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Abstract: Structure-based forest management (SBFM) is a method for improving forest structure and
quality based on nearest-neighbor analysis. Stand spatial structure directly affects the health and
stability of forest ecosystems. Research on the effects of SBFM on the distribution of spatial structure
parameters is needed to provide a scientific basis for further development and implementation of
SBFM technology in forestry. The present study was conducted on six permanent plots (20 m × 20 m)
established within a Platycladus orientalis (L.) Franco plantation in Beijing, China. Changes in stand
spatial structure parameters (SSSPs) were evaluated in managed and control plots at three time
points: before SBFM and after 2 and 7 years of SBFM. The results showed that SBFM gradually
accelerated the development of the P. orientalis plantation toward a random distribution pattern,
reaching a significant difference within 2 years. SBFM promoted the growth of medium and dominant
trees, with a significant difference between SBFM and control stands after 7 years. It led to a slight
increase in mingling compared to the control, although no significant differences were observed
between treatments. SBFM generally decreased the proportions of disadvantageous microstructures
(disadvantaged trees with non-randomly distributed, disadvantaged trees with a low degree of
mingling, and non-randomly distributed trees with a low degree of mingling). It also improved the
ratio of torch (R2) units to dumbbell (R1) units, gradually improving the stability of the plantation
forest. The results of this study suggest that SBFM optimized the spatial structure of a P. orientalis
plantation in Beijing, China, and was conducive to tree growth and forest stand productivity.

Keywords: Platycladus orientalis; structure-based forest management; spatial structure parameters;
random structural units

1. Introduction

Forest structure, or the distribution of individual plants and the connection of their
attributes, is the most important and fundamental feature of forest ecosystems; it reflects
both autogenic developmental processes (including regeneration pattern, competition, and
the consequent self-thinning) and past and present disturbance events [1]. Thus, forest
structure is both a product and driver of ecosystem processes and biological diversity [2]. It
is influenced by extensive interactions among various natural and ecological processes over
long spatiotemporal scales [3] and determines the quality of forest ecosystem goods and
services [4]. As it affects forest productivity, tree species diversity, and biological habitat,
forest structure is an important factor in forest ecosystem analysis and management [5].

Analyzing forest structure is an important component of forest management and
contributes to the understanding of forest communities [5]. In this context, forest spatial
structure is more important than non-spatial structure because it provides more detailed
descriptions, largely determines competition and spatial niches among trees, and reflects the
health status, growth potential, and stability of tree stands [6]. Therefore, investigations of
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forest spatial structure are necessary for understanding characteristics of a forest community
and designing forest protection and management strategies.

To date, several methods have been proposed to describe and compare stand spatial
structures, including classic methods, nearest-neighbor analysis methods, point pattern
analysis, and marked second-order characteristics methods [7–11]. These methods have
been widely applied in forestry and ecology. Nearest-neighbor analysis has been used
to analyze forest spatial structure, competition, dominance, and species composition. In
particular, stand spatial structure parameters (SSSPs), which are based on the spatial
relationships among four nearest-neighbor trees, have been used to accurately interpret
spatial structure characteristics in forests of various dimensions [12–17].

Different management techniques can have varying effects on tree species composition,
stand density, and tree size distribution, which can in turn alter forest structure. Reasonable
forest management measures based on scientific principles can improve both stand structure
and forest quality [17–20]. Structure-based forest management (SBFM) is a promising
forestry management approach based on successful experiments conducted in developed
countries, as well as forest management practices in China [21–24]. SBFM assumes that the
system structure determines function and aims to cultivate a healthy, stable, high-quality,
high-efficiency forest; it uses structural parameters to guide adjustments and optimize
forest structure [5]. Thus, SBFM uses scientific methods to quantify descriptions of forest
structure and improve forest quality through changes in species composition and structural
diversity. For example, it can be used to transition evenly aged plantations to structurally
complex forests or to manage unevenly aged, mixed-species forests [3,13,17,24–26].

Platycladus orientalis (L.) Franco is an evergreen coniferous tree species that originates
in China and exhibits strong adaptability to climate and stress resistance [27,28]. As it
thrives under a wide range of climate and soil conditions, P. orientalis is among the main
afforestation tree species in the artificial forests of northern China, where it is valued for its
ecological, social, and economic benefits [29,30]. Platycladus orientalis grows on an area of
more than 3.5 million ha, with an estimated stocking volume of 0.199 billion m3 [31]. Given
the important applications of P. orientalis, previous studies have analyzed its spatial struc-
ture [30,32], ecological stoichiometry [28,33], water use [34], understory plant diversity [35],
regeneration characteristics [36], and soil properties [37]. Other studies have focused on
the effects of different P. orientalis management regimes on understory plant growth and
diversity, soil enzymes and nutrients, and scenic quality [38–40]. However, little research
has been conducted on optimizing spatial structure for P. orientalis plantations. In particular,
as management duration has increased, changes to stand spatial structure following SBFM
have remained poorly understood, despite the importance of this technique to sustainable
forest management. Therefore, we evaluated the effects of SBFM on the spatial structure
characteristics of a P. orientalis plantation using SSSPs. The goals of this study were (1) to
compare the spatial structure characteristics of a P. orientalis plantation under SBFM and
an unmanaged plantation; (2) to understand the dynamic changes in the characteristics
of the stand spatial structure in a P. orientalis plantation under SBFM and an unmanaged
plantation; (3) to reveal the impact of SBFM on the spatial structure of the P. orientalis
plantation. The results contribute to the structural optimization and sustainable develop-
ment of P. orientalis plantation and provide a scientific basis for cultivating healthy, stable,
high-quality P. orientalis plantations.

2. Materials and Methods
2.1. Study Areas

This study was conducted at Jiulongshan Forest Farm in the Jiulong Mountains
(115◦59′–116◦07′ E, 39◦54′–39◦59′ N; 100–997 m a.s.l.), located near Beijing, east of the
Taihang Mountains (Figure 1). The region has a temperate continental climate and is
affected by monsoons. The annual average temperature is 11.8 ◦C. The study region has
an annual mean precipitation of 630 mm and an average yearly relative humidity of 66%.
Precipitation is uneven throughout the year, with a wet season from June to September and
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a dry season from October to May. The total evaporation capacity and frost-free period are
approximately 1870 mm and 216 days, respectively. The soil is a brown, rocky, mountain
forest soil with high stone content, and the average soil layer thickness is 20–50 cm. The
topography is steep and undulating, and the main vegetation types are coniferous and
broadleaf plantation trees, with P. orientalis, Pinus tabulaeformis, and Quercus variabilis as the
dominant species [30,32].

1 
 

 

Figure 1. The study plots, located in Jiulongshan Forest Farm, Mentougou District, Beijing, PR China.
Green squares indicate the location and size of plots, and M1-M3 and C1-C3 represent managed and
control plots, respectively.

2.2. Study Site and Data Collection

In spring 2013, six plots (20 m × 20 m) were established at Jiulongshan Forest Farm.
The location and site conditions of the six plots were nearly identical. All trees with
diameters at breast height (DBH) > 5 cm in each plot were positioned with a Topcon
GTS602 (Topcon, Tokyo, Japan) autofocus total station. Tree DBH, height, and crown
diameter were recorded. To avoid edge effects, we established a 3 m buffer zone in each
plot. The basic stand characteristics of the plots are listed in Table 1.

Table 1. The basic stand characteristics of the plots.

Management
Types Plots Stand Density

(Tree/ha)
Average DBH

(cm)
Average

Height (m)
Average Crown

Width (m)
Basal Area

(m2/ha)

SBFM
M1 1317 11.78 8.08 2.39 14.34
M2 1817 10.39 7.34 2.43 15.39
M3 1600 10.02 7.00 2.85 12.63

CK
C1 1733 9.89 6.92 2.68 13.31
C2 1383 11.25 7.48 2.86 13.76
C3 1517 10.93 7.46 2.85 14.22

In fall 2013, SBFM began in plots M1–M3; no forestry operations were conducted in
control plots C1–C3, which were referred to as CK. After 2 and 7 years of SBFM, in fall 2015
and 2020, respectively, the six plots were surveyed, and the tree DBH, height, and crown
diameter of all remaining living trees with DBH > 5 cm were recorded. These values were
used to calculate SSSPs.

2.3. Data Analysis

In this study, spatial structure characteristics of a P. orientalis plantation were compared
between SBFM and unmanaged plots according to three SSSPs: mingling (M), dominance
(U), and uniform angle index (W). M is the probability that a reference tree (i) belongs to
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the same species as its four nearest neighbors (j) (Equation (1)), and it reflects the degree
of tree species segregation among tree species. A larger M value indicates the presence
of more species in the spatial structural unit. U describes the size relationship between
i and j (Equation (2)) and reflects the degree of DBH differentiation. Larger U values
indicate that the reference is larger than all four neighbors (dominant). W indicates the
spatial dispersion of j around i (Equation (3)) and determines the distribution pattern
by comparing the included angle α formed by any two neighbors and the reference and
standard angle (α0 = 72

◦
) [41]. Larger W values indicate more concentrated distribution

patterns. SSSPs are graded on a five-point scale (0.00, 0.25, 0.50, 0.75, or 1.00), with each
value corresponding to a different stand state; together, they describe the relationships
among tree species, size, and distribution within a structural unit consisting of a single
reference tree (i) and the four nearest adjacent trees [5]. The SSSP system shows great
flexibility for expressing stand structure and is highly sensitive to parameter changes;
therefore, it is highly suitable for analyzing stand dynamics over small scales or long time
frames [7,42].

Mi =
1
4 ∑4

j=1 vij vij =

{
1,
0,

i f neighbor jspecies 6= ispecies
otherwise

(1)

Ui =
1
4 ∑4

j=1 kij kij =

{
1,
0,

i f neighbor jDBH ≥ iDBH
otherwise

(2)

Wi =
1
4 ∑4

j=1 zij zij =

{
1,
0,

i f α < α0
otherwise

(3)

By definition, W can only represent two possible types of random structural unit in
terms of horizontal distribution (Wi = 0.50). Both subtypes exist simultaneously in all
forests. In structural units, two angles are lower than the standard angle α0 (α0 = 72

◦
),

whereas the other two angles are greater. These four angles have two possible distribu-
tions [17,43]:

Type R1: In any two adjacent angles, one is <α0, and the other is ≥α0. Thus, for the R1
distribution,

Wi =
1
4 ∑4

j=1(1 + 0 + 1 + 0) = 0.50 or Wi =
1
4 ∑4

j=1(0 + 1 + 0 + 1) = 0.50 (4)

where the corresponding reference trees are R1 random trees. This distribution is also
called a “dumbbell” unit (Figure 2), in reference to its shape.

Type R2: Two adjacent angles can be found that are <α0, whereas the other two angles
are ≥α0. Thus, Equation (3) can be presented as follows:

Wi =
1
4 ∑4

j=1(1 + 1 + 0 + 0) = 0.50 or
Wi =

1
4 ∑4

j=1(0 + 0 + 1 + 1) = 0.50
Wi =

1
4 ∑4

j=1(1 + 0 + 0 + 1) = 0.50
Wi =

1
4 ∑4

j=1(0 + 1 + 1 + 0) = 0.50

(5)

where the corresponding reference trees are R2 random trees. This distribution is also
called a “torch” unit (Figure 2), in reference to its shape.

The proportions of different random structural units were analyzed.
The SSSPs of each tree were calculated with Winkelmass software [44], and the pro-

portions of each random structural unit were analyzed. To avoid edge effects, we set a
3 m buffer, and the average SSSPs for each plot were calculated. All other data analyses
and graphics were produced in R v. 4.1.2 (R Development Core Team, Vienna, Austria).
One-way analysis of variation (ANOVA) was used to evaluate differences in the relative
frequencies of combination with and without SBFM among the three time points: before
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management and after 2 and 7 years of management. Figures were prepared with the
ggplot2 R package [45].

Forests 2022, 13, x FOR PEER REVIEW 5 of 14 
 

 

𝑊௜  = ଵସ ∑ (0ସ௝ୀଵ + 0 + 1 + 1) = 0.50 or 𝑊௜  = ଵସ ∑ (1ସ௝ୀଵ + 0 + 0 + 1) = 0.50 or 𝑊௜  = ଵସ ∑ (0ସ௝ୀଵ + 1 + 1 + 0) = 0.50  

where the corresponding reference trees are R2 random trees. This distribution is also 
called a “torch” unit (Figure 2), in reference to its shape. 

The proportions of different random structural units were analyzed. 

 
Figure 2. Two types of random structural unit. 

The SSSPs of each tree were calculated with Winkelmass software [44], and the pro-
portions of each random structural unit were analyzed. To avoid edge effects, we set a 3 
m buffer, and the average SSSPs for each plot were calculated. All other data analyses 
and graphics were produced in R v. 4.1.2 (R Development Core Team, Vienna, Austria). 
One-way analysis of variation (ANOVA) was used to evaluate differences in the relative 
frequencies of combination with and without SBFM among the three time points: before 
management and after 2 and 7 years of management. Figures were prepared with the 
ggplot2 R package [45]. 

3. Results 
3.1. Zero-Variate and Univariate Distributions of SSSPs 
3.1.1. Zero-Variate and Univariate Distributions of 𝑊 

All average 𝑊 values were <0.50, and those in the SBFM plots were higher than 
those in the control plots, regardless of management duration (Table 2). 𝑊 differed sig-
nificantly between SBFM and the control treatment only after 2 years of management (p < 
0.05) (Table 2). 

Table 2. The average values of SSSPs of plots. 

Parameters 
Before Management Two Years after Management Seven Years after Management 
SBFM CK SBFM CK SBFM CK 

Uniform angle index (𝑊) 0.427 ± 0.01 0.409 ± 0.05 0.438 ± 0.02 * 0.374 ± 0.02 0.422 ± 0.02 0.390 ± 0.04 
Dominance (𝑈) 0.500 ± 0.04 0.504 ± 0.02 0.494 ± 0.04 0.506 ± 0.02 0.477 ± 0.02 * 0.512 ± 0.01 
Mingling (𝑀) 0.240 ± 0.15 0.213 ± 0.11 0.174 ± 0.13 0.139 ± 0.09 0.198 ± 0.12 0.147 ± 0.11 

Note: * significant at p < 0.05. 

Most trees were randomly distributed in all stands (𝑊 = 0.50), and the relative fre-
quency of trees with uniform distribution (𝑊 = 0.00, 0.25) decreased in the SBFM plots 

Figure 2. Two types of random structural unit.

3. Results
3.1. Zero-Variate and Univariate Distributions of SSSPs
3.1.1. Zero-Variate and Univariate Distributions of W

All average W values were <0.50, and those in the SBFM plots were higher than those
in the control plots, regardless of management duration (Table 2). W differed significantly
between SBFM and the control treatment only after 2 years of management (p < 0.05)
(Table 2).

Table 2. The average values of SSSPs of plots.

Parameters
Before Management Two Years after Management Seven Years after Management

SBFM CK SBFM CK SBFM CK

Uniform angle index (W) 0.427 ± 0.01 0.409 ± 0.05 0.438 ± 0.02 * 0.374 ± 0.02 0.422 ± 0.02 0.390 ± 0.04
Dominance (U) 0.500 ± 0.04 0.504 ± 0.02 0.494 ± 0.04 0.506 ± 0.02 0.477 ± 0.02 * 0.512 ± 0.01
Mingling (M) 0.240 ± 0.15 0.213 ± 0.11 0.174 ± 0.13 0.139 ± 0.09 0.198 ± 0.12 0.147 ± 0.11

Note: * significant at p < 0.05.

Most trees were randomly distributed in all stands (W = 0.50), and the relative fre-
quency of trees with uniform distribution (W = 0.00, 0.25) decreased in the SBFM plots
compared to the control plots. As management duration increased, the proportion of
randomly distributed trees was always >50% in the SBFM plots (W = 0.50), whereas in the
control plots it gradually decreased to <50%. The proportion of trees that were uniformly
distributed (W = 0.00) differed significantly between the SBFM and control stands after
2 years of management (p < 0.05) (Figure 3).

3.1.2. Zero-Variate and Univariate Distributions of U

Average U values were lower in the SBFM plots than in the control plots (Table 2).
As management duration increased, average U values gradually decreased in the SBFM
plots, whereas those in the control plots gradually increased. Average U values did not
differ significantly between the SBFM and control stands after 2 years of management but
differed significantly after 7 years of management (p < 0.05) (Table 2).

Trees in most stands were evenly distributed at each level of dominance, and the
relative frequency of trees with a dominant distribution (U = 0.00, 0.25) was higher in the
SBFM plots than in the control plots. As management duration increased, the relative
frequency of dominant (U = 0.00, 0.25) and medium (U = 0.50) trees in the SBFM plots
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gradually increased, whereas in the control stands they increased slightly. The relative
frequency of medium (U = 0.50) and absolutely disadvantaged (U = 1.00) trees differed
significantly between the SBFM and control plots after both 2 and 7 years of management
(p < 0.05) (Figure 3). The relative frequency of absolutely disadvantaged (U = 1.00) trees
differed significantly between 2 and 7 years of management (p < 0.05).
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3.1.3. Zero-Variate and Univariate Distributions of M

Average M values were <0.25 all plots, with those in the SBFM plots higher than those
in the control (Table 2). As management duration increased, the average M values of both
SBFM and control plots first decreased and then increased (Table 2).

The relative frequency results confirmed that most trees in all stands showed low
mixtures (M = 0.00, 0.25) in any management year, with no significant differences between
the SBFM and control plots (Figure 3).

3.2. Bivariate Distributions of SSSPs
3.2.1. W-U

All stands had similar W-U index bivariate distributions (Figure 4), which were
approximately symmetrical around the random distribution axis (W = 0.50) and declined
gradually toward zero on both sides. The frequency of U increased with that of W and then
decreased, suggesting a near-normal distribution. Compared to the combinations for each
stand, which had frequency values between 0.000 and 0.038, the frequencies of W = 0.50
and 0.25 were remarkably high, accounting for >0.850 of the whole. However, the frequency
of trees with a low degree of dominance (U = 0.00, 0.25) and random distribution (W = 0.50)
did not differ significantly between the SBFM and control plots in different management
years. Significant differences between the SBFM and control plots were greatest for the
structural combination U = 0.50 and W = 0.50, as well as U = 1.00 and W = 0.50, after 2 and
7 years of management (Figure 4).
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3.2.2. W-M

Regardless of the type and management years of the stand, the W-M bivariate dis-
tributions (Figure 5) indicated that the highest frequency appeared at M = 0.00 at each W
class. Frequency values for each M class first increased and then declined, accompanied by
an increase in W, which reached its maximum at W = 0.50. Meanwhile, the highest pole
value in all stands always occurred with the combination M= 0.00 and W = 0.50, which
represented the case in which the reference tree was surrounded by the same species and
had a random distribution pattern in the quadrats. In addition, as management duration
increased, the relative frequency of trees between SBFM and control stands with the com-
bination of complete mixture (M = 1.00) and a random distribution (W = 0.50) gradually
improved, and the corresponding values of SBFM stands were greater than those of control
stands. However, compared to the control, the relative frequency of trees in SBFM with no
mixture (M = 0.00) and a random distribution (W = 0.50) was reduced, showing 0.305 and
0.265, 0.337 and 0.272, and 0.314 and 0.241 for stands before management, after 2 years of
management, and after 7 years of management, respectively (Figure 5).

3.2.3. U-M

In all plots, the U-M bivariate distributions yielded approximately the same frequency
values for each class of U (0.00–1.00), whereas frequency values varied greatly among all
M classes (Figure 6). Most reference trees in all plots were surrounded by trees of the
same species. More than 50% of trees in all plots were concentrated within the structural
combination M = 0.00 and U = 0.00–1.00, which was evenly distributed at each level of
dominance (U = 0.00–1.00). The proportion of dominant (U = 0.00, 0.25) and medium
(U = 0.50) trees with a low degree of mingling (M = 0.00 and 0.25) in the SBFM plots
were 0.445, 0.492, and 0.580 for management durations of 0, 2 and 7 years, respectively,
whereas those in the control plots were 0.459, 0.525, and 0.517. The relative frequency of
this structural combination after 7 years of management was 6.3% higher in the SBFM
plots than in the control plots. The proportions of trees that had high degrees of mingling
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(M = 0.75, 1.00) and disadvantage (U = 1.00, 0.75) were higher in the SBFM plots (2 years,
0.064; 7 years, 0.089) than in the control plots (2 years, 0.044; 7 years, 0.062) (Figure 5).
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3.3. Proportions of Different Types of Random Tree

Randomly distributed trees comprised the main body of the plantation forests in this
study, representing about 50% of the reference trees in all plots. Therefore, increasing the
proportion of random-structure units is a main focus of plantation management. In this
study, the proportion of randomly distributed trees generally increased in the SBFM plots
and decreased in the control plots (Figure 3).

Regardless of the management treatment, the average frequency of R2 units (32.5–
43.9%) was higher than that of R1 units (7.9–15.5%) (Table 3). As management duration
increased, the average proportion of R2 units gradually decreased in the SBFM plots,
whereas the average frequency of R1 units first decreased and then increased. However,
the opposite trend was observed in the control plots, with the average proportion of R2
units first declining and then increasing and that of R1 units gradually declining over
time (Table 3). The ratio of R2 units to R1 units shifted from 3.32 to 5.28 (average, ~4.00)
(Figure 7). Thus, the frequency of R1 units in all plots was generally lower than that of R2
units. There were no significant differences in the frequencies of either R2 or R1 units or in
the ratio of R2 units to R1 units between the SBFM and control plots.

Table 3. The average frequency of R2 and R1 in total plots.

Types
Before Management Two Years after Management Seven Years after Management

SBFM CK SBFM CK SBFM CK

R2 0.439 ± 0.13 0.383 ± 0.07 0.406 ± 0.04 0.325 ± 0.08 0.405 ± 0.03 0.413 ± 0.10
R1 0.111 ± 0.02 0.155 ± 0.10 0.108 ± 0.03 0.109 ± 0.05 0.118 ± 0.06 0.079 ± 0.01
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4. Discussion

The goal of forest management is to improve tree competition and forest quality
through structural adjustment, ultimately cultivating a healthy and stable forest [4,5,11].
Forest structure development, which is similar to the forest succession, is a long and
dynamic process whose effects are not obvious within short periods of time and are difficult
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to predict over long periods of time (decades of recovery). Thus, it is necessary to promote
the formation of a desired forest structure through effective human disturbance to accelerate
the succession process and produce stable and efficient forest development. SBFM uses
structural parameters to guide adjustments to optimize forest structure. It has become
an effective means to guide forest structural adjustment and optimization. However, as
management duration has increased, changes to stand spatial structure following SBFM
have remained poorly understood. Therefore, we evaluated the effects of SBFM on the
spatial structure characteristics of a P. orientalis plantation using SSSPs.

4.1. Dynamic Changes in Zero-Variate and Univariate Distributions of SSSPs

Zero-variate distributions (average value) of SSSPs, which reflect the mean state of the
overall stand structure, are commonly used to statistically determine the central position
of relatively concentrated data [5]. By contrast, univariate distributions of SSSPs reflect
the distribution frequency of trees with specific structural features with a plot, and thus
describe subtler features of stand structure [5].

W is an SSSP that allows the analysis of forest spatial pattern [44]. As its mean
values and frequency distributions are useful for describing the microstructure, it has been
widely used to guide forest structure adjustment, simulation and reconstruction [3,15,46].
Previous studies have shown that most trees are randomly distributed (W = 0.50) in terms
of quantity and basal area [47–49]. In this study, we found W < 0.50 in all plots, which
indicated that the plantation stands were in transition between a uniform and random
distribution, as described in a previous study [50]. We also found that most trees in all
stands were randomly distributed (W = 0.50). This result was similar to those of previous
studies [47–49]. Furthermore, we found that the average W values were higher in the
SBFM plots than in the control plots, regardless of management duration, with a significant
difference between the SBFM and control plots after 2 years of management (p < 0.05). This
suggests that SBFM can increase the proportion of randomly distributed trees over time, as
has been observed in other studies [6,26].

U indicates the spatial dominance of tree species [5,51]. In our study, average U values
were close to 0.50 for all plots, and trees in most plots were evenly distributed at each
level of dominance. These results are consistent with those of previous studies [20,50]. The
implementation of SBFM slightly decreased mean dominance values over time, whereas the
corresponding values of the control stands increased slightly, with significant differences
between the SBFM and control plots observed throughout the 7-year management period
(p < 0.05). Significant differences were also detected between 2 and 7 years of management
for the combination of medium (U = 0.50) and absolutely disadvantaged (U = 1.00) trees
(p < 0.05). These results suggest that SBFM can promote the growth of moderately and
highly dominant trees and that their difference in dominance increases as management
duration increases [6,52], This may be because SBFM adjusts the microenvironmental
conditions of target trees to some extent.

Our results also showed that average M values were <0.25 in all plots, which indicates
suboptimal tree species diversity in the P. orientalis plantation. Species diversity is an
important attribute of forests; more mingling indicates higher tree species diversity [6,20,53].
In our study, average M values were higher in the SBFM plots than in the control plots,
but these differences were not significant. In all plots, most trees were concentrated in the
low M classes (0.00, 0.25), regardless of management duration. These results indicate that
the implementation of SBFM is conducive to tree growth and diversity, perhaps because
the numbers of reference trees of the same species decrease during SBFM, and subsequent
changes to the surrounding microenvironment promote the emergence and growth of
multiple tree species. However, such changes could not be observed during this short-term
study. Therefore, it is necessary to implement SBFM over a longer period to determine
whether species diversity is continuously promoted under SBFM.
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4.2. Dynamic Changes in Bivariate Distributions of SSSPs

Bivariate distributions of SSSPs can be used to observe two stand spatial structural
features simultaneously, allowing comprehensive and accurate determination of stand
spatial structure characteristics [1,6,54,55]. Previous studies have described three types
of undesirable forest microstructure: disadvantaged trees with a low degree of mingling,
disadvantaged trees with non-randomly distributed, and non-randomly distributed trees
with a low degree of mingling. Thus, forest management strategies generally aim to
decrease the proportion of trees with these microstructural characteristics. In our research,
we detected significant differences between the SBFM and control plots for the structural
combinations U = 0.50 and W = 0.50, as well as U = 1.00 and W = 0.50, after 2 and
7 years of management, respectively. As management duration increased, the relative
frequency of trees in SBFM plots with no mixture (M = 0.00) and a random distribution
(W = 0.50) decreased. Similar results were reported in a previous study [20]. In plots
with a more desirable microstructure, no such significant changes were observed. We
also found that the frequency of trees with a low degree of dominance (U = 0.00, 0.25)
and random distribution (W = 0.50) did not differ significantly between the SBFM and
control plots among management duration periods. However, the relative frequency of
trees with a combination of complete mixture (M = 1.00) and random distribution (W = 0.50)
gradually increased, with that in the SBFM plots higher than that in the control plots. These
results suggest that SBFM can decrease the proportion of unreasonable microstructures by
changing distribution pattern and mingling rates. These changes provide a scientific basis
for thinning strategies [1,6,54].

4.3. Dynamic Changes in the Proportions of R1 and R2 Units

Natural forests are mainly composed of randomly distributed trees that promote forest
stability [49,56]. Randomly distributed trees have greater access to light on both sides, such
that a reference tree has less competitive pressure from its neighbors. In our research, the
average frequency of R2 units was higher than that of R1 units, which is consistent with the
findings of a previous study that reported double the proportion and basal area of R2 units
compared to R1 units [49]. However, we found that the ratio of R2 to R1 changed from
3.32 to 5.28, with an average of approximately 4.00. Thus, the proportion of R2 units was
about fourfold greater than that of R1 units, perhaps because of differences in the origin
and succession stage of forests [56]. As management duration increased, the ratio of R2
units to R1 units gradually decreased in SBFM plots, whereas it slowly increased in the
control plots. However, we detected no significant differences in the frequency of either
R2 units or R1 units or in the ratio of R2 units to R1 units between the SBFM and control
plots. These results indicate that SBFM can effectively adjust the ratio of R2 units to R1
units, gradually increasing the stability of plantation forests.

5. Conclusions

We studied the dynamic effects of SBFM on stand spatial structure in a P. orientalis
plantation. We found that SBFM could gradually accelerate the development of the for-
est to a random distribution pattern, reaching a significant difference within 2 years of
management. The implementation of SBFM also promoted the growth of medium and
dominant trees, with a significant difference in dominance between the SBFM and control
plots within 7 years of management. SBFM could slightly increase mingling compared
to the control plots, although no significant differences were observed. It also decreased
the proportion of undesirable microstructures in which trees were disadvantaged with
a non-randomly distributed and low degree of mingling. Finally, it effectively adjusted
the ratio of R2 units to R1 units, gradually improving the stability of the forest. These
results demonstrate that SBFM can effectively improve the stand spatial structure in this
P. orientalis plantation forest; this effect became increasingly significant as management
duration increased. However, the SBFM plots still had not attained an ideal spatial structure
within the 7-year management period. Therefore, SBFM should be sustained to further
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optimize the spatial structure of these plots. The results of this study provide basic data to
guide the management of P. orientalis plantations, as well as a scientific basis for further
implementation and evaluation of SBFM technology.
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