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Abstract In order to ensure the effective analysis and
reconstruction of forests, it is key to ensure the quantita-
tive description of their spatial structure. In this paper, a
distance model for the optimal stand spatial structure based
on weighted Voronoi diagrams is proposed. In particular,
we provide a novel methodological model for the compre-
hensive evaluation of the spatial structure of forest stands in
natural mixed conifer-broadleaved forests and the formula-
tion of management decision plans. The applicability of the
rank evaluation and the optimal solution distance model are
compared and assessed for different standard sample plots
of natural mixed conifer-broadleaved forests. The effect
of crown width on the spatial structure unit of the trees is
observed to be higher than that of the diameter at breast
height. Moreover, the influence of crown length is greater
than that of tree height. There are nine possible spatial struc-
ture units determined by the weighted Voronoi diagram for
the number of neighboring trees in the central tree, with an
average intersection of neighboring crowns reaching 80%.
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The rank rating of natural forest sample plots is correlated
with the optimal solution distance model, and their results
are generally consistent for natural forests. However, the
rank rating is not able to provide a quantitative assessment.
The optimal solution distance model is observed to be more
comprehensive than traditional methods for the evaluation of
the spatial structure of forest stands. It can effectively reflect
the trends in realistic stand spatial structure factors close to
or far from the ideal structure point, and accurately assesses
the forest spatial structure. The proposed optimal solution
distance model improves the integrated evaluation of the
spatial structure of forest stands and provides solid theoreti-
cal and technical support for sustainable forest management.

Keywords Weighted Voronoi diagram - Optimal
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Introduction

The high spatial structure heterogeneity of forests is con-
sidered to have a positive impact on the characteristics and
functions of ecosystems, including biodiversity, resilience,
and adaptability, and to a large extent determines the com-
petition between trees and the spatial niche. It also reflects
the health status, growth potential, and stability of the
stand (Brang 2005; Nagel and Svoboda 2008; Nagel et al.
2013). The function of a stand depends on the heterogene-
ity level of the spatial structure of the stand, namely, how
ideal the forest spatial structure is (Song and Dong 2014;
Pommerening 2006). In natural mixed secondary forests,
the spatial structure of the forest is often optimized through
thinning methods. Thus, the high heterogeneity of the for-
est spatial structure is often imitated in forest management.
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This management method not only enhances self-recovery
(Knoke et al. 2008) and improves the forest environment
(Zhang et al. 2023; Cascone et al. 2021), but also affects
the diameter at breast height, tree height, crown length, and
crown width (i.e., the forest non-spatial structure) (Gauthier
and Tremblay 2019; Horner et al. 2010), as well as the dis-
tribution pattern degree, mingling, and the competition of
forest trees within stands (i.e., the forest spatial structure)
(Duchateau et al. 2021; Ye et al. 2018).

The quantitative evaluation of stand spatial structure plays
a key role in the development of the highly heterogeneous
spatial structure in natural mixed conifer-broadleaved forests
under thinning practices. Qualitative grade and homogeneity
index evaluations are often used for the evaluation of stand
spatial structures (Li et al. 2020; Xin et al. 2020; Yang et al.
2019). Qualitative ranking assigns a rank to each parameter
of the spatial structure, while homogeneity index evaluates
the overall level of a certain stand characteristic based on
mean value. Nevertheless, there are quite a few limitations
of these methods in quantifying composite indicators and
neglecting the distribution of spatial structure indicators,
which may bias potentially in the results. The ideal angle
for each spatial structure unit in a stand would be 0.5, with
a mean value of 0.5. However, if half of the stands are rated
as 1 and the other half as 0, the mean value would still be
0.5. Despite not reaching the ideal state as no stand is in an
ideal condition. Furthermore, the most important index in
the study of spatial structure parameters is still controversial.
It is the value to be taken for the number of nearest neigh-
bor trees of the central tree. Non-nearest neighbors may be
included in the calculation if the number of nearest neigh-
bors is too large; All possible scenarios of nearest neighbors
around the central tree cannot be accounted for the number
of nearest neighbors is too small. The both of which lead to
biased estimates of the spatial structure parameters (Tang
et al. 2009).

Voronoi diagrams are used for the quantitative analysis
of the spatial structure of forest stands due to their nearest-
neighbor and neighbor properties. In order to express the
degree of spatial segregation of tree species in terms of min-
gling, Mengping Tang (Tang et al. 2009) employed Voronoi
diagrams to determine the number of nearest neighbors, n,
overcoming the overestimation of mingling caused by too
large or too small a value of n. The Delaunay diagram is a
Voronoi dual structure that is based on a minimum angle
maximization principle, namely, every two adjacent trian-
gles form the diagonal of a convex quadrilateral, and the
minimum angle of the six interior angles does not increase
after mutual exchange. This maximizes the equilibrium and
avoids narrow triangles. Each triangular side length in the
triangular network corresponds to the distance between
adjacent trees. This structure can better reflect the distribu-
tion pattern of the horizontal ground. However, the standard
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Voronoi diagram assumes that trees are equally weighted.
Nevertheless, in reality, there exist differences in the diam-
eter at breast height, tree height, crown width and crown
length of each tree, which results in various competitive-
ness between trees. Consequently, different competitive units
were formed. Therefore, it is necessary to correct the stand-
ard Voronoi diagram with non-spatial structural features (Li
et al. 2015; Aakala et al. 2013; Abellanas et al. 2016; Cao
and Li 2016).

This study had two objectives. First, the parameters of
the spatial structure of the stand derived from the weighted
Voronoi diagram were compared with the results calculated
by traditional methods; second, the quantitative evaluation
of the spatial structure of the stand was compared with the
results of the rank evaluation. The weighted Voronoi dia-
gram proposed in this study allows for the effective selection
of adjacent trees, while the subjective and objective combi-
nation of weights can determine the importance of the spa-
tial structure parameters of the stand, and the optimal solu-
tion distance theory corrects for the data bias associated with
the mean value of the spatial structure index. This method
has recently been applied in the supply chain, environment,
energy, business, wood traits and healthcare management
systems (Palczewski and Satabun 2019; Irfan et al. 2022; dos
Santos et al. 2019; Solangi et al. 2021; Zhang et al. 2022)
and is fundamentally based on the distance model, which
assumes that the real state is far from or approximates the
trend of the ideal state (Wang and Li 2004; Qiao et al. 2020;
Yang et al. 2021). This theory of distance has effectively
been employed to evaluate forest ecosystem health (Chen
et al. 2004; Lodin and Brukas 2021; Abedi 2022) and in the
qualitative analysis of forest spatial structure (Dong et al.
2022).

Materials and methods
Study area

The study area was located in the Dailing Forestry Experi-
mental Bureau at Dongfanghong Forest Farm in the Lesser
Khingan Mountains of Heilongjiang Province, China
(128°37'46" to 129°17'50"E, 46°50'8" to 47°21'32"N), at
an average elevation of 600 m. The forest community was
a conifer-broad mixed secondary forest, and the main tree
species were Pinus koraiensis Sieb. et Zucc, Picea koraien-
sis Nakai, Abies nephrolepis Maxim, Tilia amurensis Rupr.,
Betula platyphylla Suk., and Fraxinus mandshurica Rupr..
In 2011, natural conifer-broadleaved mixed forests with
the same stand density were selected in the study area and
subjected to lower story thinning. The harvested trees were
non-target species, partially over-dense trees, and harmful
species, including diseased, decayed, stressed, and dying
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trees, as well as trees with poor trunk shapes. The inter-
harvesting intensity was determined using the ratio of the
harvested forest cumulative quantity to the total forest cumu-
lative quantity. A total of seven 100 m X 100 m test plots
were established, namely, 10%, 15%, 20%, 25%, 30%, and
35% thinning intensity plots and a plot with thinning exclu-
sion. The average age, diameter at breast height, and tree
height of the trees in the study sites were 70 a, 13.5 cm and
10.5 m, respectively, and the stand canopy densities were
above 0.8 before thinning. In 2021, we measured the height,
diameter at breast height (>5 cm), live branch height, crown
width, crown length, species and coordinates for over 800
trees at seven 30 m x40 m standard plots. These character-
istics are summarized in Table 1. The standard plots have an
average level representative of the total stand characteristics
(Li 2019).

Determination of spatial structure units and selection
of structural parameters

Determination of spatial structure units

The non-spatial structure of trees can lead to varying
responses to thinning, for example, removing part of the
over-dense trees may result in crown gaps, reduce competi-
tion for light by the remaining trees and ameliorate light
availability. This may result in changes in diameter at breast
height (DBH), tree height and so on, and consequently, dif-
ferent competitiveness between trees.

Based on the nearest neighbor property of Voronoi dia-
grams, we define P(i= 1, 2, ..., n) as n points in a two-
dimensional Euclidean space and 4, (i = 1,2, ...,n) as n
positive real numbers. The regular Voronoi diagram is a
special case of the weighted Voronoi diagram with equal
weights, namely, 4,=4, =...=4,. However, the actual cen-
tral tree in our study differed from the surrounding adjacent
trees owing to its stand properties (diameter at breast height,
tree height, crown length, and crown width), which results
in varying effects (i.e., competitive range). For example,
stand 82 of the conventional Voronoi diagram in Fig. 1b is

hexagonal without weighting, whereas stand 82 is pentago-
nal after weighting (as in Fig. 1c), namely central tree 82
has five adjacent trees, 81, 84, 83, 79 and 77. Each weighted
Voronoi diagram is a polygon, and each edge of the polygon
corresponds to an adjacent tree of the central tree. Moreover,
the number of edges of the weighted Voronoi polygon cor-
responded to the number of neighbors of the central tree.
Thus, the white areas connected with 82 in Fig. 1c denote
the influence range of central tree 82.

The weighted Voronoi diagram was used to determine
adjacent trees. The outer boundary of the Voronoi polygon
was taken as the area where all four edges of the original
forest plot widened horizontally by 2 m, while the distance
buffer method was employed to eliminate the influence of
edges. Furthermore, the buffer region of the Voronoi poly-
gon was selected as the area where all four edges of the
original forest plot indented horizontally by 2 m. The cor-
rected sample plot was thus the remainder of the sample
plot with the buffer zone removed. We take the weighted
Voronoi diagram of the forest plot with thinning exclusion as
an example (Fig. 1a). The trees in the corrected forest plots
were employed as the central trees to calculate each spatial
structure index, while those in the buffer zone were only
used as adjacent trees in the calculation. Delaunay triangular
nets were adopted to avoid exaggerating the influence of
adjacent trees on the central tree, thus preventing excessive
distances between the central and adjacent trees in spatial
structural units.

We adopted grey theory to determine the degree of influ-
ence and relationship between factors by calculating the simi-
larity between the geometry of the reference and comparison
sequence. Grey systems theory, which employs grey corre-
lation analysis, does not require a large amount of complete
information to deal with non-linear problems. We used the
entropy-grey correlation method to analyze the intrinsic rela-
tionship between the number of convex edges in the Voro-
noi diagram and the corresponding diameter at the breast
height, height, crown width, and crown length of the trees
and assigned weights to the diameter at breast height, height,
crown width, and crown length. Grey correlation analysis was

Table 1 Characteristics of the

Stand density No. of trees No. of trees in
surveyed

Mean DBH (cm) Average  Average crown

corrected plot height (m) breadth (m)

Thinning
forest plot surveyed intensity (ind.-ha~")

(%)

0 1233 148
10 833 100
15 1000 120
20 758 91
25 1058 127
30 975 117
35 983 118

120 11.65 12.14 4.65
75 15.36 12.95 6.97
85 15.14 12.60 5.85
66 16.14 11.77 4.63
97 14.36 11.14 4.56
98 13.38 12.18 5.34
94 14.74 13.74 5.29
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Fig. 1 Weighted Voronoi diagram after correcting forest plot edges

used to consider the number of trees adjacent to the central tree
and the characteristics of the stand’s attributes as a grey sys-
tem, and analyze the influence of each stand’s attributes on the
number of adjacent trees. The number of trees adjacent to the
central tree was used as reference series X,,, while the factors
influencing the number of trees adjacent to the central tree (i.e.,
diameter at breast height, height, crown length, and average
crown width of the central tree) were used as the comparator
series. The correlation coefficient formula is as follows:

_ Amin + pAmax _ Amin + pAmax
Ai(k) + pAa [ Xo(k) = Xi(b)| + pA

€;(k) (1)

max

for X;, where, i=1,2,3,4; X, = [X,(1), X, (2), X, (3),
X mD X = (XD, X2, X:3), ..., Xi(m)]; n is the
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Weighted Voronoi diagram

number of the central tree; Ai(k) is the absolute difference
between sequence X, and X; at point k; A, ; and A, . denote
the minimum and maximum absolute differences at each
moment of all comparator series, respectively; and p is the
discriminant coefficient used to weaken the distortion caused
by the maximum absolute difference, namely, to increase
the significance of the difference between the correlation
coefficients. p varies between [0, 1] and is usually equal to
0.5 (Sun 2007). To facilitate comparisons, we use the critic
method to weight each characteristic factor (i.e., to obtain
the weighted correlation degree). The critical grey method
not only evaluates the differences within a single indica-
tor but also measures the correlation between indicators
and subsequently determines each factor’s importance. The
weighted grey correlation is obtained as follows.
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Iy = Z wig (k) 2
k=1

The correlations between four factors—tree height,
diameter at breast height, crown length, and average crown
width—and the number of trees adjacent to the central tree
were then calculated. The combined weights of the four fac-
tors were calculated as A; = A, + A, + A3 + A,. The weighted
Voronoi diagram was generated using the Weighted Voronoi
Diagram tool in ArcGIS10.5 (Esri) to determine the stand
spatial structure units and calculate the stand spatial struc-
ture index.

Selection of spatial structure parameters of forest stands

The spatial structure of stands refers to the distribution pat-
tern of trees and the spatial arrangement of their attributes.
It determines the competitive potential, the spatial niche of
the trees and, to a large extent, the size of the management
space, the stability of the stand and the possibility of its
development. Four key aspects form the basis of the spatial
structure of stands: mingling, spatial distribution pattern,
competition degree and degree of tree shade. Seven spatial
structure parameters representing these four parameters were
selected based on tree mingling, uniform angle, competition,
neighborhood comparison, openness ratio, crowding, and
forest layer difference for the structure analysis and evalua-
tion. The aforementioned variables were adopted to repre-
sent the overall situation of stand spatial structure. Among
them, the degree of species mingling (M,,.) describes the
degree of spatial isolation of the stand (Hui et al. 2019), the
openness ratio (OP,) reflects the light transmission condition
of the stand (Li et al. 2013), and the stand layer difference
(H,) describes the vertical structure diversity of the stand
(Lv et al. 2012). The uniform angle (W, ) expresses the spa-
tial distribution pattern of trees, crowding (C,) reflects the
degree of intersection of the tree crowns, and neighborhood
comparison (U,) reflects the degree of size differentiation
based on the DBH. Lastly, the competition index (aCl,)
expresses the intensity of competition among trees (Hui
et al. 2013). The specific formulae and the explanation of the
values are described in Table 2 and Supplementary Mate-
rial Tables S1— S8.The range of each parameter is divided
into five intervals, namely, 0.00, (0.00, 0.25], (0.25, 0.50],
(0.50, 0.75], and (0.75, 1.00]. Among them, the forest layer
is divided into six levels based on the Technical Regula-
tions for the Inventory for Forest Management Planning and
Design, National Standard of the People’s Republic of China
GB/T 26424-2010. Moreover, trees within the 2-m buffer
zone were used as reference trees to determine the spatial
structure parameters.

@ Springer

D, represents the first i diversity index values of all tree
species within the basic spatial structure unit in which the
central tree is located. The central tree is represented byz;,
where i represents the number of forest layers in the spatial
structure unita; represents the angle between the line of
two directly adjacent trees and the central tree, and a,, repre-
sents the standard angle of the structural unit.Hi,Hj, Lij, ni,
and j, represent the height of the central tree, the height of
adjacent trees, the horizontal distance between the central
tree and adjacent trees, the number of adjacent trees in the
spatial structure unit, the central tree, and the adjacent trees,
respectively. The number of tree species in the structural
unit is denoted asn;, while n; represents the number of the
jth tree species in the structure unit in which the ith central
tree is located.

Evaluation of the optimal distance model for the spatial
structure of forest stands

Importance of spatial structure parameters

We applied the landscape ecology theory to understand
patch homogeneity in terms the stand structure homogene-
ity by drawing on the existing research of natural forest stand
structures (Paluch 2021; Weintraub and Cholaky 1991). This
theory requires homogeneity within patches and different
characteristics among adjacent patches. In particular, we
employed data mining using the homogeneity index with
each spatial structure parameter through the maximum
mutual information coefficient (MIC) (Reshef et al. 2011) to
derive the weights of each spatial structure parameter. This
provides a theoretical basis for quantitative research on the
factors influencing the spatial structure of natural conifer-
broadleaved mixed forests under thinning.

The homogeneity index was derived by the multiplication
and division method L(g) as follows:

1+M(g) 1+S(g) = 1+0P(g)

Le)= [1+U@)] 0, [1+C@Q)] o, [l +aCIQ)] - 0uc; - [1+W(Q)] - oy
3
When calculating the distance, we defaulted to the same
weight for each index, however in the actual application,
the importance of the different indexes varied. We used the
homogeneity spatial structure index with the importance of
each parameter for the improved fuzzy analytic hierarchy
process (FAHP), which was combined with the entropy
weight method for the combined weight analysis to deter-
mine the importance of each parameter. The entropy method
was then adopted to determine the objective weight of each
spatial structure parameter, which is based on the index vari-
ability. The smaller the entropy value, the more informa-
tion the index provides and the greater the role it plays in
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Table 3 Values and types of spatial structure parameters in the corrected plot

Central tree M, OP, H, w, C, U, aCl,
number
1 0.6481 0.6667 0.1111 0.6667 0.6667 0.3333 0.1014
3 0.6667 0.2222 0.6481 0.4444 0.8889 0.4444 0.2599
4 0.6667 0.0000 0.6667 0.3333 1.0000 0.0000 0.4444
5 0.5000 0.2000 0.5333 0.2000 1.0000 0.8000 0.5280
6 0.2500 0.4000 0.6667 0.6000 0.7000 1.0000 0.1601
7 0.4167 0.2000 0.6667 0.2000 1.0000 0.8000 0.5107
8 0.2000 0.2000 0.5000 0.4000 1.0000 0.2000 0.2974
142 0.9200 0.2500 0.8333 0.2500 1.0000 0.5000 0.5402
143 0.7550 0.5000 0.5000 0.2500 0.5000 0.7500 0.5896
Type of indicator Maximal index Maximal index Maximal index Intermediate Intermediate Miniature index Miniature index
index index

decision-making. This method ensures the high objectivity =~ number of nearest neighbors and nearest neighbor trees of
of the weights. the central tree were eventually determined by calculating
the integrated weights and generating a weighted Voronoi
diagram using the Weighted Voronoi Diagram tool in Arc-
GIS10.5. Table 3 reports the values determined for each
spatial structure parameter.

The TOPSIS (technique for order preference by similar-
ity to an ideal solution) model is essentially a comprehen-
sive evaluation method that employs distance as an evalu-
ation criterion and is commonly used in multi-objective
decision analysis for finite scenarios (Behzadian et al.
2012; Celikbilek and Tiiysiiz 2020). The level of devel-
opment potential of each spatial structure is assessed by
defining a measure in the target space and thus calculating
the degree to which the target object is close to the positive
ideal solution and deviates from the negative ideal solu-
tion. The optimal distance model realizes a comprehensive
multi-indicator evaluation of forest spatial structure, and
the ideal values can be set as maxima, minimum, interme-
diate value (Chai 2016). Among the seven indexes, maxi-
mal, miniature and intermediate index are 1, 0 and 0.5,
respectively (Table 3). The data is normalized to the initial
data for all types of indicators except the largest ones. The
formula is as follows:

Quantifying spatial structure parameters

Each tree was considered as a point on the plane and a
Voronoi diagram and Delaunay triangulation network
were constructed using ArcGIS10.5 based on the loca-
tion of each tree’s plane coordinates. The Voronoi diagram
divides the sample site into multiple Voronoi polygons
according to the closest attributes of the elements in the
object set, with each Voronoi polygon containing only one
central tree. The number of trees neighboring the central
tree is equal to the number of sides of the Voronoi poly-
gon surrounding the central tree (Fig. 1), and the location
and number of neighboring trees is determined from the
Voronoi polygon surrounding the stand.

Grey correlation analysis is a multivariate statisti-
cal method that reveals the correlation between multiple
objectives with limited information. It has been applied in
several fields, such as multi-parameter optimization and
environment evaluations (Wang et al. 2019; Wen et al.
2022). Quantitative methods based on grey correlation
analysis can therefore measure the correlation between

facto.rs in .a g.rey system, reflecting the. correl'fltiO.n of a 3 = max(xi) —x; @
certain objective with respect to the optimal objective. In

this study, the number of trees neighboring the central | |

ree and the characteristi f th nd’ n attri N Xi ™ Xpes

tree and the characteristics of the stand’s own attributes o _ | _ I%i est ,M=max{|xl-—x,,m|} (5)

were considered as a grey system, and the higher the grey ' M
correlation, the better the effect of this parameter set. The

@ Springer
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Table 4 Degree of

. . Thinning intensity Weighted correlation of Weighted cor- Weighted cor- Weighted cor-
welghted.cqrrelatlon. of each (%) diameter at breast height relation of tree relation of crown  relation of crown
ch.aracterlstlc factor in the height width length
thinned forest plots

0 0.31 0.18 0.30 0.21
10 0.30 0.15 0.36 0.19
15 0.26 0.17 0.35 0.22
20 0.24 0.17 0.29 0.29
25 0.28 0.19 0.29 0.23
30 0.27 0.16 0.36 0.21
35 0.25 0.16 0.41 0.18
Total critic weight  0.31 0.17 0.31 0.21

where, x(i=1, 2, 3, ..., n) represented the value of the spatial
structure parameter of the ith central tree.

When calculating the distance, we defaulted to the same
weight for each indicator, yet in the actual problem, the impor-
tance of different indicators may vary. Therefore, in practical
applications, we used the improved fuzzy hierarchy method
combined with the entropy weight method to assign weights
(Wj*) to the indicators and used the weights and standardized
posterior series (y;) to construct the weighted evaluation
matrix (z;). The formulae for determining the positive ideal
solution (Z*) and the negative ideal solution (Z~) are as
follows:

Z+ = (ZT3Z;,,Z+) = <max{zllazzl,...

m

»Zp1 }’ max{zlz, 205 -+
> NAX\ 21515 2215 + -+ 5 Zym

The spatial structure comprehensive index is calculated as
shown in Eq. 8:

,znz},...> ©)

7" = (Z;’ZE”Z,;) — (min{zll’zzl,»..

s Znl }, min{zu, 205 ven
,min{Zlm,sz, s Zpm

,zn2},...> @

30 p

20 . a
15
10 -

0 T I I I T T T 1
2 3 4 5 6 7 8 9 10
Number of adjacent trees

Fig. 2 Frequency distance of the number of adjacent trees around the
central tree based on the weighted Voronoi diagram
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Results

Use of weighted grey correlation method to determine
the spatial structure unit

The raw data of each characteristic factor for the 821 trees
in the forest plot were processed without dimensions. The
number of convex edges (i.e., number of adjacent trees) in the
Voronoi diagram generated based on the tree point informa-
tion for the corresponding 821 trees was analyzed in terms of
diameter at breast height, height, crown length, and average
crown width to obtain the weighted grey correlation for the
spatial extent of tree competition.

The correlation trend was similar in the thinned sample
plots, namely, the effect of crown width was greater than
the effect of DBH, tree height, crown length. Moreover, the
weighted correlation of crown width was between 0.29 and
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Fig. 3 Mingling degree value
among different plots
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0.41. This indicated that crown width had the greatest influ-
ence on the competitive range of trees among the four factors
(Table 4). In single-species and stands with thinning exclusion,
DBH and tree height generally exhibited a higher effect on
the competitive unit. However, the canopy width was found
to have the highest correlation with the competitive unit in
thinned mixed conifer-deciduous stands due to species char-
acteristics and management practices.

Determination of the number of adjacent trees
via weighted Voronoi diagrams

The number of adjacent trees in each spatial structure unit
was determined within the corrected forest plots based on
weighted Voronoi diagrams, with a maximum of nine values

Fig. 4 Neighborhood compari-
son values among different plots
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for all forest plots, ranging from two to 10 trees (Fig. 2). The
distribution frequency of 3—8 adjacent trees in each plot was
high, ranging from 90 to 96%; the distribution frequency of
2-3 adjacent trees did not exceed 14%; and 9-10 adjacent
trees accounted for 4% to 6.6% in each thinned plot, which
was lower than the plot with thinning exclusion. This may be
attributed to the high sparseness and large distance between
trees resulting from the forest plot thinning. In particular,
the number of adjacent trees in the forest sites was reduced
owing to the distance between the trees and the sparseness of
the forest sites. Although the stand density of the forest plot
with a thinning intensity of 10% was greater than that of the
forest plot with a thinning intensity of 20%, the frequency
distribution of stands with more than eight trees was less
than that of the forest plot with a thinning intensity of 20%.

T 125%~75%
T the range within 1.5 times IQR|
— Neutrality line
® Average value
4 Abnormal value

[ ©0.559

I $0.527 )

$0.553

1.0 \
08 — \
0.6 —f

N $0.550

o

0.4 — /
0.2 —] /
0.0

[

0%

10%

|1l

Thinning intensity

15% 25% 30% 35%

@ Springer



1890

H. Liu et al.

Fig. 5 Competitive index val-
ues among different plots
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This is linked to the distribution of the trees. The distance
between the central and adjacent tree was predominantly
found within the interval of the average crown width, dem-
onstrating the applicability of the weighted Voronoi diagram
for the analysis of thinned forest plots.

Analysis of spatial structure parameters of forest stands
Degree of tree species segregation

The median of the mingling degree in the thinning exclu-
sion sample plot was determined as 0.488. Moreover, the
median, 25% and 75% values of the thinned plots were
higher than those of the thinning exclusion plot, and
the median value was also greater than 0.5 (Fig. 3). The

Fig. 6 Uniform angle index
value among different plots
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difference of the lower and upper quartiles (IQR) of the
thinned plots was smaller than that of the thinning exclu-
sion plot. This reveals that a low dispersion degree of
mingling in the thinned plots. Furthermore, the smallest
fluctuation was observed as 0.198 for the sample plot with
a 35%thinning intensity, indicating the superiority of the
spatial structure of tree species in the thinned plots to that
of the thinning exclusion plot. The degree of species min-
gling exceeded that in the plot with thinning exclusion,
and the mingling degree of the sample plot with a thin-
ning intensity of 35% was observed to be optimal among
these plots. The degree of mingling in the thinning exclu-
sion sample plot generally maintained an intermediate or
low level (see Supplementary Material Tables S1-S8 for
details of the mingling degree and other spatial structure
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parameters), and the degree of species mingling in the
thinned sample plots was mainly strong or higher. In addi-
tion, the mingling frequency in each thinned sample plot
was strong and extremely strong and the distribution fre-
quencies ranged from 51.02 to 77.00%.

Tree competition

The mean value of the size ratio based on DBH was deter-
mined as ca. 0.50 (Fig. 4) in the thinned forest plots. For
each structural unit, the distribution frequency of the central
tree in the absolute inferior (U, € (0.75, 1.00]) and predomi-
nant (U, = 0.00) states was determined to be the largest and
smallest, respectively. The extremely inferior state was more
common than the predominant state by 17.33%—-26.80%.

Fig. 7 Open ratio index value
among different plots

The percentage of individuals in the inferior (U, € (0.50,
0.75]) and extremely inferior (U, € (0.75, 1.00]) states in
the thinned forest plot was relatively large, reflecting the
poor growth condition of the stands. The proportion of indi-
viduals in predominant, subdominant, intermediate, inferior,
and extremely inferior stands in all plots exhibited a general
increase, with the exception of forest plots with thinning
intensities of 15% and 25%, where the proportion of stands
in the inferior condition was observed to decrease. The forest
plot with a thinning intensity of 15% had a clear dominance
in the size ratio due to the uniform distribution of size ratios
in the thinned forest sites under all classes.

The average value of the competition index in the thinned
forest plots was determined as ca. 0.50 (Fig. 5). The majority
of the trees were in an intermediate or strong competition

1 25%~75%

T the range within 1.5 times IQR|
—— Neutrality line

®  Average value

4 Abnormal value

T

\
\ E\

I $0.488

— 00.

| 90358

1
§

v

20%

Thinning intensity

25% 30% 35%

T 125%~75%
T the range within 1.5 times IQR|
— Neutrality line
® Average value
4 Abnormal value

|
\

$0.431

0-45‘5 ’7‘, _ $0.427

—1'0.355) I_

0.8 \
0.6 ——
oy —
. \ B
0.4 00,368/ Ebo.
0.2 /
0.0 /
0% 10% 15%
Fig. 8 Stand layer index value
among different plots
1.0 \ \
0.8 \ \
0.6
m>
04 20.430 b0;
0.2 / /
0.0

0%

10%

15% 20%

Thinning intensity

25% 35%

@ Springer



1892

H. Liu et al.

state, with the exception of forest plots with thinning intensi-
ties of 30% and 35%. The average competition index of these
plots was lower than that of those with thinning exclusion.
This may be attributed to the weak competition between
trees caused by the reduced stand density via intermediate
thinning. The competition value of the forest plot with a
20% thinning intensity was 0.323-0.778, with an average of
0.507. This indicates that the 20% intensity plot had a higher
space utilization compared to the other sample plots.

Spatial distribution pattern

The frequency distribution trend of the spatial structure units
for trees of different distribution states in each plot was rela-
tively consistent, with an obvious normal distribution pattern
(Fig. 6). Few trees belonged to the clumped distribution,
(0-1%), while 2.35-12.37% belonged to the absolute uni-
form distribution. The majority of trees exhibited a random
distribution (about 60%), and the distribution pattern of trees
was relatively stable. Moreover, the largest number of stands
belonged to the random distribution, accounting for about
60%, and the distribution pattern of stands was relatively
stable. The mean values of all sample sites ranged from
0.381 to 0.423, and the mean angle with the 35% thinning
intensity was closer to 0.5. However, the proportion with a
random distribution was significantly smaller than that of
plots with thinning intensities of 15% and 30%, and the pro-
portion with a nonuniform distribution exceeded that of plots
with thinning intensities of 15% and 30%. Thus, although the
mean value of the angle with the 35% thinning intensity was
larger, this is linked to the higher proportion of stands with a
nonuniform distribution. Hence, the mean value cannot fully
represent the level of the whole sample area.

Fig. 9 Crowding degree value
among different plots

1.0

Degree of tree shade

The openness ratio proportion was 31%-44% (OP, = (0.25,
0.5]) in all thinned plots, indicating that most of the tree
units in the thinned stands of different intensities were in
a intermediately open condition, namely, they were not
entirely shaded (Fig. 7). However, the IQRs of forest plots
with thinning intensities of 10%, 15% and 20% were 0.250,
0.300 and 0.334, respectively, which are smaller than those
of the thinning exclusion plot. This reveals a lower disper-
sion degree for forest plots with thinning intensities of 10%,
15%, and 20%. Forest plot with the 20% thinning intensity
exhibited the highest median and mean openness ratio values
(0.500 and 0.488, respectively), and also the highest num-
ber of spatial units with intermediate openness (and above)
and lowest frequency of shaded and fully shaded units in
the stand (4.55% of fully shaded units). Thus, the open for-
est plot with a thinning intensity of 20% was optimal, with
a sufficient growing space in the stand and favorable light
environment.

The difference in stand stratification reflects the complex-
ity of the stand in the vertical direction. The closer the forest
layer difference index is to 1, the more complex the stand
structure is in the vertical direction and the more obvious
stratification is; the closer it is to 0, the more homogeneous
the stand structure is. Figure 8 depicts the frequency distri-
bution of stands under different stratification classes in each
sample site, revealing a dominant normal distribution trend.
Spatial structure units with an intermediate level were domi-
nant in all the sample sites, followed by those with weak and
strong vertical structures, while those with no difference and
an extremely strong level were observed the least. Among
them, the sample plot with 20% thinning intensity exhibited
the most spatially structured units with no difference and
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Table 5 Consistency test

. . Name U, aCl, w, M, OP, H, C,
results and weight of spatial _
structure parameters of natural U, 1 2 3 4 5 6 7
comfer—b'roadleaved and broad- oCl 1 | 5 3 4 5 6
leaved mixed forest stands v
w, 1/3 12 1 2 3 4 5
M, 1/4 1/3 |23 1 2 3 4
OP, 1/5 1/4 1/3 172 1 2 3
H, 1/6 1/5 Va 1/3 172 1 2
C, 177 1/6 1/5 1/4 1/3 12 1
Consistency check 0000CR=0.02491; CI=0.0329
Improved fuzzy hierarchical 0.350 0.237 0.159 0.106 0.070 0.046 0.032
analysis weighting
Objective weights 0.23 0.04 0.05 0.06 0.17 0.08 0.37
Portfolio weighting 0.29 0.14 0.11 0.08 0.12 0.06 0.20

a weak vertical structure (H, < 0.25), with a frequency of
nearly 35%, while the least was observed for the sample plot
of 25% thinning intensity, with only 15.46%. In addition, the
mean values for all sample sites from low to high thinning
intensity were determined as 0.430, 0.419, 0.431, 0.355,
0.450, 0.406 and 0.427, respectively. At the stand level, the
use of vertical space was similar for each thinning intensity,
all of which exhibited a medium usage level and a vertical
structure complexity degree close to the average. The forest
layer difference in the sample plot with a thinning intensity
of 20% was significantly different to those of the sample plot
with a 25% thinning intensity (P <0.05), while no significant
differences were observed for the rest of the sample plots
(P>0.05). Thus, although the horizontal stratification of the
different thinning stands is relatively similar, there are dif-
ferences in the stratification within each thinning intensity
and the vertical structural complexity of the spatial structural
units of trees within the stand also varies.

The crowding degree means in the thinned plots (with
the exception of the 10% thinning intensity sample plot)
were lower than that of the thinning exclusion plot, ranging
from 0.631 to 0.780 (Fig. 9). The majority of the trees in
the 10% thinning intensity sample plot were in an extreme
dense state (85.33%), while no trees were observed to be in
an extreme sparse state. Moreover, the thinned plots exhib-
ited a lower frequency of extreme dense trees compared
to the thinning exclusion plot, with the exception of the
10% thinning intensity plot (40.91% — 58.82% frequency).
This indicates that the effect of low thinning intensity on
tree canopy growth cannot be ignored, although manage-
ment measures of different thinning intensities have been
carried out.

Evaluation of integrated spatial structure indexes based
on the optimal distance model

Parameter importance of spatial structure

The importance analysis using the homogeneity spatial
structure indexes of each structure parameter yielded the fol-
lowing ranking in descending order of importance: U, ; aCl,;
W,; M,; OP,; H,; and C,. The consistency test determined
CR =0.025 (i.e.,<0.1) and CI=0.03, which are acceptable
values (Alanis-Anaya et al. 2017). Moreover, the entropy
weighting analysis yielded objective weights for each struc-
ture parameter (Table 5), and the final combined weights
were determined 0.29, 0.14, 0.11, 0.08, 0.12, 0.06 and 0.20
forU,,aCl,,W,, M,. OP, H, and C,, respectively.

Comprehensive evaluation and grade comparison
of the spatial structure of forest stands

The ranking of thinning intensities according to the optimal
distance method was determined as 15% (0.488), followed
by 20% (0.487), 30% (0.480), 25% (0.479), 10% (0.475),
0% (0.442), and, lastly, 35% (0.433). The evaluation index
value of the forest plot with a thinning intensity of 35%
was the lowest, differing by 0.009 from that of the thin-
ning exclusion plot. Individual trees (51.67%) in the plot
with thinning exclusion had moderate or less than moderate
mingling, while forest plots with weak mingling dominated
(20.83%). Extremely dense tree crowns and the strong com-
petition level comprised 71.67% and 63.33% of the total,
respectively. Trees in the extremely inferior state comprised
34.17%, and those with a moderately inferior level of the
forest layer difference made up 68.33%. Moreover, 57.50%
of trees were observed to have a random distribution. A total
of 4.26% of trees from the 35% thinning intensity exhibited
weak mingling, while 57.45% were inferior and extremely
inferior, and 30% were relatively dense. Furthermore,
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Taple 6. Comp ari§0n of the Plot M, OP, H, w, C, U, aCl, Grade evalu- Distance
rathnahty evaluation of stand ation model evalu-
spatial structure ation

0% 111 1I I 111 I 1I I II 0.442

10% v 1I I 111 I 1I I II 0.475

15% v 1I I v I 1I I 111 0.488

20% v 111 I 111 I 1I I 111 0.487

25% v 1I I I I 1I I 111 0.479

30% v 1I I v I 1I I 111 0.480

35% v 1I I 111 II 1I I II 0.433

38.30% of the open stand ratio was observed at the shading
and fully shading levels, 60.64% had strong or extremely
strong competition, 67.02% had moderate and low forest
layer levels, and 61.70% had randomly distributed stands,
which were not significantly different from the thinning
exclusion plot. The spatial structure of the above two forest
stands with thinning intensities of 35% and thinning exclu-
sion was poor.

In terms of the optimal spatial structure, 65% of the trees
in the forest plot with a thinning intensity of 15% had a
random distribution, and the subdominant level made up
the majority, at 30%. Trees above the moderate state com-
prised ca. 71%, whereas 65% of trees were above the strong
mingling level. For the 20% thinning intensity plot, 61% of
trees were randomly distributed and the absolutely uniform
was 4% higher than that of the 15% thinning intensity plot.
In addition, the sum of the strongly mixed and extremely
strongly mixed degree values was 62%, which is 3% lower
than that of the 15% thinning intensity plot. Moreover, 17%
were at the subdominant and above level, which is equal to
that of the plot with a 15% thinning intensity. Furthermore,
the plot with a 15% thinning intensity was less open than
the 20% thinning intensity, yet its distribution of forest layer
differences was higher. Although the percentage of trees in
the plot with a thinning intensity of 15% at the extremely
dense level (58.82%) was higher than in 20% thinning inten-
sity plot (40.91%), the percentage at the strong competition
(and above) level (46.97%) in the latter was lower than that
of the former (62.35%). Moreover, the plot with a thinning
intensity of 35% was extremely open (7.45%), had extremely
strong forest layer variation (8.51%) and an extremely strong
level of competition (9.57%), which were higher than those
of the plot with a thinning intensity of 15%. However, their
ranks accounted for a lower proportion of the total ranks.
The 15% thinning intensity plot not only had a higher level
of moderate openness (41.18%), moderate and upper forest
layer variation (72.94%), and strong competition (55.29%)
than the plot with a thinning intensity of 35%, but also had
a higher proportion of ranks in the forest. In terms of min-
gling, the distribution of extremely mixed levels of mingling
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was higher in the forest plot with a thinning intensity of 35%
compared to that at the 15% intensity, yet the proportion
of randomly distributed stands, subdominant and dominant
ranks (U=[0, 0.25]), and moderately mingled stands was
lower.

The grade evaluation indicators of different plots corrobo-
rated the distance model value rankings (Table 6). Moreover,
it expressed the disparity between the plots and fully utilized
all data. The optimal solution distance model comprehen-
sively combined the optimal distance and dominance of each
parameter, which influenced the comprehensive evaluation
of the spatial structure of forest stands. The forest plot with a
15% thinning intensity and 1000 ind. ha~! density exhibited
the maximum index value, while the minimum value was
observed for the forest plot with a 35% thinning intensity
and 983 ind. ha~! density. The spatial structure and aver-
age neighborhood comparison based on DBH (Fig. 4) were
optimized under the 15% thinning intensity. This indicates
the DBH size ratio to be the main influencing factor of the
spatial structure of natural conifer-broadleaved mixed for-
ests. Performing standardization to facilitate comparisons
among spatial structure indicators and evaluating the struc-
ture unit composition of each forest tree resulted in a more
ideal optimal solution.

Discussion

The results of mingling level, size ratio, competition index,
and layer difference on the basis of Weighted Voronoi
diagram are highly correlated with the traditional “1 +4”
adjacent tree method (Supplementary Material Figs. S1 and
S2), indicating a high degree of consistency between the
two methods. While the differences between the results of
the two methods are relatively small, with 353-562 trees
(55.59-88.50% of the total) being less than or equal to 0.1,
the values of the angle, crowding, and openness determined
by the weighted Voronoi diagram are significantly different
from those calculated using the traditional “1 +4” method
(Fig. S1). About 355 trees have an angle index of greater
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than or equal to 0.2, accounting for 55.91% of the total,
and 359 trees have an openness index of greater than or
equal to 0.2, accounting for 56.54% of the total. Compar-
ing the results of the weighted Voronoi diagram with the
standard Voronoi diagram shows that while the differences
in mixed forest level, size ratio, competition index, angle-
scale, and layer difference are relatively small, with 399—548
trees (62.83-86.30% of the total) being less than or equal
to 0.1, there are notable differences between the values of
the crowding and openness determined by the two methods
(Fig. S2). Specifically, 283 trees have an openness index
greater than 0.2, accounting for 44.57% of the total, and 282
trees have a crowding index greater than 0.2, accounting for
44.41% of the total. The weighted Voronoi diagram’s abil-
ity to differentiate between various types or levels of tree
importance through weight adjustment makes the analysis
and decision-making process more targeted. The determi-
nation of the stand spatial structure unit is a prerequisite
for forest spatial structure analysis. Adopting the traditional
“1+44” adjacent tree method (1 central tree, 4 adjacent trees)
or the conventional Voronoi diagram to analyze the spa-
tial structure may exclude competing (i.e., adjacent) trees
or include non-competing trees in a real stand (Cao et al.
2016). Based on the shortcomings of the “1 +4” method,
which often excludes adjacent trees, Mengping Tang et al.
(2007), used the conventional Voronoi diagram to determine
the basis of stand structure units, which ensured the maxi-
mum correlation between the central and adjacent trees and
improved the accuracy of the results. However, the conven-
tional Voronoi diagram only considered the spatial location
of the forest trees when determining the adjacent trees and
regarded all forest trees as stands with identical competitive-
ness, without considering the factors of the forest trees them-
selves, and often included non-competing trees. Thus, the
constructed structure units could not truly reflect the actual
range of influence of forest trees (Aakala et al. 2013). The
most common physical impediments to interactions between
stands are the crowding of the growing space and shading
from above. Hence, in previous studies of pure stands, such
interactions, were mainly dependent on the differences in
the DBH, tree height, and crown width of adjacent stands.
In this study, by considering the differences of tree species
in conifer-broadleaved mixed natural forests, the Voronoi
diagram method was modified to determine the structure
unit of the forest based on the position information of the
forest trees. This was combined with the four most critical
factors affecting the competitive dynamics of the forest trees:
crown width, DBH, crown length, and height.

The results of grey correlation analyses of the number
of trees adjacent to the central tree and its key influenc-
ing factors showed that the average crown width of conifer-
broadleaved mixed forests at each thinning intensity (i.e.,
10%, 15%, 20%, 25%, 30% and 35%) had a greater influence

on the spatial extent of structure units when compared to the
forest plot with thinning exclusion. In addition, the crown
length factor had a stronger impact than the tree height.
Previous research has demonstrated that the allocation of
tree organs is strongly related to spatial partitioning and that
tree growth increases with the acquisition of canopy space
(Goudie et al. 2009; Abellanas et al. 2016; Moeur 1993).
Our findings thus provide a theoretical basis for the scien-
tific determination of the structure units of managed mixed
conifer-broadleaved forests. We revealed the importance
of determining tree structure units based on the weighted
Voronoi diagram and validated the rationale for applying
the weighted Voronoi diagram to thinned natural conifer-
broadleaved mixed forests.

To clarify the influences of each parameter on spatial
structure, the correlation between the spatial structure index
(i.e., homogeneity structure index) obtained by the multipli-
cation and division method and each parameter was deter-
mined. The spatial structure factors in conifer-broadleaved
mixed forest stands were ranked in the following descend-
ing order of importance:U;; aCl;; W;; M_;; OP;; H;; and C,.
The optimal distance model was used to rank the size of
the spatial structure. The proposed optimal distance model-
based evaluation of stand spatial structure not only solves
the importance and priority in calculating structure param-
eters but can also be adopted for the quantitative evaluation
of stand spatial structure. The size ranking of the spatial
structure index of the thinned forest plots was 15% (0.488),
followed by 20% (0.487), 30% (0.480), 25% (0.479), 10%
(0.475), 0% (0.442), and lastly 35% (0.433). According to
the combined score of the optimal distance model, the spa-
tial structure of the stand was optimized in the 15% thin-
ning intensity plot. This plot exhibited a high proportion of
trees at the moderately open level (41.18%), with moderate
and upper stand variation (72.94%), and a strong level of
competition (55.29%). In terms of the mingling degree, the
distribution of very intense mingling classes was higher in
the forest plot with a 35% thinning intensity than the 15%
thinning intensity plot, yet its share of randomly distributed
stands, subdominant and dominant classes (U=10, 0.25]),
and trees with a moderate degree of mingling were lower.
Forest plots with a better stand structure were those under
the thinning intensities of 15% and 20%, which were more
ecologically vigorous owing to the large degree of mingling,
suitable size differentiation, and competition. Moreover, the
whole stand was more ecologically vigorous, whereas the
plots under 35% thinning exhibited weak mingling, a simple
structure in the vertical direction, lacked young trees in the
lower layer, and had a poor overall stability. Structured man-
agement has become a common forest management model in
the last decade, and stand structure plays a decisive role in
the development of forest functions. Natural secondary for-
ests are prone to be over-dense and rely only on the natural
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thinning of the stand, which has a very slow growth rate, an
unreasonable structure and is unfavorable to the growth of
light-loving tree species (Zhao 2021; Hu et al. 2020; Makana
and Thomas 2005; Canham et al. 2004). Anthropogenic dis-
turbance in forests has an impact on the spatial structure of
a stand (Li et al. 2014; Xu et al. 2018; Montoro Girona et al.
2019; Hiltner et al. 2018). The crown crowding in the study
area was high, and consequently requires reasonable man-
agement. Therefore, following our evaluation of the spatial
structure of mixed conifer-broadleaved natural forests, we
recommend the careful consideration of the contribution of
each spatial structure parameter and the determination of the
priority adjustment according to its stand rank.

Conclusion

The results are highly correlated and consistent when cal-
culating the mingling, size ratio, competition index, layer
difference. However, the results of the calculation of angle,
crowding and openness differed considerably between the
two. Most of the angle and crowding values were smaller
and the openness values were higher those determined with
the traditional calculation. However, the Delaunay triangle
network structure itself better reflects the distribution pat-
tern of individuals on the horizontal ground, and the spatial
structure of the stand based on Weighted Voronoi diagrams
and Delaunay triangle networks does not require distance
measurement and angle measurement between the central
tree and its neighbors.

The degree of competition and spatial distribution pat-
tern were the main reasons for the differences in the spatial
structure of thinning coniferous-broadleaved mixed forests.
The DBH-based neighborhood comparison was identified as
the main contributing parameter to the degree of competi-
tion, while crowding was observed to be the key influenc-
ing factor of the tree shade degree. Based on the combina-
tion Weight-TOPSIS method, a spatial structure evaluation
model was established for seven plots after selection for
harvest. The proposed method was able to accurately and
scientifically evaluate the spatial structure of the stands.
Furthermore, the parameter scores of the evaluation model
could be used to distinguish the degree of mingling, compe-
tition, spatial distribution pattern and tree shade degree of
each mixed forest under different thinning intensities. The
results provide a theoretical basis for the forest management
of natural coniferous-broadleaved mixed forests, and offer
a novel approach for the scientific evaluation of coniferous-
broadleaved mixed forests with different thinning intensities.

Forest stand spatial structure research is increasingly
moving towards comprehensive evaluation, however, for-
est structure is very complex, and the integrated evalu-
ation method of optimal solution distance explored and
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established in this paper, although it has a certain evaluation
effect on spatial structure, is only compared and analyzed by
each structural parameter and integrated evaluation index
with traditional calculation results because the degree of
difference of its quantitative index is not unified. Therefore,
further research is needed for the subsequent characteriza-
tion of the integrated quantitative degree.
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