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Abstract: Understanding the diversity and complexity of stand structure is important for manag-
ing the biodiversity of forest ecosystem, and stand structural diversity is essential for evaluating
forest management activities. Based on the relationship of adjacent trees, a quantitative method of
stand structure diversity is proposed to express the heterogeneity of stand structure in tree species,
distribution pattern, species separation and size differentiation. In this study, we defined the diver-
sity of structural unit types and derived a new index of forest structural diversity (S′D) employing
the additivity principle of the Shannon–Weiner index. The efficiency of the index was verified by
applying the new measure to sixteen field survey samples at different locations. The mountain
rainforest in Hainan had the highest forest structural diversity, followed by broad-leaved Korean
pine forests in Jiaohe (2), Jiaohe (1) and an oak-broadleaved mixed natural forest at Xiaolongshan
(2). The S′D values of plantations and pure natural forest were lower. The simulated data of different
thinning methods and the intensity of broad-leaved Korean pine forests show that the new measure
can reflect forest management changes on stand structure diversity. The value of S′D compared
with no treatments and the differences were greater as thinning intensity increased. The S′D index
provides minimum and maximum values for different structural unit types in forests to achieve a
unified comparative basis for calculating forest structure diversity. It has the characteristics of the
general diversity index and can well express the diversity of tree species, distribution pattern and
size differentiation simultaneously. The S′D index can not only calculate the structural diversity of
mixed species forests but can also be used to calculate the structural diversity of pure forests. It can
also be used to evaluate the change in stand structure diversity after management interventions.

Keywords: relationship of adjacent trees; spatial structural measures; size differentiation; mingling;
uniform angle index; structural unit types; stand structural diversity index

1. Introduction

Forest structure is the driver for forest growth and ecological processes and the result
of forest dynamics and biophysical processes, and at the same time, forest structure is
directly linked to forest ecosystem goods and services [1]. As the basic study unit of forest
structure, stand structure comprehensively reflects forest development processes, such
as regeneration patterns, plant interaction, self-thinning and disturbances [2]. In recent
years, most ecological researchers believed that on a micro-scale heterogeneous forest can
accommodate more species than homogeneous forests, especially those requiring special
habitats. For example, the complexity of the vertical structure of vegetation is related
to the number of insects and birds in a certain area [3]. With multiple tree species, the
larger the variation of size or age structure, the more complex the stand structure, the
greater the diversity of niche or food that can maintain various animals and plants and
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microorganisms, and the higher the overall biodiversity of the stand [3,4]. Additionally,
stand structure plays an important role in, and is affected by, management activities
such as harvesting, thinning, controlling competing ground vegetation and planting [5].
Increasing the diversity and complexity of stand structure is the foundation of, and an
effective approach for, maintaining and increasing forest ecosystem biodiversity [6–8].
Some forest management methods have begun to focus on improving the diversity of forest
structure such as near-natural forest management (NNFM) [9,10] and structure-based forest
management (SBFM) [11].

Measures of stand structural diversity are crucial to predicting stand growth [12]
and required forest management activities [5]. Stand structural diversity is related to
species richness and size distribution in the community [3] and depends on the horizontal
distribution of individual trees [13]. Many methods have been developed to calculate the
diversity of stand structure. Considering stand structure attributes, types of measurement
and mathematical framework, the methods of measuring stand structure diversity can
be roughly divided into three categories. The first type describes biodiversity using the
standard deviation or the coefficient of variation, such as the composition diversity of basal
area [3,14,15], standard deviation of diameter at breast height [16–18], total tree height
standard deviation [17,19], foliage height diversity [13] or the diversity of standing or lying
deadwood [19–22]. However, these methods only quantify a single structural attribute
at a time. It has often been argued that they fall short of fully assessing stand structural
diversity [14,23]. The second category is based on accumulating structural attributes using
weights. A set of stand structure attributes is selected and scores or weights are assigned to
it according to the importance of the structural attributes. The stand structure attributes
are then aggregated to express the stand structure diversity using a sum or average of
the weights. For example, Barnett [24] and Newsome and Catling [25] assigned values
according to the coverage of different levels to evaluate the stand structure diversity. Van
Den Meersschaut and Vandekerkhove [26] selected 18 indicators, assigned various weights
and summed up the weights to describe the biodiversity of Belgian forests. In addition,
Roy et al. [27] proposed a diversity vector for ecosystems. This diversity vector has five
components which include environmental index, life-form index, Shannon–Weiner index,
taxonomic index and functional index. Roy’s diversity vector can be used for modeling
and comparison of intra- and inter-ecosystem diversity in the form of concise numerical
information [27]. The diversity vector pays more attention to the expression of community
diversity on different scales and is more comprehensive than the existing diversity index.
The third category is based on the interaction between structural attributes that make up
the whole stand structure with a nonlinear method, such as the structural complexity index
(HC) proposed by Holdridge [28], which combined tree height, basal area, density and the
number of species in the upper canopy layer to calculate stand diversity. The stand diversity
index (SD) by Jaehne and Dohrenbusch [29] multiplied species composition, stem diameter,
inter-tree distance and variation of crown size to express stand structure diversity. In recent
years, the methods of point processes statistics including second-order characteristics
were used to describe the characteristics of forest tree attributes changing with spatial
scale [30–35]. These methods have the potential to analyze and explain ecological processes
and to state hypotheses. They are likely to become more and more popular in forest
structure analysis. Gadow [36] and Pommerening [37,38] considered that forest structural
diversity can be subdivided into the diversity of tree positions, trees species diversity and
the diversity of tree dimensions. Some progress has been made in the evaluation of stand
structure diversity [6,39,40], however, existing stand structure diversity descriptions rarely
unify or aggregate these three aspects at the same time.

Understanding stand characteristics is the basis of forest management, and stand
survey is the key to mastering stand characteristics. Traditional stand survey methods
such as census and sampling methods, e.g., the well-known distance-based sampling meth-
ods [41] mainly focused on collecting the quantitative and quality characteristics of stand
description factors by sampling method, which do not involve the stand spatial structure
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characteristics. More and more studies show that improving stand structure, especially
the diversity and complexity of stand spatial structure, is the basis for maintaining and
increasing biodiversity of forest ecosystems [6–8]. Since 1992, a family of individual tree
indices has been developed which are neighborhood-based and which can quantify the
stand spatial structural characters by accounting for structural unit (refer to Table 1 for a
definition) of tree species mingling, size differentiation and tree-location diversity. Their
algorithmic structure is similar to that of distance of dependent competition indices, which
make this family of indices particularly well suited to the simulation of spatial forest struc-
ture [38] and has been widely used in stand structure analysis and the management of forest
structure [18,42–49]. Joint probability distributions have been put forward and applied
to analyze forest spatial structure characteristics to study the relationships between these
indices in different forest types. The combined use of joint density distributions provided
more abundant and effective information than relying on the marginal distributions of
single indices [47,48,50,51]. Based on these indices, a new forest management method,
structure-based forest management, has been developed in the past ten years [11]. The core
technology of structure-based forest management is (1) adjusting tree-location patterns
based on the uniform angle index to increase the randomness of trees distribution, (2) pro-
moting object tree species interactions and species diversity by selecting same species for
removal based on mingling index and (3) promoting the competitive power of object trees
by selecting trees for removal which affect the object trees based on size differentiation.
This method has been successfully applied to various forest types in China [48,50,51]. The
feature of structural indices based on the relationship of adjacent trees and their applica-
tion in forest management provides an incentive for constructing a new stand structure
diversity index.

Table 1. Definition of terms.

Term Definition

Structural unit Reference tree i and its n nearest neighbors

Structural unit type

Classification of structural unit according to the
specific values of species mingling, uniform

angle index, size differentiation and number of
species in the structural unit

Structural diversity index S′D
Stand diversity measure based on tree species
diversity, variation in three dimensions and

diversity of stand structural unit types

Therefore, this study’s objective is to combine and aggregate the three aforementioned
structural aspects in a single biodiversity index. The proposed properties of the new index
include the ability to (1) express the structural heterogeneity of different forest stands and
forest types including the diversity of tree species, location and size differentiation and
(2) to express the effect of forest management on structural diversity, especially in the
adjustment and optimization of stand spatial structure. Finally, we calculated the new
index based on field measurements, including tree coordinates from different geographical
regions. Furthermore, based on an artificial dataset of simulated management activities, we
have tested the new stand structure diversity index for its suitability to describe changes in
stand structure.

2. Methods
2.1. Neighborhood-Based Structural Index

Gadow [52] and Hui et al. [44,53,54] define a structural unit as a group of n nearest
neighbors to a reference tree i (Figure 1; cf. Table 1). Within the structural unit, the
neighborhood-based structural indices are mingling (Mi), size dominance (Ui) and uniform
angle index (Wi). These measures have proven useful for analyzing the spatial structure
of forests with mixed species and sizes [38,44,45,50]. Mingling is used to express the
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aggregation or segregation of different species in multispecies forests and is defined as the
proportion of the n nearest, heterospecific neighbors when compared with the species of
reference tree i [46,52,55]. Size differentiation gives proportion of the n nearest neighbors
that have a smaller size (in terms of, for example, dbh, height, crown width, etc.) than
reference tree i [44,56]. The uniform angle index (Wi) describes the spatial pattern of tree
locations in the neighborhood of reference tree i [44,55–57] and is defined as the proportion
of the angle α which is less than the standard angle α0 (72◦). The angle α refers to the smaller
of the two angles formed by the reference tree and the nearest two adjacent trees [44,53,56].
The values of the three spatial structure indices take the same discrete values, e.g., 0.0, 0.25,
0.5, 0.75 and 1.0 for n = 4.
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neighbor trees.

According to the definition of the three spatial measures, we can express them by a
general formula as follows:

ωi =
1
n ∑n

j=1 vj (1)

where vj is a discrete variable with value vj ∈ {0, 1} and its meaning is related to the
specific index and n is the number of nearest trees in the spatial structural unit. In this
study, we took n as 4, because this value has been widely used in the literature [42,46,52]
and is cost effective [58]. ωi, generally, can take n + 1 possible values, i.e., five values for
n = 4. The values and significance of the three parameters can be found in the literature of
Hui et al. [50].

2.2. Diversity of the Structural Unit Types

According to the general formula of neighborhood-based indices Equation (1), in-
formation of location, species and size diversity can be quantified for any structural unit
using the same quantification principle. The different combinations of the discrete index
values can be regarded as different structural unit types (cf. Table 1). With n = 4, there are
C1

5 × C1
5 × C1

5 = 125 possible combinations when only considering the different values of
the three measures. In this formula, the symbol “C” represents combination, “1” represents
one of the five values of a structural index, and “5” represents five values. However, the
same mingling value may be applied to different structural unit types due to the different
tree species involved. Table 2 illustrates this phenomenon. The number of tree species in
the structural unit is 1 and 2 when the mingling value is 0 and 0.25, respectively; when the
mingling value is greater than 0.25, the number of tree species may be different despite
having the same mingling value for the structural unit. For example, if the value of uniform
angle index and size differentiation are both 0.5, when the value of mingling is 0.75, there
may be 2 tree species, 3 tree species and 4 tree species in the structural unit, and these
different species’ numbers define 3 different structural unit types. Therefore, according
to the different combinations of each measure’s values and the number of tree species in
each structural unit, there should be (C1

1 + C1
1 + C1

2 + C1
3 + C1

4)× C1
5 × C1

5 = 275 possible
structural unit types. The notation meaning here is the same as above.
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Table 2. Structural unit types with the same mingling value.

Value of Mi Possible Structural Unit Type
Possible Tree Species

In Structural
Unit Type

Number of Combination
Types That May Occur

with Uniform Angle Index
and Size Dominance

0.00
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According to this concept, we regard structural units with the same combination
characteristics as the same type, similar to different tree species in a woodland community.
In analogy to species diversity, the diversity of structural unit types can be analyzed by
applying, for example, the Shannon–Weiner index [59], a classical method of quantifying
species diversity. It is related to the concept of entropy and widely used in ecology [60]
because of its monotonic, non-negative and cumulative characteristics. Therefore, we
adopted a method for expressing the diversity of structural unit types based on the Shannon–
Weiner index [59] (Equation (2)).

D′U = −
N

∑
i=1

ui log ui (2)

where D′U is the diversity of structural unit types, ui is the proportion of the i-th structural
unit type in all combination cases and N is the number of structural unit types and its
maximum number is 275. When there is only one structural unit type (N = 1) in the forest,
D′U has a minimum value of zero. The more structural unit types and the more uniform
the proportions, the greater the value of D′U . The maximum value of D′U is 5.617 when
N = 275 and the ui is 1/275.

2.3. Diversity of Stand Structure

As mentioned above, D′U describes the diversity of the structural unit types and it
is a very important aspect of the diversity of stand structure that reflects the diversity of
location, species and size diversity of the n nearest trees to reference tree i in the structural
unit. On the other hand, the total number of species in a stand and the size dominance of
reference trees are also important aspects of the diversity of forest stands. The diversity
of structural unit types only considers the tree species difference, number of tree species
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and relative tree size of the five trees in the structural units; therefore, we also need to
consider tree species and size variation of the forest stand when we describe the diversity
of stand structure. The species diversity of reference trees in a stand is also described by the
proportion of stems and the Shannon–Weiner index. The tree size variation (diameter, tree
height or crown diameter) in a stand, on the other hand, can be expressed by the coefficient
of variation (CV), which can be calculated as follows:

CV = σ/µ (3)

where σ is the standard deviation of individual tree sizes and µ is the mean value of the
individual tree size. The larger the value of CV, the greater the variety of tree sizes in a
stand. Both the Shannon–Weiner index applied to tree species diversity and CV can be
calculated based on the reference tree i and its n nearest neighbors for all structural units in
a forest stand.

According to the above analysis and the cumulative characteristics of the Shannon–
Weiner index [61] (Equation (4)), we proposed a method to express the diversity of a forest
stand (S′D) as Equation (5).

H′(AB) = H′(A) + H′(B) (4)

In Equation (4), H′(AB) is the diversity of a community, H′(A) and H′(B) are the
diversities of different classifications A and B, respectively, of the same community. In our
study, H′(A) is the diversity of tree species and H′(B) is diversity of structural unit types.
They are represented by H′ and D′U in Equation (5), respectively.

S′D = CV·(H′ + D′U) = −CV·
(

S

∑
j=1

pj log pj +
N

∑
i=1

ui log ui

)
(5)

where S′D is the structural diversity index (cf. Table 1) based on the neighborhood-based
measures, S is the number of tree species in the stand, pi is the proportion of the j-th tree
species in the stand; N is the number of structural unit types and ui is the proportion of
the i-th structural unit types in the stand. CV is the coefficient of variation of tree size. The
value of S′D, thus, is determined by the diversity of tree species, diversity of structural unit
types and variation of individual tree sizes in the stand. If there is only one tree species
in the stand, the diversity of structural unit types and variation of tree sizes reflects the
stand diversity.

3. Study Data and Method of Analysis

Tree measurements from field plots in China, Germany, Poland, Myanmar and South
Africa were analyzed to evaluate the feasibility and usefulness of the structural diversity
index. The species and diameter at breast height (DBH) of every tree with a DBH greater
than 5 cm were recorded in these plots. For more details of the sample plots, see Table 3
and the Supplementary Materials. In addition, a variety of simulated thinning data based
on field measurements were used to analyze the sensitivity of the new structural diversity
index to stand structure changes.
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Table 3. Basic characteristics of the plots used in this study.

No. Plot Location Forest Type Plot Size (m2) Density
(Trees/ha) Richness Mean DBH (cm) Basal Area (m2/ha) ¯

W
¯
M

¯
U

1 Jianfengling, Hainan, China Montane rainforest 30 × 100 820 84 29.2 54.87 0.533 0.963 0.515
2 Jiaohe, Jinlin (1), China Pinus Koraiensis broad-leaved forest 100 × 100 797 19 22.4 31.67 0.491 0.828 0.493
3 Jiaohe, Jinlin (2), China Pinus Koraiensis broad-leaved forest 100 × 100 1178 20 18.1 30.42 0.498 0.781 0.492
4 Xiaolongshan, Gansu (1), China Oak broadleaved mixed natural forest 60 × 60 1342 49 14.6 22.79 0.491 0.806 0.493
5 Xiaolongshan, Gansu (2), China Oak broadleaved mixed natural forest 70 × 70 933 33 19.5 27.85 0.492 0.806 0.509
6 Xiaolongshan, Gansu (3), China Oak broadleaved mixed natural forest 65 × 50 1486 30 15.6 28.58 0.535 0.668 0.498
7 Jiulongshan, Beijing (1), China Platycladus orientalis plantation 40 × 80 2331 8 10.5 20.26 0.428 0.200 0.494
8 Yiheyuanhou, Beijing (2), China Pinus bungeana plantation 55 × 60 1588 1 17.7 39.2 0.383 0.000 0.495
9 Honghuaerji, Inner Mongolia (1), China Mongolian scotch pine natural forest 100 × 100 940 1 21.3 33.6 0.463 0.000 0.494
10 Honghuaerji, Inner Mongolia (2), China Mongolian scotch pine natural forest 100 × 100 1149 1 21.0 39.76 0.465 0.000 0.488
11 Lensahn, Germany Beech-noble hardwood mixed forest 60 × 100 587 13 22.8 23.94 0.502 0.425 0.480
12 Manderscheid, Germany Oak and beech mixed forest 80 × 80 381 2 31.0 28.69 0.469 0.440 0.475
13 Walsdorf, Germany Beech and Norway spruce mixed 100 × 125 506 3 29.7 35.12 0.432 0.230 0.498
14 Knysna, South Africa Subtropical evergreen natural forest 395 × 30 713 22 25.2 35.65 0.485 0.840 0.492
15 BialowiezaH, Poland Temperate deciduous mixed forest 100 × 100 764 5 24.4 35.62 0.518 0.455 0.487
16 Sinthwat, Myanmar Tropical mixed deciduous forest 100 × 100 374 56 54.1 84.09 0.512 0.883 0.500

Note: In the table, (1), (2) and (3) represent different sample plots in the same forest area.
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4. Field Data

The data from China, obtained in Beijing, Inner Mongolia, Jilin, Gansu and Hainan
provinces, are listed in the first eleven rows of Table 3. Two plots from the Beijing experi-
ment are in Jiulongshan in western Beijing and Yiheyuanhou in northwestern Beijing. The
Inner Mongolia experiments are in the Pinus sylvestris var. mongolica national nature reserve
of Honghuerji, and they are natural pure forests. Two Jilin experiments represent the
selectively logged temperate forest. The three Gansu experiments are in the Xiaolongshan
forest region, which are in broad-leaved deciduous forests in the transition area from the
warm temperate zone to the northern subtropical zone. The Hainan experiment is in the
Jianfengling nature reserve and is a typical virgin tropical forest.

The data from other countries are listed in rows twelve to sixteen in Table 3. The
research plot Lensahn is in a forest near the town of Lensahn in northern Germany [62].
The Walsdorf data are from a management demonstration site in the German state of
Rhineland-Palatinate. Manderscheid is a temperate, deciduous forest located in the West
German state of Rhineland-Palatinate [63]. The Białowieża forest stretches from eastern
Poland across the border to western Belorussia [64]. The Knysna research plot is part of the
“French Volume Curve” (FVC) experimental area in the evergreen forests of the Southern
Cape Region of South Africa [65]. The Sinthwat research forest, which is situated near the
Sinthwat village in the Paunglaung watershed of Myanmar, has been classified as a tropical
mixed deciduous forest [66]. More details of the data from China and other countries are
provided in the Supplementary Materials.

4.1. Simulated Thinning Data

Simulated thinning plots were used to describe the changes of stand structure diversity
after management. The purpose of the simulated datasets was to test the sensitivity of
the new structural diversity index to stand structure changes since controlled computer
conditions brought about the changes. Simulated thinning methods include simulated
thinning from above and below and thinning intensity was 10%, 20% and 30% of stem
number, respectively. For simulated thinning from above, the trees were removed from
larger DBH trees to smaller DBH trees according to the corresponding stem number
intensity, while for simulated thinning from below, the trees were removed from smaller
DBH stems to larger DBH trees according to the related stem number intensity. Based on
the data of Jiaohe, Jinlin (2), and according to the above simulated thinning method, a total
of 6 new plots (Jiaohe, Jinlin (2) after thinning; Table 4) were generated for the analysis.

Table 4. Basic characteristics of six different simulated thinning plots in Jiaohe, Jinlin (2), China.

Plot Measure Plot Size (m2) Density
(Trees/ha)

Number of Species
in Core Area

Mean
DBH (cm)

Basal Area
(m2/ha)

¯
W

¯
M

¯
U

Jiaohe, Jinlin (2),
China

Unmanaged 100 × 100 1178 20 18.1 30.42 0.498 0.781 0.492

10% Thinning from above 100 × 100 1060 18 13.3 14.70 0.499 0.752 0.503
Thinning from below 100 × 100 1060 18 19.0 30.16 0.500 0.791 0.494

20% Thinning from above 100 × 100 942 18 11.1 9.10 0.496 0.725 0.505
Thinning from below 100 × 100 942 18 20.1 29.81 0.488 0.802 0.498

30% Thinning from above 100 × 100 825 17 9.6 6.00 0.504 0.686 0.503
Thinning from below 100 × 100 825 17 21.3 29.33 0.483 0.803 0.497

Note: In the table, (1), (2) and (3) represent different sample plots in the same forest area.

4.2. Data Analysis

CV, D′U , H′ and S′D were calculated for each plot. DBH was used for size dominance.
All data were calculated using our own R code written specifically to calculate stand
diversity and forest spatial structure analysis. To eliminate the edge effect, a 3M buffer
zone is set up if the sample plot area is less than 1 hectare; If the sample plot area is equal
to or greater than 1 hectare, a 5 m buffer zone shall be set.
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5. Results
5.1. Stand Characteristics and Spatial Pattern of Field Plots

The plots we analyzed in this study covered different forest types from cold temperate
natural pure forest to tropical species-rich montane rainforest, including several plantations
(Table 3). Tree densities in the 16 plots varied greatly from 374 trees per hectare in Sinthwat
(plot 16) to 2331 in Jiulongshan (plot 7). Similarly, the basal area per hectare ranged from
20.3 m2 to 84.09 m2. The number of tree species in the plots decreased with increasing
latitude from tropical montane rainforest (Jianfengling, plot 1) to cold temperate natural
pure forest (Honghuaerji, plot 9 and plot 10), and the number of tree species ranged from
1 to 84 in the plots. Mean mingling M was highest in Jianfengling, plot 1, where the tree
species richness was also the highest. M was 0 in a pure natural forest (Honghuaerji, plot
9 and plot 10) and in the Pinus bungeana plantation (Yiheyuanhou, plot 8), where only
one tree species occurred. According to the test method of the mean uniform angle index
W [67], three kinds of tree-dispersal patterns can be identified: uniform dispersal patterns,
including Jiulongshan (plot 7), Honghuaerji (plot 9 and plot 10), Yiheyuanhou (plot 8),
Manderscheid (plot 12) and Walsdorf (plot 13); a slighlyt clustered dispersal, including
Jianfengling (plot 1), Xiaolongshan (plot 6), and Białowieża (plot 15) and all the other plots
showing random distribution pattern.

5.2. Species Diversity, Size Differentiation and Structural Unit Types

The results in Table 5 show the characteristics of the plot core area. The highest H′

was in the mountain rainforest in Hainan, China, followed by the tropical mixed deciduous
forest of Sinthwat, Myanmar. H′ was zero for the Pinus sylvestris var. mongolica natural
forest (plot 9 and plot 10) and Pinus bungeana plantation (plot 8) because there was only
one species in those plots. The coefficient of variation of DBH (CV) of different forest plots
varied greatly. The largest CV was in Białowieża, plot 15, followed by that of Lensahn, plot
11. The smallest CV of 0.165 was calculated in the Pinus bungeana plantation in Beijing (plot
8). In terms of the number of structural unit types in the plots, the numbers were between
20 in Yiheyuanhou, plot 8, and 167 in Jiaohe (2), plot 3. There is a trend that the structural
unit types of mixed-species forests were higher than those of pure forests. The diversity of
structural units in Table 5 shows that the value of D′U ranged from 2.585 in Honghuaerji,
China (plot 9), to 4.726 in Xiaolongshan (3), China (plot 6). The corresponding numbers
of structural unit types were 24 and 150, respectively. The highest and lowest numbers of
structural unit types in the 16 plots in Jiaohe (2), China (plot 3) and in Yiheyuanhou, China
(plot 8), and the corresponding values of D′U , were 4.645 and 2.604, respectively. These
results show that the diversity of structural unit types is related to the richness of structural
unit types and the uniformity of distribution of structural unit types.

5.3. Stand Structural Diversity Index (S′D)

In terms of the structural diversity index S′D (Table 5), the mountain rainforest in
Hainan (plot 1) had the highest value, followed by the broad-leaved Korean pine forest in
Jiaohe (2), plot 3, broad-leaved Korean pine forest in Jiaohe (1), plot 2, and oak broadleaved
mixed natural forest in Xiaolongshan (2), plot 5 (cf. table. 5). Among all plots, the S′D values
of plantations and pure natural forests were lower, and the lowest was 0.430 and found
in the Pinus bungeana plantation (plot 8). Interestingly, the number and diversity of the
structural unit types of the Hainan Mountain rainforest (plot 1) were relatively lower than
other plots. The main reason for this was that the structural unit types were dominated by
mingling values of one, however, this stand had the highest diversity of stand structures
because it had the highest tree species diversity. Another interesting result is the stand
structure diversity of Białowieża, Poland (plot 15). In this stand, there were only five tree
species, and the value of H′ was only 1.020; however, the corresponding DBH coefficient of
variation and the diversity of structural unit types was relatively high, which led to a stand
structural diversity (S′D) higher than those of Sinthwat, Myanmar (plot 16), Knysna, South
Africa (plot 14), Lensahn, Germany (plot 11), Xiaolongshan (1) and Xiaolongshan (3) (plot 4
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and plot 6) and Jiulongshan (1) (plot 7), China, despite the higher number and diversity
of tree species in these plots. In addition, two pure natural forests of Pinus sylvestris var.
mongolica had the same tree species number and structural unit types, but they had different
stand structure diversity due to different CV and D′U .

Table 5. Measures of stand structure diversity of 16 different forest communities.

No. Plot Location No. of Species
in Core Area

Coefficient of
Variation of dbh (CV)

Number of Structural
Unit Types

Structural Unit
Diversity (D′U) H

′ Stand Structure
Diversity (S′D)

1 Jianfengling, China 69 0.724 45 3.452 3.851 5.287
2 Jiaohe (1), China 18 0.719 137 4.521 2.452 5.014
3 Jiaohe (2), China 18 0.735 167 4.645 2.353 5.144

4 Xiaolongshan
(1), China 41 0.594 117 4.474 2.808 4.326

5 Xiaolongshan
(2), China 29 0.717 106 4.373 2.609 5.006

6 Xiaolongshan
(3), China 29 0.514 150 4.726 2.507 3.718

7 Jiulongshan
(1), China 7 0.287 96 3.864 0.569 1.272

8 Yiheyuanhou
(2), China 1 0.165 20 2.604 0.000 0.430

9 Honghuaerji
(1), China 1 0.368 24 2.585 0.000 0.951

10 Honghuaerji
(2), China 1 0.345 24 2.619 0.000 0.904

11 Lensahn, Germany 13 0.751 92 4.150 1.222 4.034
12 Manderscheid,

Germany 2 0.439 60 3.799 0.623 1.941
13 Walsdorf, Germany 3 0.376 83 3.909 0.730 1.744

14 Knysna, South
Africa 21 0.512 128 4.477 2.517 3.581

15 BialowiezaH,
Poland 5 0.866 138 4.535 1.020 4.811

16 Sinthwat, Myanmar 56 0.637 89 4.110 3.331 4.740

Note: In the table, (1), (2) and (3) represent different sample plots in the same forest area.

5.4. Effects of Management Activities on Stand Structure Diversity Index

Some changes have taken place in the stand structure diversity (S′D) of the simulated
thinning with different intensities and in different forest canopy layers of the Pinus koraiensis
broad-leaved forest in Jiaohe, Jilin (2), China (Tables 4 and 6). The results show that the
thinning had almost no effect on the overall tree dispersal pattern but significantly impacted
mingling, size dominance and the number of tree species of the forest. After the thinning,
the number of tree species was reduced from 20 to 17, while the mean mingling and H′

increased as a result of thinning from below. The size differentiation clearly decreased,
as can be seen from the reduction in the coefficient of variation after the interventions,
especially after the thinning from above. The thinning from above increases the number
of structural unit types, while the thinning from below tends to have the opposite effect.
The change in the diversity of the structural unit type (D′U) is consistent with the number
of structural unit types. The values of stand structural diversity (S′D) of different thinning
methods and intensities have decreased after thinning compared with the unmanaged
treatment, and the greater the thinning intensity, the greater the change range. The value of
S′D was 5.144 before thinning. After thinning from above with a stem-number removal of
10%, 20% and 30%, the values were 3.578, 2.895 and 2.346, respectively. In addition, the
value of S′D decreased after the thinning from above more than after the thinning from
below when applied the same thinning intensity. For example, the value of S′D decreased
from 5.144 to 3.578 and 4.856 after thinning from above and below, respectively, at the same
thinning intensity. These results suggest that the structural diversity index S′D can well
reflect the changes in stand structure. What needs to be explained here is that we did not
evaluate the advantages and disadvantages of the thinning methods but emphasized the
sensitivity of the new stand structure diversity index to management activities.
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Table 6. Comparison of stand structure diversity of six different simulated thinning methods in
Jiaohe, Jinlin (2), China.

Plot Measure CV No. of Structural
Unit Type

Structural Unit
Diversity (D′U) H

′ Stand Structure
Diversity (S′D)

Jiaohe, Jinlin
(2), China

Unmanaged 0.735 167 4.645 2.353 5.144

10%
Thinning from above 0.509 181 4.776 2.254 3.578
Thinning from below 0.692 156 4.625 2.393 4.856

20%
Thinning from above 0.418 179 4.772 2.155 2.895
Thinning from below 0.644 155 4.586 2.422 4.513

30%
Thinning from above 0.345 173 4.768 2.030 2.346
Thinning from below 0.605 143 4.494 2.443 4.196

Note: In the table, (1), (2) and (3) represent different sample plots in the same forest area.

6. Discussion

A measure of stand structural diversity is intuitively appealing if it can be used to
compare the diversity across different ecosystems, not only in terms of the mere number
of tree species but also by considering size differences and individual tree distribution.
In this study, by combining tree species diversity, size differences and structure unit type
diversity and by using the Shannon–Weiner diversity model, we can fully describe the
diversity of stand structure in a comprehensive approach. The test results of 16 forest
stands indicated that the information contained in the new structural diversity (S′D) far
exceeds the tree species diversity index that the diversity increases with the increase in the
number of tree species. For example, when comparing the two plots in Jiaohe (plot 2 and
plot 3) and the plot in Białowieża (plot 15), which are all located in the cold temperate zone,
with the plots Gansu (plot 4, plot 5 and plot 6) and Myanmar (plot 16), which are located
in the transition from the temperate zone to subtropical and tropical zones. While Jiaohe
and Białowieża only include 18 and 5 tree species, respectively, their structural diversity
index values are higher than those in Gansu and Myanmar with 30 to 56 tree species.
This is mainly due to the higher number and diversity of structural unit types and the
size differentiation of individual trees in the plots. Another reason for the high structural
diversity value in Białowieża (plot 15) is that the stand was managed according to the
principles of continuous cover forestry [64], which increased the diversity of structural
unit types and the coefficient of variation of DBH even beyond natural diversity levels.
In addition, the new stand structure diversity index can not only calculate the structural
diversity of mixed species forests but can also be used to calculate the structural diversity
of pure forests. There is only one tree species in the pure forest, and the contribution of
tree species to the diversity of stand structure is zero. The difference in structure between
pure forests was mainly due to the size differentiation and the dispersal of individual
trees, as the traditional biodiversity index is non-spatial and cannot reflect this variation.
This is a clear advantage of the new structural diversity index. Of course, we can also
use other characteristic attributes of stand to distinguish the structural diversity of pure
forests, such as the composition diversity of basal area, standard deviation of diameter
at breast height and total tree height, foliage height diversity and so on. The results for
three pure forests (Yiheyuanhou (2), Honghuaerji (1) and Honghuaerji (2)) indicate that
the structural diversity of natural monocultural forests is higher than that of artificially
planted pure forests because the individuals have a greater spatial size diversity and a
more irregular dispersal.

Thinning from above or below are traditional forest management methods, which
are used to selectively cut trees in order to improve stand growth rate [68] and obtain a
certain amount of wood [69] and non-wood forest products [70]. There is rarely a focus on
structural diversity. Different management methods profoundly impact the diversity of
forest structure by decreasing or increasing individual tree size differentiation by changing
the dispersal pattern of trees or by reducing the number of tree species. Evaluating the
management activities to improve the diversity of stand structure is particularly important.
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The results of the simulated thinning with different intensities and thinning types show that
the structural diversity index can well reflect management events. Different management
methods produce different results, and the greater the intensity of artificial management
or disturbance, the greater is the change in the structural diversity index accounting
for changes in forest structure diversity. Employing forest management to speed up
the development of a forest stand towards a more diverse ecosystem has become an
international trend [71]. Tree size diversity, dispersal pattern and species composition
are the primary structural properties considered in forest management [72,73]. In recent
years, some management methods have paid attention to improving the diversity of forest
structure. Near-natural forest management (NNFM) [9,10] was developed and improved
on the basis of the classic idea of continuous cover forest (CCF). It believes that forest
silviculture and management should be as close to the “potential natural vegetation” as
possible. The closer the stand structure is to nature, the more stable the forest is, and
the healthier and safer the forest is. There are many successful examples in Germany.
Structure-based forest management (SBFM), which was put forward by Hui et al., also
originated from CCF, but it pays more attention to creating and maintaining the best stand
structure [11]. The core technology of SBFM is to apply spatial structure parameters to
guide stand spatial structure optimization. The extensive management practice has been
carried out and have achieved good management results in different forest types of mixed
forests in China [48]. Therefore, the feature of simultaneously expressing diversity of tree
species, size and distribution can well reflect management activities of increasing stand
structural diversity is important and it can be applied to guide specific forest management
to improve stand structure diversity.

In the analysis, tree DBH was used as a comparative indicator of tree size differentia-
tion because DBH data are easy to obtain and accurate. However, crown size or tree height
can also be used as comparative indicators of size differentiation. The value of S′D can be
assessed as part of a routine forest survey at almost no additional cost. After selecting the
reference tree, its n nearest neighbors and their species needs to be identified in terms of
a structural unit, possibly in the field. If tree coordinates are not measured, we can also
use the routine forest survey to collect the diversity data and additional measurements are
not needed.

7. Conclusions

According to our analysis, the new structural diversity index (S′D) at stand scale
has at least four characteristics of other diversity indexes. Firstly, it provides minimum
and maximum values for different structural unit types in forests to achieve a unified
comparative basis for calculating forest structure diversity. Secondly, the new method takes
three factors simultaneously into account when calculating forest structure diversity, i.e.,
the tree dispel pattern, size differences and tree species. Researchers and managers can
choose different indicators of size differentiation according to their focus. Thirdly, the new
index can well reflect the stand structure changes to evaluate the impact of management
activities on the diversity of stand structure. Thus, the index can be applied to guide the
improvement of stand structure. Last but not least, the new structural diversity index can
not only calculate the structural diversity of mixed species forests but can also be used to
calculate the structural diversity of pure forests.
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