88804

Pearson's —0.6594 . -, * .k Pearson's 1=0.66052. ... . - 1

Pearson's r=0.53084 Pearson's r=0.7036

8 16 24 32 5 10 15 20 0 2 4 6 8 10
DBH H W

Figure 5. Matrix analysis of morphological structure factors of 1008 center trees.

Table 4. Fitting models of Chinese fir tree height, branch height and crown growth.

Equation Parameters Model Expression
e 2
©) H H = A + o225
N
(10) UBH UBH = A; + —22_¢ 2051
1T uvE
(11) CW CW = A, + Ai=4

= (5)

2.4. Evaluation of Model Accuracy

To scientifically and objectively evaluate the fitting effect and validity of the model, this
study first used the determination adjustment coefficient (R?, Equation (12)), residual sum
of squares (RSS, Equation (13)), root mean square error (RMSE, Equation (14)), and mean
absolute error (MAE, Equation (15)) [42] to evaluate the fitting accuracy and applicability
of models for DBH, H, CW and UBH, then used the systematic error (Equation (16)) and
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prediction accuracy (Equation (17)) to test the effectiveness of the Chinese fir growth model
based on CGMSS and SSU, respectively, and the expressions are as follows.

R, =1 Ll Jii)_z/z(n -p-1) (12)
Y (vi—vi)*/(n—1)

RSS =) " (vi — i), (13)

RMSE = \/ ﬁ Yo i =) (14)

MAE = Y i — il (1s)

Systematic error = % ) % x 100%, (16)

f X \/Z(yi = 9:)° )
yx/nn—k '

where y;, vi, ¥, ?, n, p, k, ty, respectively, represent the observed value, the average of the

observed value, the predicted value, the average of the predicted value, the number of

samples, the number of independent variables in the model, the number of parameters in
the model, and the t distribution value of the confidence level .

Accuracy =1 —

2.5. Dynamic Visual Simulation of Chinese Fir Morphological Structure

In this study, Unreal Engine 4 (UE4) was used as the visualization platform for the
Chinese fir forest [43]. First, using the tree-modeling software combined with the model
sample, the Chinese fir foundation subdivision model was made, and it was divided into
two parts: the crown and the trunk. The coordinate origin (0, 0, 0) of the trunk model at
the root was set, took the tree height as the Z-axis variation value of the crown model was
taken, and the coordinate origin (0, 0, H) of the crown model at the top of the crown was
set, as shown in Figure 6. Using the UE4 blueprint system, through the development of the
growth control blueprint of DBH, H, CW, and UBH of Chinese fir, the subdivision model
of Chinese fir was coupled with the growth model of morphological structure based on
CGMSS, and used the time axis animation curve technology to realize the visual simulation
of the differential growths of Chinese fir forest morphology and structure.

Tree Crown x Tree Trunk Tree

Figure 6. Schematic diagram of fir split model.
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3. Results
3.1. Comprehensive Grade Model of Spatial Structure (CGMSS)

It can be seen from Table 5 that, except for some of the Pearson correlation coefficients
between the crown width of Chinese fir and other morphological factors, CGSS = 14 are
slightly lower than those when the correlation analysis is carried out without considering
the classification of forest trees, and the correlation coefficients among the other grades of
morphological structure factors are all higher than the former. As the CGSS value increases,
the correlation among morphological factors becomes higher, demonstrating that the use
of CGMSS to classify trees in a stand into classes can improve the correlation among tree
morphological structure factors better and achieve a more accurate simulation of tree
morphological structure under different growth and spatial structures.

Table 5. Correlation coefficient analysis of Chinese fir morphological structure factors.

Pearson’s CGSS
. No
Correlation 0 1 2 3 4 5 6 7 8 9 10
H:DBH 0.90 0.94 0.91 0.94 0.94 0.95 0.96 0.95 0.95 0.97 0.97 0.98
H:CW 0.84 0.71 0.65 0.78 0.87 0.87 0.86 0.91 0.91 0.94 0.98 0.96
H:UBH 0.84 0.94 0.74 0.85 0.87 0.74 091 0.91 091 0.95 0.98 0.94
DBH:UBH 0.61 0.89 0.6 0.77 0.76 0.69 0.84 0.86 0.86 0.93 0.96 0.91
DBH:CW 0.79 0.67 0.67 0.76 0.86 0.85 0.85 0.87 0.87 0.92 0.96 0.95
CW:UBH 0.71 0.78 0.37 0.61 0.74 0.63 0.74 0.81 0.81 0.91 0.97 0.9

When CGSS = 0, tree morphological structure parameters (DBH, H, UBH, CW) are at
the maximum state (Figure 7). However, with the gradual increase of CGSS, each morpho-
logical structure parameter gradually decreases and shows a significant negative correlation
with CGSS. According to the CGMSS calculation, when CGSS = 0, it indicates that the trees
in the stand have the maximum growth potential and the growth is not constrained by
other neighboring trees. However, as the value of CGSS increasing the potential growth of
trees will become less and less, and the competition with the nearest neighboring trees will
become more intense. Therefore, when CGSS = 10, its morphological parameters are all
the minimum, the tree growth space is severely squeezed, and the growing competitive
pressure will also reach the maximum. We also analyzed 1008 center trees with unchanged
adjacent trees and obtained that the CGSS at different stand ages basically remained the
same as the rank classified at the initial stand age (Figure 8), indicating that the growth
condition and spatial structure environment of the classified CGSS will remain relatively
unchanged in stands where the spatial structure tends to be stable.

The above results indicate that the CGMSS constructed in this study can make com-
prehensive judgments and give reasonable ranks to trees with different degrees of growth
dominance and spatial structure environment in the stand, while the results of center tree
classification are relatively stable for neighboring trees that have not changed.

3.2. Morphological-Structural Growth Model of CHINESE Fir

As shown in Table 6, the R2, j of the three parameter models of f,(x), fr(x) and f.(x)
are more than 0.8. Since parameter a represents the maximum value of DBH growth,
the residuals of the predicted values are usually greater than 1, so the RSS is relatively
large. The RSS value of each model shows that all three models can express the correlation
between parameters and CGSS, and have high fitting accuracy. Substituting the three
parameter models into the base DBH growth equation (Equation (4)), we obtain that the
Rﬁdj = 0.836 of the CGMSS-based DBH growth model (CD) is higher than the Rgd]- =0.5of
the base DBH growth model (D), and the results show that CGMSS improves the fitting
accuracy of DBH growth. The R2, i of the H, UBH and CW growth models are 0.871, 0.703
and 0.658, respectively, and the RMSE and MAE are basically less than 1, implying that the
fitted model has good applicability.
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Figure 7. Distribution map of morphological structure factor values of Chinese fir of the same forest
age under different comprehensive grades of spatial structure.
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Table 6. Estimation and testing of parameters of Chinese fir morphological structure growth model.

Parameter Model Name
Estimates/Test D £, f® f.x) CD H UBH CW
a 29.205
b —3.274
c 1.487 0.088
d 39.735
k 0.078
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Table 6. Cont.
Parameter Model Name
Estimates/Test D £, fi®) £, cD H UBH CW
Al 1.318 1.987 19.419 12.193 2.209
A2 40.207 0.684 102.575 67.988 1114.545
X0 3.691 0.495 13.846 9.284 434.601
w 24.800 10.645 8.386
[4 2.008 2.008
Rgdj 0.500 0.913 0.819 0.820 0.836 0.871 0.703 0.658
RSS 1875.627 54.127 0.005 0.290 205.53 60.398 90.909 7.863
RMSE 5414 2.452 0.023 0.180 1.792 0.971 1.192 0.351
MAE 23.420 1.544 0.017 0.125 20.020 0.745 0.930 0.232
The CD model is used to test the DBH of trees divided into grades in the forest, and
the estimated accuracy of DBH of 0-10 grades is at least 79.19% (Table 7). Combined with
Figure 9, it can be seen that the prediction accuracy of more than 73.5% of the trees is
above 85%. A negative value in the systematic error indicates that the predicted value is
lower than the observed value [44]. Among all levels, the minimum prediction accuracies
of the H, CW, and UBH growth models are 73%, 80%, and 55%, respectively, while the
percentages of trees with an estimated accuracy greater than 85% are 69.6%, 85.2%, and
54.3%, respectively. From the prediction accuracy and error of each grade, except for the
fluctuation of grades 3-5, the prediction accuracy of the rest of the grades is basically
more than 80%, the systematic error is less than 10%, and their changes show a fluctuating
downward and then upward trend with the increase of CGSS.
Table 7. Test indicators of morphological-structural growth model of Chinese fir based on CGMSS.
CGSS
Model Test Indicators NO
Name 0 1 2 3 4 5 6 7 8 9 10
b systematic error 34.17 048 751  —193 —1381 —17.53 —1039 —470 991 482 289 626
accuracy 0.98 0.99 0.93 0.98 0.84 0.79 0.89 0.95 091 095 097 094
H systematic error —2.19 —0.42 498 0.95 —15.36 —21.12 —12.61 —7.79 11.8 598 1125 —1.72
accuracy 0.97 0.94 0.93 0.95 0.82 0.73 0.84 0.89 0.89 094 088 094
UBH systematic error —1.40 12.67 9.21 444 2126 -30.06 —-1822 —15.29 128 2475 056 4.95
accuracy 0.94 0.84 0.87 0.90 0.65 0.55 0.71 0.78 0.85 075 089 0.74
cw systematic error —0.03 1.51 9.77 5.85 -896 —9.1 —6.72 —4.93 9.81 11.35 —8.31 —0.56
accuracy 0.96 0.88 0.88 0.90 0.85 0.82 0.86 0.80 0.88 0.88 0.82 091
0.4
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0.3
(%)
=]
& 025
8
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Figure 9. Percentage of trees with different CGSS.
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In this paper, to verify the accuracy of the CGMSS-based Chinese fir morphological—
structural growth model for simulating Chinese fir in different growth states, it was com-
pared with the Chinese fir growth model [27] constructed based on the spatial structure
unit (SSU) and integrated with independent spatial structure parameters in the existing
research. Table 8 shows the results of the index test of the SSU-based Chinese fir growth
model. The overall prediction accuracy of the CGMSS- and SSU-based Chinese fir DBH, H,
CW, and UBH growth models reach more than 92% when the CGMSS classification classes
are not applied to the sample data for analysis, indicating that both growth models can
achieve accurate simulation of most of the morphological-structural growth changes in
Chinese fir. In Table 8, the value of systematic error indicates that the estimated value of
DBH, H and UBH is high, and the estimated value of CW is low. However, when applying
CGMSS classification to individual trees in a forest and testing for different grades of trees,
the lowest values of prediction accuracy of SSU-based Chinese fir DBH, H, CW and UBH
growth models are obtained below 55%. The proportions of these models for the number
of trees with prediction accuracies above 85% in each grade are 66.1%, 86.5%, 16.5%, and
86.5%, respectively, but as the CGSS gradually increases, the prediction accuracy of each
model decreases significantly and has great systematic errors. Among them, the prediction
accuracy of the DBH growth model at levels 4-10, the H growth model at levels 8-10, the
UBH growth model at levels 7-10 and the CW growth model at levels 5-10 are less than
80%. However, the average prediction accuracy of CGMSS’s Chinese fir morphological
structure growth model is basically greater than 85% at levels 5-10 except for UBH, and
the prediction accuracy of CGMSS’s UBH growth model is equally better than that of the
SSU-based UBH growth model obtained from Tables 7 and 8. The above results show
that the CGMSS-based Chinese fir growth model proposed in this study can achieve a
better fit at the stand level and provide a more realistic simulation of the growth of trees
in different growth states in the stand, especially for trees with limited growth space and
fierce competition (CGSS = 5-10), and the results are better than those of the SSU Chinese
fir growth model.

Table 8. Test indicators of morphological —structural growth model of Chinese fir based on SSU.

Model Test NO CGSS
Name Indicators 0 1 2 3 4 5 6 7 8 9 10
b Sysgfrrg‘ftlc 5440 —008 1124 715 2554 100.23 143.18 140.73 337.27 335.07 50827 682.48
accuracy 094 082 092 087 085 078 054 057 046 039 0.65 0.72
- Sys;regft“ 1894 2028 1897 866 14.67 18.09 2236 3028 3136 3261 5400 19.86
accuracy 0.98 0.93 096 095 095 093 084 081 081 046 0.66 0.70
systematic 169 9630 132 240 922 429 5840 2088 10020 13515 7877  152.06
UBH error
accuracy 096 087 095 093 092 091 071 08 061 0.09 0.10 0.15
systematic a3 40 3877 4049 —17.03 —34.56 —26.92 —27.40 —24.17 —1327 —21.72 —2881 —27.64
CW error
accuracy 092 070 085 080 080 08 065 071 066 028 0.20 0.24

3.3. Dynamic Visual Simulation of the Morphological Structure of Chinese Fir Stand

In this paper, we first imported the tree coordinates and attribute information into the
UE4 data structure table, then created a new action class in the blueprint class, organized
the two parts into a complete tree model according to the trunk and crown coordinates of
the produced Chinese fir split model, and finally developed a Chinese fir morphological
structure control blueprint, and used the relative coordinate system to map the tree model
into the 3D scene to form the initial plantation scenarios. As shown in Figure 10, the initial
fir plantation scenario is the result of a visual simulation using the observed data from
study plot E. Figure 10a shows the top view angle of Chinese fir stand with an initial stand
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age of 23 years old, which can visualize the competition status, CW size and spatial location
relationship among trees. Figure 10b clearly shows the differences of the UBH, H, CW and
CL among different trees from the side view angle.

Figure 10. Visual simulation results of a 23-year-old Chinese fir plantation. (a) Top view angle to
observe the crown width extrusion and competition between trees in the stand. (b) Side view angle
to observe the differences between UBH, H, CW and CL of different trees.

The key to achieving polymorphism in tree morphological structure growth in a stand
is to achieve control over the morphological structure of each tree. Therefore, this paper
achieved scaling control of trunk height and diameter in the subdivision model using the
H and DBH growth models, and scaling control of crown size by the CW and CL growth
models, where CL was calculated from the difference between H and UBH. The calculation
process of tree morphological structure parameter values is shown in Figure 11. First, the
CGSS of trees in the plot is calculated in real time, then the tree growth age is input and
combined with the morphological structure growth model to realize the differentiated
growth of Chinese fir under different growth dominance conditions and spatial structure
environment. The increment of the tree morphological structure parameter is the value
of the morphological structure parameter at the current input tree age minus the value
of the initial tree age morphological structure parameter, and the scaling value of the
morphological structure control blueprint is the parameter increment.
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Figure 11. The calculation process of morphological structure parameter values of Chinese fir.

After obtaining the morphological structure parameters and location information of
the initial stand age, the user can input the stand age and combine it with the Chinese fir
growth model to realize the differentiated growth of tree morphological structure under dif-
ferent growth advantage conditions and spatial structure environment. Figure 12 presents
the stand scenario when the Chinese fir stands in plot F grows to 28 years. Figure 12a—
represent the results of the real observation data, the Chinese fir growth model of CGMSS
and the visual simulation based on the SSU Chinese fir growth model in the same perspec-
tive, respectively. It can be seen from the figure that the simulation results of the Chinese
fir growth model of CGMSS and the observation data are highly similar in H, UBH and CL
(left panel), but from the right panel, it can be seen that the degree of competition among
trees CW such as squeezing and shading is slightly lower than that of the Chinese fir forest
in the real growth state. However, the simulation results of UBH, CW and CL for trees
visualized based on the SSU Chinese fir growth model were worse than the actual growth
state, except for H. In particular, the simulation results for competition among CW differed
from the actual growth. The analysis results show that when the tree CGSS > 5 in the
Chinese fir forest, the fitting effect of the SSU Chinese fir growth model is gradually lower
than that of the fitting model proposed in this paper. Figure 13 shows that the morpho-
logical structure of the CGMSS Chinese fir growth model simulating growth-limited trees
(Figure 13b) is more visually similar to that of trees in the real growth state (Figure 13a);
however, the simulation results of H and UBH of trees under different growth states by
the SSU-based Chinese fir growth model (Figure 13c) are relatively consistent, and the tree
crown width differs more from that of the real growth trees. The above results show that
the visualization of Chinese fir stands based on the CGMSS Chinese fir growth model can
reflect the differences in H, CL, UBH, and CW growth under different growth states better,
and at the same time, the simulation of the tree morphological structure growth under
different growth dominance degrees and spatial structure environments is more realistic.
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i

Figure 12. Results of visual simulation of 28-year-old Chinese fir stands. (a) Simulation from observed
data; (b) Simulation from predicted data of CGMSS Chinese fir growth model; (¢) Simulation from
predicted data of SSU Chinese fir growth model. The left panel shows the side view observation
angle of the stand visualization simulation, and the right panel shows the top view observation angle.
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Figure 13. Visual simulation results of poor growth and growth space restricted trees (CGSS > 5) in
28-year-old Chinese fir stands. (a) Simulation by observed data; (b) Simulation by predicted data
from CGMSS Chinese fir growth model; (c) Simulation by predicted data from SSU Chinese fir growth
model. Highlighted trees in the figure are growth-limited Chinese fir trees.
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4. Discussion

In this study, tree morphological-structural growth models were represented by
establishing H, DBH, CW and UBH growth models. Then CGMSS was coupled with the
tree morphological structure growth model to realize the visual simulation of different
tree growth polymorphisms in stands with the help of 3D visualization technology. The
results show that the morphological structure growth model of CGMSS for Chinese fir
can simulate the changes in tree morphological structure growth under different growth
dominance conditions and spatial structure environments more accurately, which can
provide guidance and reference for simulating the morphological structure polymorphism
of trees in different growth states in forest stands. In previous studies, the morphological
structure growth model established considering the spatial structure of trees was usually
based on single or multiple independent spatial structure parameters to fit the plot data [45],
and the results of the studies mostly descried the stand growth in the average state well.
However, few studies have considered the differences in morphological structure among
trees in the plots and established morphological structure growth models that conform to
the growth environment and spatial structure of trees. Therefore, this study achieved the
classification of trees in different growth states in the forest by building a comprehensive
grade model of spatial structure (CGMSS), and the morphological structure growth model
of Chinese fir constructed on this basis successfully simulated the growth polymorphism
of Chinese fir forests.

In addition, by comparing with the SSU-based morphological-structural growth model
of Chinese fir proposed by other scholars, the prediction accuracy of the two morphological—-
structural growth models for the stand scale was obtained to be more than 92%, indicating
that the two models could provide a better fit for the overall growth variation of trees
and the average state of individual tree growth in the stand. However, analysis of the
test indicators of the two growth models in different grades showed that the prediction
accuracy of the SSU-based morphological-structural growth model of Chinese fir decreased
significantly with increasing CGSS and showed a great systematic error, showing com-
pletely opposite results compared to the CGMSS-based morphological-structural growth
model of Chinese fir for tree prediction with different CGSS. The SSU growth model had
a minimum tree prediction accuracy of less than 55% and a maximum of less than 85%
at CGSS = 5-10 levels, with the DBH growth model at 5-10 levels, the H growth model
at 8-10 levels, the UBH growth model at 5 and 7-10 levels, and the CW growth model at
0 and 5-10 levels all with a prediction accuracy of less than 75%. However, the CGMSS
Chinese fir growth model had a minimum prediction accuracy of 71% and a maximum of
97% at CGSS = 5-10 levels, and all models except the UBH growth model had greater than
80% prediction accuracy for CGSS = 5-10 levels. The comparison between Tables 7 and 8
shows that the prediction accuracy of the UBH growth model of CGMSS is equally better
than that of the UBH growth model of SSU. The above results show that the CGMSS-based
growth model of Chinese fir proposed in this study can achieve a better fit at the stand
level, and can simulate the growth of trees in different growth states in the stand, especially
for trees with limited growth space and fierce competition (CGSS = 5-10), and the results
are better than those of the SSU-based Chinese fir growth model. The analysis of the plot
data showed that there were a large number of trees of the same age in the same plot of
Chinese fir plantation [40]; however, the reason for the different morphological structures
among trees was that trees of the same age had different growth and spatial structure
environments [46]. A growth model that considers only spatial structural parameters is
only suitable for fitting the average state of tree growth in a stand. The CGMSS-based
morphological-structural growth model of Chinese fir proposed in this study allows for
better simulation of the variability in morphological structure exhibited by trees of different
growth states in stands of the same age.

In the correlation analysis of DBH, H, CW and UBH of 1787 trees with only the
influence of the edge effect of the sample plot eliminated and 1008 center trees with no
change in adjacent trees in the spatial structure unit, respectively, the results showed that
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the correlation coefficients among tree morphological structure factors were all higher than
those of the former when the spatial structure of the individual tree was not changed,
and the relative growth changes among the morphological structure factors were obtained
stably. In this study, we used the tree attribute factors with unchanged spatial structure as
the fitted data, and then selected DBH as the independent variable for the H growth model
and H as the independent variable for the CW and UBH growth models, and constructed a
Chinese fir morphological structure growth model based on CGMSS, which better fitted the
trees under natural growth conditions. However, in the process of tree growth, especially
in plantation, they are often affected by human factors such as thinning [47], resulting
in strong changes in the spatial structure of the trees and altering the growth rate of the
trees [48,49]. Based on the premise that all trees in the stand are not eliminated and the
spatial structure is relatively stable, and the differences in the morphological structure of
trees in the two growth states are not considered at the same time, this paper constructs a
compatible morphological structure growth model of Chinese fir suitable for both growth
states. Therefore, further perfecting the morphological structure growth model to improve
the applicability and fitting accuracy of the model under dynamic conditions will be the
core and difficulty of subsequent research.

As previously mentioned, the data of the sample plots in this paper mainly came
from the six plots of the Huangfengqiao State-owned Forest Farm in Hunan Province with
the age range of 10-28 years. Therefore, the morphological structure growth model of
Chinese fir we constructed was validated well for the morphological structure changes in
Chinese fir from 10-28 years, but in terms of time scale, there was a lack of verification
of the morphological structure of Chinese fir in other forest age stages. There are great
differences in the growth rate and spatial structure environment of trees in different forest
age stages [50]. Therefore, to describe the tree morphological and structural changes
accurately in all growth stages, it is not sufficient to use measurements from certain ages or
individual plots only. At the spatial scale, the stand conditions of the six sample plots in
this paper are basically the same, and the trees are in a similar environment. However, the
forest area for management planning is usually huge, which means that the environmental
conditions of forest areas for management planning will have huge differences [51], which
will make the site conditions for tree growth change, which in turn will affect the accuracy
of the tree growth simulation by this study method, and this will lead to uncertainty in
the results of this study. Additionally, the form construction methods of different tree
species vary greatly [52], and different methods need to be used when dissecting the basic
3D model of trees to achieve an accurate simulation of the tree morphological structure.
Therefore, the application of the tree 3D subdivision model and CGMSS-based tree growth
modeling methods proposed in this study needs to be adapted to the location to realize the
visual simulation of forest stand growth polymorphism better.

5. Conclusions

In this study, trees in different growth states were analyzed comprehensively from three
dimensions: individual tree-spatial structure unit-stand, and combined with quantitative
indicators representing tree growth and spatial structure states, a comprehensive grade
model of spatial structure (CGMSS) was constructed and based on this. A morphological
structure growth model of Chinese fir was developed for simulating tree morphological
structure in different growth dominance degrees and spatial structure environments, to
achieve stand growth polymorphism. The results showed that the overall prediction accuracy
of morphological-structural growth models of Chinese fir DBH, H, CW and UBH based
on CGMSS exceeded 90%. The trees in the stand were divided into comprehensive spatial
structure classes (CGSS) for analysis, and among the Chinese fir growth models in CGSS, the
systematic error of all growth models in other classes was less than 19%, and the prediction
accuracy was greater than 80%, except for the UBH growth model in CGSS = 3-5 class, which
had a smaller prediction accuracy and larger systematic error. The prediction accuracy of
the SSU-based Chinese fir growth model constructed by Ma et al. for the stand was also
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more than 90%, but the systematic errors of the model fits were all greater than 20% when
the CGSS was >5, and the prediction accuracy was mostly below 80%. The results of visual
simulation showed that the simulation of the Chinese fir growth model of CGMSS was better
than the Chinese fir growth model of SSU, and it was closer to the real tree growth state,
and realized the dynamic visual simulation and growth polymorphism of Chinese fir stands
better. However, forest management is huge in terms of time and spatial scales relative to the
study area, and there is also a greater diversity of tree species. To make the simulation more
accurate, we will consider the limitations of tree species, time, and spatial scales for in-depth
study in the future.
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