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Abstract: Accurate information of the fine-scale spatial patterns of trees and their interactions within
a stand is critical for explaining the competition, health and vigor status, and future development of
a stand. There are a number of indices which can show such patterns, but the stand spatial structure
index is the most important. This index can be quantified based on the spatial information of trees (tree
positions) within a stand and has paramount importance in identifying candidate trees to be thinned.
This study develops a software tool (algorithm), which can conveniently and accurately estimate the
stand spatial structure index. Our proposed algorithm considers the spatial relationships between
a reference tree and its four adjacent trees, and computes the three most important stand structure
indices (neighborhood comparison, uniform angle index and species mingling) using GIS (ArcEngine)
and the C# programming language. The implementation of the developed algorithm (stand spatial
structure index) shows that, for any reference tree assumed, its four adjacent trees identified by each of
the three stand spatial structure indices (uniform angle index—UAI, mingling—M and neighborhood
comparison—NC) are the same, indicating the consistency and accuracy between the three-stand
spatial structural indices. For the same tree species in a forest stand, the computational results from
each of the spatial structure indices used (UAIL M, NC) are also the same. Thus, the results of this
algorithm developed in this study are consistent with that of the Winkelmass1.0 software (a type of
software used to simulate stand spatial structure). As this article is based on the GIS technique, the
computational results can be visually displayed and implemented on actual maps, making it more
convenient and intuitive for forest management. The proposed approach will be useful for accurately
identifying the trees to be thinned and helpful for maintaining the vigor stand structure. This study
also demonstrates the implementation of the algorithm to the real-world data and proves that the
computational process is simple and efficient. The application of this algorithm for the identification
of trees to be thinned may help the stakeholders to focus their attention towards multi-functional
forest management. The algorithm will also provide an important basis for optimizing thinning and
maintaining well-structured forest stands.

Keywords: spatial structure unit; uniform angle index; mingling; neighborhood comparison

1. Introduction

A stable and healthy forest can be a good foundation for sustainable forest manage-
ment, as such a forest has well-structured stands and can provide multi-functions. This
forest can have a high productivity potential in terms of goods and services. The near-
nature forest management, which provides multi-functionality through the adjustment
of the stand structures, has largely been recognized in recent years [1-5]. Stand spatial
structure refers to the spatial patterns of trees within a stand and the spatial configuration
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of tree attributes in a certain space or area. Stand spatial structure describes the spatial
information pertaining to a stand position with emphasis on the determinate nature of
the tree position [6-8]. The spatial structure information is of great significance for scien-
tific forest management, as it provides the important basis for optimizing stand structure
through thinning. An analysis of the spatial position of a stand determines not only the
competitive interaction between adjacent trees, but also the spatial niche between trees
and the growth potential and stability of surrounding stands [3,4,6]. In recent years, the
analysis of stand spatial structure has become a main research agenda in stand simulation
and forest management.

Managing forests based on establishing a spatial relationship of any reference tree and
its four adjacent trees is generally referred to as a structured forest management [1,3,4,6].
This approach follows a system of structure determining multiple functions, helps develop
the near-nature forest management strategy and quantifies trees and stand attributes. The
structure-based forest management was first applied in Germany, which is also known
as the European structured forest management or the target tree management, whereby a
forest microenvironment can be precisely quantified using the relationship of the adjacent
trees of a reference tree [6]. There can be a set of tree-level spatial arrangements in a stand,
and they are uniform angle index (UAI), dominance index, and species mingling, or simply
a mingling (M) index [4,5]. The measurements of the spatial relationship among the trees in
any structural unit (a spatial pattern of some nearest trees from a reference tree; for example,
four trees) can provide the reflection of a stand distribution, species diversity, stand size
variation, and the juxtaposition of trees. UAI measures trees’ spatial pattern within a
stand. This measurement is simple to compute and convenient to apply and has a precise
differentiation ability. However, it does not require angle measurement between adjacent
trees and a reference tree. The precise quantification of a UAl-based stand structure index
provides an appropriate selection of trees for thinning or selection felling. Tree selection
should be simple but considerably accurate, and therefore this index can be considered
helpful for scientific forest management [4]. The dominance index, which is also known
as neighborhood comparison (NC), is based on the parameter of any tree or dominant
tree in a stand which has been successfully used in the analysis of stand spatial structure
by researchers. For example, using UAI, M, and NC, Chen et al. analyzed the Mongolian
forest stand structures in the over-felling forest area of Northeast China using tree height,
diameter at breast height (DBH), crown width and tree biomass as input variables [9];
Hao et al. analyzed NC and applied this to the spatial structure analysis of the willow
plantation [10]. Zhao et al. explored the methods and implementation of the stand spatial
dominance using NC [11]. In this study, for example, the proportion of structural units
with absolute dominance in the forest stand (NC = 0 ratio) was used to reflect the degree of
spatial dominance in the forest stand, and the average and maximum values of comparative
indicators (diameter at breast height, tree height, or crown width) were used to reflect the
magnitude of changes in the dominant individuals in the forest stand.

The structure-based forest management is an integrated approach and is specially
targeted for single tree management [3]. This approach not only accurately describes stand
structure, but also reveals the comprehensive relationship between stand structures, compe-
tition intensity, and species diversity. This approach formulates the management measures,
which can be useful for quantifying tree and stand attributes and adjusting stand structures.
The structure-based forest management (multi-functional forest management) can effec-
tively improve the forest quality and reduce the problems associated with development
and utilization of forest resources [12].

The real-world application of the structure-based forest management requires appro-
priate software and algorithms that can compute the stand spatial indices and analyze the
spatial structural attributes. For example, a software—Winkelmass 1.0—can be used to sim-
ulate the stand spatial structure, which is commonly used in China. Liu et al. have used this
software to analyze the spatial structure of Mongolian oak stands in China [2]. Even though
there has been an increased use of the information technology in forestry in recent years,
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developing software and algorithms for stand optimization through thinning based on the
GIS technique is still limited. In this study, (a) an algorithm is proposed to compute the
three most important forest structure indices (UAIL M, and NC) by considering the spatial
relationship between the reference tree and four adjacent trees using GIS (ArcEngine) and
the C# programming language; (b) this algorithm not only computes the spatial structure
index of individual trees, but also the spatial structure index of an entire stand, and the
computational process is simple and efficient; and (c) this study visually displays the
spatial structure indicators of individual trees, tree species, and the entire forest stand in
Geographic Information System (GIS), making their spatial structure more intuitive and
convenient. The results presented in the article may be considered as a convenient tool for
computing and visualizing the spatial structure index of any forest stands, which facilitates
the implementation of research results in actual forest management, providing an especially
important basis for the optimization of thinning and maintaining spatially well-structured
forest stands of the secondary forests. It can be easily used to identify thinning trees on GIS
maps, help stakeholders to focus their attention on multi-functional forest management,
and ultimately serve a stable and healthy forest ecosystem. In addition, this study is based
on information technology, such as GIS, making complex techniques convenient for forest
management and production time. The research results will help cultivate information
technology personnel, and promote forestry informatization and modernization.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Jin-Gou-Lin forest farm located in the Wangqing
county of Jilin province, China (Figure 1). The study area has the longitudes of 130°5’
to 130°20" E and the latitude of 43°17’ to 43°25’ N). It is characterized by a daily mean
temperature of 4.7 °C, with a mean daily maximum of 11.9 °C, a mean daily minimum
of —1.2 °C, average snowy days of 38.3, and an average precipitation of 560 mm with
the dominant rainy months of May to September. The area is located in the region of the
Changbai Mountains, with the minimum and maximum elevation of 300 m and 1200 m,
respectively. Its slope varies from 5° to 35°. The study area is also dominated by the flora
of Changbai Mountain, with gray-brown soil from basalt mid-low mountain ash, with a
soil thickness of about 40 cm.

2.2. Data

In 2013, we selected the secondary natural mixed forests in the forest farm and estab-
lished two sample plots of 100 m x 100 m (Figure 1c). The sample plots had elevation of
740 to 760 m, and there are different slopes. After the years of origin, stand has grown to
the natural secondary growth of Larix gmelinii spruce coniferous broad-leaved mixture with
Larix olgonsis, Picea jezoensis and Abies nephrolepis as the main coniferous larch, mixed with
a small amount of Pinus koraiensis, Fraxinus mandshurica, Betula platyphylla, Tilia tuan szysz,
Acer mandshushuricum, Betula costata, Ulmus propinqua and other broad-leaved tree species.
Within each sample plot, 100 10 m x 10 m sub-sample plots were designed (Figure 2),
where the number of each sub-plot was represented with two digits, with the first digit
indicating the column number and the second digit indicating the row of a sub-sample plot.
For the field survey, we recorded tree position and sample-plot location variables, such as
altitude, gradient and slope position, and measured DBH, height, the crown width of a
target tree (Z), special target tree (S), interference tree (B), and general tree (N). Additional
information of the experiment area is also available in Pang et al. [5].
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Figure 1. (a) The study area and its location in (b) Jilin Province and (c¢) China; and (d) the spatial

distribution of the permanent sample plots and individual trees.
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Figure 2. A demonstration of the 100 m x 100 m sample plot and 10 m x 10 m sub-plots. “A”

represents the plot center. Two digital numbers were used to identify the sub-plots with the first and

second number, indicating the column and row of the sub-plot.
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2.3. Computing Spatial Structure Indices and Developing Algorithm
2.3.1. Study Design

We prepared data for computing three stand spatial structural indices (uniform angle
index—UAI, mingling—M, neighborhood comparison—NC), which were briefly intro-
duced in Section 1. The distance buffer method was used to identify plot-boundary trees
and the reference tree in the core area of a sample plot. The four most appropriate trees
adjacent to a reference tree were identified and marked. Then, all those three spatial struc-
ture indices were computed. The steps involved in identifying trees and indices for the
computational process are shown in Figure 3.

Data pre-processing

v

Boundary tree
processing

v

Reading one record

Distance buffer method

&

) 4

Reference tree selection
from core area

reference Tré
selection

Yes
4
Spatial structure unit Step-by-step search
No identification plus bubble sort search

v

Individual il Neighbourhood comparison,
DG uz:j free Tpaltla. '¢— Uniform angle index and
structure 1n jx calculation Mingling
P Reading next record
Record is eof? No
Yes
i ! ¥
Tree species spatial structure index Stand spatial structure index

| |
v

Results display

Figure 3. A flow chart showing major steps involved in computing stand spatial structure indices;
eof stands for end of file; it is a special value and indicates that the end of file is read.

Step 1: Data pre-processing

We prepared a dataset, which involves the logical checking of incorrectly entered
or missing data in the sample plots. The relative coordinates of the sample plot and its
sub-sample plots were obtained. This involves the transformation of sub-sample plot
coordinates (x, y) to the corresponding relative coordinates (X, Y) as below:

X = the first digit of the small sample plot x 10 + x.
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Y = the second digit of the small sample plot x 10 +y.

where X and x are the relative coordinates of the sample plot and sub-sample plot, respec-
tively; similarly, Y and y are the relative coordinates of the sample plot and sub-sample
plot respectively.

Step 2: The identification of boundary trees

The plot-boundary trees could pose problems in obtaining an accurate spatial structure
index, as off-plot trees might reduce the accuracy. Thus, it was necessary to apply the
boundary correction method, which plays an important role in stand spatial structure and
single tree competition index. We applied the distance buffer method, which involves
setting up a 5 m buffer zone inside the sample plot [3,13]. Since boundary trees could only
be used as adjacent trees, it was necessary to mark them with F. As trees in the core area of
sample plot might be used as adjacent trees or reference trees, they were marked with T.

Step 3: Selecting the reference tree

Trees marked with T in the second step were considered reference trees; that is, any
tree in the core area of a sample plot was assumed as a reference tree.

Step 4: The identification of a spatial structure unit

The stand spatial structure unit is a basic unit consisting of a certain number of the
nearest neighboring trees of a reference tree [1,4,6]. Determining the minimum number of
adjacent trees of any reference tree and its spatial structure unit can be challenging, even
though researchers have evaluated different alternatives for this [12,14]. We employed
a commonly used method of determining the spatial structure unit, which consists of a
reference tree and its four nearest neighboring trees within a sample plot [1,3,4]. The search
and bubble sorting methods were used to identify the four nearest neighboring trees of any
reference tree considered (Figure 4).

| (a) real trees (b) abstract trees

Figure 4. Stand spatial structural unit.

Step 5: Computing single tree spatial structure index

The computation of the indices mainly involves determining the unit of stand spa-
tial structure through the isolation of the tree species, tree competition, tree distribution
pattern, the vertical structure of a stand, and so on. As mentioned in Section 1, UAI,
M, and NC were used to describe the tree competition, tree distribution pattern, and
tree isolation, respectively. These indices are widely used in the study of forest spatial
structure [3-5,9,11,15]. They express the difference among the spatial stand structures. We
computed each of them as described below.
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Uniform angle index (UAI): This measures the spatial distribution pattern of trees. It
has a considerable discriminant ability, is simple and convenient to use, and does not need
to measure the angle between the adjacent trees. This can be quantified by Equation (1).

10
Wi = — E Zij (1)
ﬂj:1

where Wi; is the UAI of a reference tree 7, and describes the uniformity of the adjacent trees
around the reference tree i, n is the number of adjacent trees for a reference tree i, n = 4,
and z;; is a discrete variable. The angle represents the minimum angle of any two adjacent
trees j that are the closest to each other. When the angle between the adjacent tree j and the
reference tree i is less than a given standard g (= 72°), z;; = 1, otherwise, z;; = 0.

Mingling (M): This is a tree species diversity measurement method based on the spatial
relationship of adjacent trees—the tree species spatial diversity index (TSS). This can be
quantified by Equation (2).

1 n
M; = =Y vjj 2)
n=

where M,; is the M of reference tree i, and v;; is a discrete variable. When a reference tree
and an adjacent tree are not the same species, v;; = 1, otherwise v;; = 0.

Neighborhood comparison (NC): It is a metric of the stand spatial dominance. This
can be quantified by Equation (3).

U= Y kij 3)

where U; is a NC of reference tree i, and kl-]- is a discrete variable. When DBH, H and the
crown width of an adjacent tree are smaller than those of a reference tree i, ki]- =0, otherwise
ki; = 1. The smaller the value of U;, the larger the reference tree would be, compared to the
adjacent trees.

After computing the spatial structure indices of any reference tree, the index values
were updated. Then, the stand spatial structure index of the next reference tree is repeat-
edly computed until all the trees in the core area of the sample plot were included in
a computation.

Step 6: The spatial structure index of tree species

Based on the three computed spatial structure indices (UAI, M, and NC) of each tree,
their average value for each tree species was obtained according to the classification of the
tree species, which is the index value of a tree species of interest.

Step 7: Stand spatial structure index

Based on the computed values of the spatial structure indices of each tree (UAL M,
and NC) regardless of the species of interest, the average of all the trees was obtained,
which is the index value of the stand spatial structure.

Step 8: Displaying the results

This step provides the results or computed values of the stand structure indices
and their displays in different tables and figures (Figures 5-7). The interpretation of
results could be carried out appropriately, such as the mean UAI value falling within a
range of 0.475-0.517, belonging to the random distribution, with a mean value of >0.517
belonging to aggregate distribution, and a mean value of <0.475 belonging to the uniform
distribution [16,17]. The results were also analyzed with and without tree species considered.
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Figure 5. A flow chart depicting the processes for identifying adjacent trees for a given reference tree

by the algorithm developed in this study.
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Figure 6. Algorithmic computation of spatial stand structure index interface.
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Figure 7. Stand spatial structure index. CONI stands for coniferous forest, NO1 BL stands for one
broad-leaved forest, and NO2 BL stands for other broad-leaved forest.

2.3.2. Algorithm of Stand Spatial Structural Unit

The stand spatial structure unit is the basic unit composed of the nearest neighbor trees
of a reference tree [4]. The basis is formed by computing the spatial index and analyzing
the stand spatial structure characteristics. Determining the number of adjacent trees is the
most critical tasks. There is a controversy about how to determine the number of adjacent
trees [14]. For example, Tang et al. proposed using the Voronoi diagram to determine the
nearest adjacent tree of a reference tree [18], while Li et al., used the weighted Voronoi
diagram to determine the adjacent tree of a reference tree [19]. Our study considered the
four nearest neighboring trees (N) of a reference tree, this is simple and explanatory, and it
can meet the requirements of the spatial structure analysis of a stand [3-6,20].

Our study used a systematic search and bubble sorting methods to select the four
nearest competitor trees around any assumed reference tree (Figure 5). A systematic search
considers a reference tree as an original point for finding trees in the range according to a
certain step size. The Euclidean distance between the reference tree and the four nearest
tees was computed and the bubble sorting method was used to find out the four nearest
trees of a reference tree, whose numbers were updated in the records of the reference tree,
and the stand spatial structure index was computed.

The bubble sorting method is the intuitive sorting algorithm, which needs to be
executed repeatedly in sequence and compares two elements at a time. If the order of
the elements is wrong, they could be exchanged. The whole process only ends when the
numbers are sorted. Its name refers to the way in which the smallest element slowly “floats”
to the top of the sequence through the process. The bubble sorting method can improve the
sorting efficiency by setting a Flag sign. The algorithm is depicted in Figure 5.

As shown in Figure 5, our algorithm first reads the coordinates of a reference tree,
and then determines the search step size. The algorithm takes the relative coordinates of
a reference tree as an origin, and determines the search range according to step size k = i.
It traverses the number of trees searched; if the number of trees is >5 (one reference tree
plus its four nearest trees), the step-by-step search ends. Otherwise, it gradually increases
the search radius, k = k + i, and continues searching until the condition (one reference tree
plus its four nearest trees) is met. Then, the Euclidean distance of a reference tree from
each adjacent tree is computed, and four trees closest to a reference tree are found by the
improved bubble sorting method. In this study, the step size I = 1 was used, and the best
step size was selected according to stand density.

After the adjacent trees are identified, the spatial structure unit is defined. In this
study, the angle between the adjacent trees was obtained using the cosine inverse function.
Specifically, assuming that the first adjacent tree was a starting point, the angle between
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the first adjacent tree and other three adjacent trees was computed. Selecting the nearest
tree with the smallest angle as the second adjacent tree, the algorithm computes the angle
between second adjacent tree and other two remaining adjacent trees. After selecting the
adjacent tree with the smallest angle as a third adjacent tree, the remaining tree would be
the fourth adjacent tree.

2.3.3. Algorithm Implementation Based on GIS

We implemented our newly developed algorithm to the real-world data. The develop-
ment platform is the Microsoft NET Framework 4.0 using the ArcEngine 10.0, access 7.0
database, C# language, and Personal GeoDataBase spatial data storage technology. This
function was integrated into the secondary forest-tending decision support system.

3. Results

Figures 6 and 7 are the implemented algorithm and its functional interface.

As shown in Figure 6, clicking the “Aalculate” button in the GIS business system and
selecting the spatial structure factor to be computed in the open window can automatically
carry out the computational processes, and update the results. The results of this algorithm
are consistent with that of the Winkelmass 1.0 software. Specifically, firstly, for the reference
tree, its corresponding four adjacent trees are the same, which indicates that they maintain
the consistency in selecting spatial structural units. Secondly, for any individual tree, its
spatial structure indices (UAI, M, and NC) are also the same. As this article is based on GIS
technology, the calculation results can be visually displayed and implemented on actual
maps, making it more convenient and intuitive for forest management. The spatial structure
index of the tree is the main basis for the computation of the spatial stand structure index.
The distribution of the spatial structure indices can be visualized by bar chart (Figure 7).

It can be seen from Figure 7 that the uniform angle index of a stand is mostly 0.5,
which means that most trees are randomly distributed regardless of the tree species.

4. Discussion

The GIS technique has been used in various sectors worldwide, including in China,
especially in forestry sector. In the past, GIS technology was mainly used for forestry
thematic mapping and forestry resource data management. With the rapid development
of information technology and the increasing demand for forest industry applications, in
recent years, different levels (provinces, cities, counties) of forest resource data management
systems have been established based on GIS technology. For example, various types of
forestry business systems and the national forest land “one map” intelligent platform have
been established, including the forest grass ecological network perception system in China.
Pang et al. developed the provincial forestry information sharing platform and public
welfare forest management platform [21-23]. Yang et al. developed the auxiliary decision-
making system for harvesting trees based on GIS [24]. The development and application
of these information systems, to a certain extent, has promoted the degree and level of
forestry information in China. The forest spatial structure unit is a driving factor for forest
growth process, and therefore its quantitative information can play a decisive role in the
future development of forests. In recent years, with the increasing demand for the precise
forest information, research on forest spatial structure has become increasingly important
for sustainable forest management [25-29]. However, the research and development of the
stand spatial structure software based on GIS technology is rarely reported. Therefore, our
study, to some extent, can fill the gap in this regard.

The computation of the spatial stand structure index can be easily realized by import-
ing the sample plot data into the system after their pre-processing based on the GIS, which
automatically provides the values of three stand structure indices. Users of the algorithm
do not need to determine the detailed processes of computing various indices, such as
neighborhood comparison, uniform angle index, and species mingling; just clicking the
mouse would accomplish the computation processes for any sample plot-size in a few
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seconds. The computational procedure for a single sample plot would be similar to that
of the multiple sample plots, and the results can be clearly visualized graphically, e.g.,
Figure 7.

Our proposed algorithm is based on the forest spatial structure indicators computed
using the data of only two sample plots, and provides the estimates of the most important
indices, such as uniform angle index, species mingling, and neighborhood comparison.
However, one may assume this sample size would not be adequate, because the wider
variability in trees” growth and development could not be covered. With the advancement
of this type of research, one needs to consider data from diversified sample plots (small
and large, mixed species and pure, the plots in slope and flat land, etc.), and to increase
the confidence of the computed information of stand spatial structural indices. In our
study, spatial structural units were determined based on the four adjacent trees, which
may not be adequate competitors for a reference tree considered. The weighted Voronoi
diagrams or any other searching methods can be applied to determine the precise spatial
structural units.

This can be the future development trend in forest spatial structure research, which
aims to construct an optimization objective function for forest spatial structure and intu-
itively express the overall spatial structure differences in forest stands [30,31]. With the
support of information technology, our proposed algorithm will be applied as a forest man-
agement decision supporting software. By constructing an optimization objective function
for forest spatial structure and analyzing the relevant indicators, it will automatically select
thinning trees to serve the core tree management and precise forest management processes.

The requirement of our algorithm involves investigating the position or relative
position of individual tree, which is time-consuming and laborious. This would also pose
difficulty in practical application. However, with the promotion and application of the
information technology, especially remote sensing-based techniques (e.g., LIDAR and UAV),
it would be easier to obtain the position of individual trees, and data acquisition efficiency
can be substantially improved.

5. Conclusions

This study analyzed the demand and current situation of modern forest management
and forest spatial structure indices. Taking the survey data of the Jingouling Forest Farm
in the experimental area as an example, an algorithm was developed to calculate three
spatial structure indices (uniform angle index, mingling, and neighborhood comparison)
and the detailed calculation steps of the spatial structure indices is provided. Our proposed
algorithm is based on the ArcEngine platform and C# language.

The proposed algorithm can quantitatively express the spatial structure indices of the
entire forest stand, as well as the spatial structure of tree species or individual trees. The
quantified stand spatial structure indices are vividly expressed through the graphics and
tables, greatly promoting and facilitating the quantitative and visual application of forest
stand spatial structure indicators.

Our study can be easily used to identify thinning trees on the GIS maps and will help
stakeholders raise the awareness of multi-functional forest management, ultimately serving
to ensure stable and healthy forest ecosystems.
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