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Abstract: Natural secondary forests can develop vertical structures of varying complexity. A dominant view in forest ecology
is that naturally restored secondary forests tend to have greater structural heterogeneity than managed secondary forests.
Structural integrity, however, may differ among forest layers. The present study was aimed to compare tree species diversity
and vertical stand structure of natural restoration, and selective logging stand structure after 20 years. In two plots of 0.8 hm?
of selective logging and natural restoration stands, we found that shade-tolerant tree species were dominant in each layer of
both stands and also showed some dominance. The diameter distribution of the upper forest layers was similar in both stands.
Furthermore, the proportion of trees with the optimal spatial structure unit in selective logging stand was larger than that in the
natural recovery stand, but the spatial complexity was smaller. The proportion of dominant trees in upper forest layer in
selective logging stand was also significantly higher than that of the natural recovery forest, and the proportion of inferior trees
in other forest layers was larger. The results showed that the short-term restoration of selective forest stand promotes the
succession of forests due to strong renewal capacity and suitable spatial structure. By using tri-variate distribution of spatial
structure, we found that the restoration state of natural recovery and spatial structure of the selective logging stand play an

important role in the process of restoring forests.
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INTRODUCTION

In the 1960s, many countries began to establish nature
reserves to protect forests (Andam et al., 2008), and now most
of forests in the world are becoming secondary forests (Sung
etal., 2012). Artificial logging and natural disaster change the
species composition, structure, and ecological functions of
forests (Ibanez et al., 2017; Murren et al., 2018; Purschke et
al., 2017). Understanding the state of secondary forest
restoration after forest logging helps us to make effective
forest restoration planning. Forest restoration refers to the
restoration of multiple aspects of an ecosystem, including its
composition, structure, and function (McDonald et al., 2016).
The pattern of forest biodiversity may be different after
harvesting, at different stages of forest recovery (Liang et al.,
2015). Audino (2014) found that the biodiversity loss caused
by deforestation may be restored, however, the change of tree
species composition leads to significant changes in the
species composition and hierarchical species diversity (Zhu et
al., 1997; Sung et al., 2012). Forest restoration stages are
reflected in the vertical forest structure. The vertical structure
of stand is a means of distribution of internal unit in forest
ecosystem, which determines the difference of distribution of
different forest layers (Song et al., 1997; Fonseca et al.,

2004). In this study, we further evaluated the recovery of
species and the spatial structure of secondary forests by
assessing changes in the vertical layer of different types of
forest stands over a short period of time.

Currently, although some new indicators can be used to
measure the state of forest ecosystem recovery, they are only
suitable for measuring changes over a specific time period
(Riitters et al., 2002; Ritter et al., 2009; Vogt et al., 2007). At
both small and large scales, the spatial intuitive process of
observing forest ecosystem restoration is rarely studied. We
can intuitively understand the process of spatial structure
restoration of secondary forests by studying the spatial
structure of the vertical stand. The spatial structure of stand
can be described using numerous methods, for example, the
isolation index expressed as a single index value (Pielou,
1977), Ripley 'k function (Ripley, 1977) - the double
correlation function (Pommerening, 2002), and the semi-
variance function (Kuuluvainen et al., 1996). The stand
spatial structure, based on the spatial relationship of
individual trees (uniform angle index, mingling, dominance)
could provide more detailed information on stand structure
characteristics (Aguirre et al., 2003; Hui et al., 2011; Li et al.,
2012). Currently, methods for evaluating stand structure used
are mainly univariate distribution of uniform angle index,
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mingling and dominance (An, 2003; Shao et al., 2011; Meng
et al., 2015; Lv et al., 2017). The overall spatial information
of stand can be understood by analyzing the bivariate
distribution of structural parameters (Hui et al., 2014), which
could subtly analyze the microstructure of the stand (Zhang et
al., 2018; Wan et al., 2019; Zhang et al., 2015). A new spatial
structure analysis method, the tri-variate distribution of
structural parameters has been used to analyze the fine spatial
structure characteristics of Quercus acutissima natural forest
in Xiaolongshan, Gansu province China (Bai et al., 2016).
This study showed that the tri-variate distribution of spatial
structure parameters, namely the joint distribution of three
structural parameters can provide a more comprehensive and
systematic understanding of the microscopic characteristics
of spatial structure.

In this study, we used Tilia amurensis Rupr. as the main
indicator tree species of natural secondary forest to evaluate
the restoration of the two stands which were a natural stand
and a selective logging stand after 20years, measuring the
vertical structure, species composition, diameter distribution,
and tri-variate distribution of spatial structure parameters.
This study aimed to answer key questions: 1) Does selective
logging change the species composition of stand? What is the
recovery condition of species in the stands of artificial
disturbance and natural recovery? 2) What changes have
occurred in the non-spatial structure (diameter distribution) of
the selectively logged stand? Which stand is best for the
restoration of vertical non-spatial structures? 3) What effect
does selective logging have on stand space structure? What
role does tri-variate distribution of spatial structure
parameters play in restoring stand state? Hopefully, our study
can comprehensively assess stand restoration status and
provide valuable and useful information for improving the
design and implementation of forest restoration.

MATERIALS AND METHODS

The study was conducted in Xiaojiu Forest Farm in Shangzhi
city, Heilongjiang province (127°38'~127°51'E,
45°11'~45°25'N) which located in the west slope of
Zhangguangcai Mountains, the westward extension of the
Lesser Khingan Mountains, accompanied by a variety of
temperate broad-leaved tree species. Secondary forests of
various types are derived according to the degree of damage

Table 1. The condition of sample plots

and regeneration opportunities which often germinate into
mixed broad-leaved forests from the associated broad-leaved
tree species. Before the implementation of the natural forest
protection project in 1998, some broad-leaved secondary
forests were selective logging with low intensity.

The altitude of study area was 200~832m. The region has a
continental temperate climate, with an annual average
temperature of 2.3°C and annual precipitation of 550~740
mm. The main tree species within the study area were: T.
amurensis, Acer mono Maxim., Tilia mandshurica Rupr.,
Acer tegmentosum Maxim., Betula platyphylla Suk., Betula
davurica Suk., Juglans mandshurica Maxim., Phellodendron
amurense Rupr., Fraxinus Mandshurica Rupr., Quercus
mongolica Fisch., Populus cathayana Rehd., Populus
davidiana Dode., and Betula.costata Trautv. Shrubs in the
area included Corylus heterophylla Fisch., Syringa reticulata
Hara var., Lonicera japonica Thunb., and Spiraea salicifolia
L., Carex siderosricta Spp., Adiantum capillus-veneris L.,
Filipendula palmate Maxim., Cardamine leucantha Schulz.,
Apium graveolens L. were the main herbs species.

Research Methods: In July 2019, the natural restoration and
selective logging forests with the similar age, altitude, aspect
and slope were selected (Table 1). The main arbor species of
the natural restoration forest were T. amurensis, A. mono, and
Q. mongolica, along with a variety of shrubs with no apparent
grazing and cutting activities, the average height and coverage
of which were 1.65 cm and 41.5%, respectively. The soil
thickness was 26.1 cm, the bulk density was 0.84g/cm?®, and
the moisture content was 20.4%. We conducted annual ring
analysis on trees with a larger diameter at breast height
(DBH), which were more than 100 years old. The main tree
species in the selective logging forest were T. amurensis, A.
mono, and T. mandshurica. There were also vines within the
stand. The average height of shrubs in the selective logging
forest was 0.69 m, and the average coverage was 19.3%. The
soil thickness was 24.6 c¢m, the bulk density was 0.78g/cm?,
and the moisture content was 23.3%. In 1998, this stand
experienced a selective logging utilization and the main trees
species selected were T. amurensis, A. mono, and Q.
mongolica with large diamters, the accumulation of selective
logging intensity was 10%.

In this study, a sample plot of 100 mx80 m was set up in the
selective logging and natural recovery stand respectively.
Each plot was divided into 20 small plots of 20 mx20 m by

Plot Grade Slope Altitude Crown Basal Mean  Stand  Moisture Density Soil Species Composition
Code (°) Aspect (m) Density Area DBH  density (%) (9/cm®) Thickness
(m¥hm?) (cm) (tree/hm?) (cm)
1 27 Sunny 398 0.84 304 151 1051 204 0.84 26.1  3T.amurensis + 2A. mono +
slope 1Q. mongolica + 1B.
platyphylla + 3 others
2 24 Sunny 420 0.80 29.8 147 1028 19.3 0.78 24.6 4 A.mono + 3T. amurensis +
slope 1T. mandshurica + 1A.

tegmentosum + 1 others
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using the adjacent grid survey method, which was used as the
survey unit. The species name, DBH, tree height (Haglof,
Sweden), crown width, branch height, and relative coordinate
values of each tree with a DBH>5 cm were recorded. The
range around plots (5 m) was used as a buffer zone to avoid a
fringe effect. The trees in the buffer zone were only used as
the adjacent trees, and the trees in the core area were used as
the target trees when calculated the spatial structure
parameters.

Data Analysis: Forest Layer Division: The differences in
trees height and crown length in the forest affects, the output
of photosynthesis. Not all leaves have the same intensity of
photosynthesis. Photosynthesis is mainly produced in the tree
crown above a certain height. This height is called the crown
light competition height (CCH). Due to the influence of the
heterogeneity of light in the stand, the photosynthesis of a tree
mainly occurs above the CCH. Below the CCH, the
photosynthesis and respiration of the leaves are almost equal
due to the shading effect, and the photosynthesis in this part
can be neglected (Zheng et al., 2007). The formula for CCH
calculation is defined as:

CCH=a-C.+Hw

where a is the cut-off coefficient, C, is the crown length (that
is, the difference between the height of the tree and the height
under the branch), and Hy is the height under the branch.
The forest was divided into three layers according to the
observation of the sample plots, and the dividing method was
listed as follows: Firstly, the tree with the highest tree height
and the longest crown length in the stands was identified, and
its crown light competition height was calculated as CCHa.
All trees with tree height>CCH; were classified as the first
tree layer. The crown light competition height of the
remaining trees (CCH,) was determined according to the
above method. The trees with height between CCH; and
CCHy were treated as the second forest layer. Lastly, the trees
with a height lower than CCH, were classified as the third
forest layer. In the formula of CCH calculation, the cut-off
coefficient (a) generally ranges from 0.3 to 0.5. After
searching the literature and analyzing data, we set the value
of a to 0.4 which was best in this experiment.

Diameter Distribution: The DBH of trees in two stands was
divided by a diameter distance of 2cm, then the number of
trees in a different diameter was calculated. According to the
different diameters, Sigma plot software (version 12.5, Systat
Software, Inc., San Rafael, CA, USA) was used to establish
the distribution curve of the tree number - diameter, and the
diameter structure distribution of the stands was analyzed.
Spatial structural parameters and tri-variate distribution:
For the calculation of the spatial structure parameters of trees,
spatial structure analysis software Winkelmass (1.0) was used
to calculate parameters, such as uniform angle index,
mingling, and dominance (Table2). The value and
significance of each parameter are shown in Figure 1 and
Table 3.

In the process of natural restoration, the change of stand space
structure is essentially the continuous improvement of stand
function which largely determines the competition between
trees and the spatial niches of trees, reflects the healthy
condition, growth potential and stability of the stand,
indicates the overall function of forest ecosystem. Previous
studies have demonstrated that the development of the spatial
pattern of forests ranged from aggregation to random
distribution and the reasonable horizontal distribution was
random distribution (Zhang et al., 1999; Chen et al., 2015).
Similarly, the spatial structure of the stand is more reasonable
with high mingling, and the quality of the stand is higher with
more dominant trees (Pommerening et al., 2017). Therefore,
the optimal spatial structure unit for the combination of tri-
variate distribution of spatial structure parameters is MWU
[1.00, 0.50, 0.00 and 0.25], and the unreasonable spatial
structure unit compared with the optimal spatial structure unit
is MWU [0.00, 0.00 and 1.00, 1.00].

Table 2. Instruction of spatial structure indices

Parameter Formula Remark
Mingling _ly,,  The value of Vi is 1 when the
M=)V ..
n< reference tree i is not the same as that

of the adjacent trees of strain j;
otherwise, the value is 0
When the first angle a is smaller than
the standard ao, the Zj value is 1;
otherwise, the value is 0

Uniform "
angle index Vel O

Dominance

u =%k When the adjacent wood j is smaller
n“ than the reference tree i, the value of
Kij is 1; otherwise, the value is 0
Values 0.00 0.25 0.50
§ %% o~y u
i o é G2t .\g kg
g £ ) — e e
E :ﬁg i i
plgoa
E £ =g Very regular Regular Randcm Clumped Very clumped
£ [ ]
Loi-—
Z|fet
ZIE G| 9@ - [ —o —o
s |2 @5 i i
= 2 .
® a No mixture Low mixture Medlum mixtura nghmuxhura Cﬂmplﬂtemlﬂufe
@ [
g N .E I
41 i . I ’
8 .g L] . Absolutely
9 | Predominant Subdominant Medium Dlsadvantaged disadvantaged
Figure 1. Specific meanings of the uniform angle index,

mingling, and dominance.

The three structural parameters are belonged to discrete
random variables, thus the combined probability distribution
of the three structural parameters should have 125
combinations. Winklemass 1.0 was used to calculate the
spatial structure parameters. Microsoft Excel 2016 (Microsoft
Inc., Redmond, WA, USA) was then used to calculate the
probability statistics of three structure parameters: uniform
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Table 3. The specific values and meanings of the uniform angle index, mingling, and dominance.

Uniform angle index

Mingling

Dominance

Parameter values Meaning

Parameter values Meaning

Parameter values Meaning

w=0 Very regular  M=0 No mixture uU=0
W=0.25 Regular M=0.25 Low mixture U=0.25
W=0.5 Random M=0.5 Medium mixture  U=0.5
W=0.75 Clumped M=0.75 High mixture U=0.75
W=1 Very clumped M=1 Complete mixture U=1

Predominant
Subdominant

Medium

Disadvantaged
Absolutely disadvantaged

angle index, mingling and dominance. The relative frequency
values of each combination of the three structural parameters
(Xi, Yj, Zk) were then calculated using Excel. Lastly, ternary
probability distribution maps of structural parameters were
developed using Origin 2018 (Origin Lab Inc., Northampton,
Ma, USA). The main data used in this study were from the
sample map of sample plots 1 and 2 (Fig. 2).

80

, R R T . | * Upper
RVl . Vg S / Middle

K o¥iery o . >
P L PR o LR A T * Lower

y axes(m)
=
.

T T T T T

T T T
O W0 20 30 4 50 60 70 R 90 100

X axes (m)

different (Table 4). The volume of the upper forest layer of
the natural recovery and selective logging stand was 94.1m3
/hm2 and 99.1m3/hm2, respectively, accounting for 59.2%
and 64.1% of the total stand volume. The volume of the
middle forest layer of the natural recovery and selective
logging stand accounted for 31.8% and 36.4% of the total
stand volume respectively. The volume of lower forest layer
accounted for 5.4% and 4.3% of the total volume respectively.
Overall, the section area of breast height of T. amurensis trees
in all forest strata was the highest in sample plot 1, accounting
for 47.2%, 46.0% and 43.8% of the total section area of breast
height of trees in the upper, middle, and lower forests layers.
The section area of breast height of pioneer tree species, B.
platyphylla and Q. mongolica, accounted for 6.5% and 5.3%
respectively of the total forest layer, and the section area of
breast height of middle forest layer Q. mongolica trees
accounted for 8.5%. The section area of breast height of
pioneer species (Q. mongolica) was dominant in the forest
layer, with a proportion of 6.51%. In sample plot 2, the section
area of breast height of T. amurensis accounted for 37.4% of
the total trees in upper forest layer. For the middle and lower
forest layers, A. mono accounted for 44.8% and 41.4% of trees
respectively. And the dominant tree species in the upper forest
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Figure 2. Distribution of trees classified by upper, middle,

lower forest layers
RESULTS
Stratification of two stands and composition of tree species

in each forest layer: The stratification and tree species
composition of the two sample plots were significantly

layer was T. mandshurica which section area of breast height
accounted for 18.2% of all trees in this forest layer. In sample
plot 2, the dominant tree species of the middle forest layer was
T. mandshurica, the section area of breast height accounted
for 6.9% of the total section area of breast height of trees in
this forest layer. The dominant tree species in the lower forest
layer include A. tegmentosum, which accounted for 23.1% of
the section area of breast height of trees in this layer.

Diameter distribution of different forest layers: The diameter
distribution range of sample plot 2 was wider, but there were
more small trees in sample plot 1. It showed a trend of the
typical distribution of natural forests (Fig. 3). The k-w values
of the two upper forest layers, which come from the two
sample plots, were 0.836 and 0.442, respectively. In sample
plot 1, the trees of upper forest layer were more distributed
within the range of 20-28 cm, and the curve tended to be flat.
The number distribution of trees with diameter of more than
38 cm was small, and the skewness and kurtosis were 0.2 and
0.115, respectively. In sample plot 2, more trees of upper
forest layer were distributed at 18-28 cm, with skewness and
kurtosis of 0.257 and 0.352, respectively. The tree diameter
distribution in the upper forest layer of two stands was largely
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Table 4. The condition and tree species composition of each tree layer in sample plots

Plot Plot Codel Plot Code2

Code Upper Middle Lower Upper Middle Lower
Mean DBH/cm 24.1 14.1 1.7 25.4 13.5 7.8
Tree height/m 19.5 12.8 7.3 21.3 13.2 7.4
Total volume 59.2 36.4 4.3 64.1 30.5 5.4
ratio/%

The ratio of main ~ 5T. amurensis + 2A.  5T. amurensis+ 4T. amurensis+ 4T. amurensis+ 4A. mono + 3T. 4A. mono + 2A.

species / % mono + 1Q. 3A. mono + 1Q.
mongolica + 1B. mongolica + 1
platyphylla + 1 others others

3A. mono + 1Q.
mongolica + 2

2A.mono +2 amurensis+ 1T. tegmentosum +
Tiliamandshuric mandshurica + 2T. amurensis + 2

others a + 2 others 2 others others

normal distribution. In sample plot 1, trees in the middle
forest layer within a small diameter range of 6-10 cm that the
number was increased with increasing diameter, while trees
with a diameter greater than 12 cm, the number showed a
decreasing trend, and skewness and kurtosis of 1.005 and
0.865, respectively.

Diameter distribution-less disturbed plot
200

o
150 P

100 \

I'recs per hectare

B e

0 3‘0*—::’ — oo § '—'ﬂ-{}.‘/’\- —

O 10 20 30 40 S0

Dinmeter classesicm)

Sample plot 1
Diameter distribution disturbed plot
200
?
1 = Nlippee
\ O Middle
.‘ll - reer
150 | % -0 NI
g | )
g B!
S 100 |
- l,.;’:i.‘
P t’ W
& o
- : Il* '*\' ""‘\‘
50 A N
:1) I'_ \
\ ' ARG
N SR TRy
\ { N L,
0 K~ ee L S— S e ) "‘“’-'ﬂ;"-‘*-—:—;

0 10 20 30 40 50
Diameter classes{cm)
Sample plot 2
Figure 3. Diameter distribution in each tree layer in
sample plot 1 and plot 2

In sample plot 2, the overall trend of tree diameter distribution
in the middle forest layer was around the same as that in
sample plot 1, which had skewness and kurtosis of 1.039 and

0.863, respectively, reaching a peak at around 10 cm in
diameter, the number of trees in sample plot 2 with diameter
of 10 cm was higher than that in sample plot 1. The diameter
distribution of the middle forest layer in the two stands
showed a single peak right-skewed distribution. The diameter
distribution of the trees in lower forest layer showed an
inverted "J" type in two samples, and the number of trees with
DBH of less than 10 cm was larger in sample plot 2 (Fig. 3).
Overall spatial structure characteristics of stands: More than
59% of the trees in the two stands were on the level of the
uniform angle index (0.5), and more trees were randomly
distributed in the two plots. And tree frequency values the
combination of spatial structure parameters of 100 in sample
plot 1 and 89 in sample plot 2. Under the condition that the
dominance and uniform angle index remain unchanged, the
tree distribution frequency value of sample plot 1 generally
increased first, before decreasing, and then increasing again
with the increase of mingling, while the tree distribution
frequency value of sample plot 2 increased first, and then
decreased with the increase of mingling. The highest
proportion of structural parameter combination MWU [1.00,
0.50, 0.00] in sample plot 1 was 3.89%. The highest
proportion of trees in sample plot 2, which had a structural
parameter combination of MWU [1.00, 0.50, 0.00] was
5.62%. In sample plot 1, the proportion of trees with the
optimal spatial structure unit MWU [1.00, 0.50, 0 and 0.25]
was 6.08%. In sample plot 2, the proportion of trees with the
optimal spatial structure unit was 8.91%. The proportion of
trees in the unreasonable spatial structure unit of MWU [0.00,
0.00 and 1.00, 1.00] in sample plot 1 was 0.36%, and 0.00%
in sample plot 2 (Fig. 4).

Spatial structure characteristics of stands in different forest
layers: The trees in the upper forest layer of sample plot 1 had
frequency values on the combination of 64 spatial structure
parameters (Fig. 5), while the trees in the upper forest layer of
sample plot 2, had frequency values on the combination of 49
spatial structure parameters (Fig. 6). In the upper forest layer
of sample plot 1, the proportion of structural parameter
combination MWU [1.00, 0.50, 0.00] was the highest at
10.1% (Fig. 5). The proportion of the upper forest layer in the
structural parameter combination of sample plot 2 was MWU
[1.00, 0.50, 0.00], and was highest at 17.5% (Fig. 6).
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Figure 4. Tri-variate distribution of spatial structure
parameters in sample plot 1 and plot 2

The trees in the middle forest layer of sample plot 1 had
frequency values on the combination of 87 spatial structure
parameters (Fig. 5), while the trees in the upper forest layer of
sample plot 2 had frequency values on the combination of 83
spatial structure parameters (Fig. 6). In the upper forest layer
of sample plot 1, the trees that had a structural parameter
combination of MWU [0.75, 0.50, 0.50] were most numerous,
accounting for 4.2%. In sample plot 2, the structural
parameter combination proportion was 4.5%. The proportion
of structural parameter combination of MWU [0.75, 0.50,
0.75] in the upper forest layer of sample plot 2 was highest at
6.7% (Fig. 6).

The trees in the lower forest layer of sample plot 1 had
frequency values on the combination of 55 spatial structure
parameters (Fig. 5). The trees in the lower forest layer of
sample plot 2 had frequency values on the combination of 47
spatial structure parameters (Fig. 6). The highest proportion
of trees in the structural parameter combination of MWU

[1.00, 0.50, 1.00] in sample plot 1 was 11.7% (Fig. 5). The
maximum proportion of trees in the structural parameter
combination of MWU [1.00, 0.50, 1.00] in sample plot 2 was
12.1% (Fig. 6).

Upper
Middle
Lower

Figure 5. Tri-variate distribution of spatial structure
parameters of different layers in sample plot 1

Upper
Middle
Lower

U=1.099

Figure 6. Tri-variate distribution of spatial structure
parameters of different layers in sample plot 2.

DISCUSSION

Our results provide strong evidence that selective logging can
promote forest succession after 20 years of restoration. Stand
stratification method can be used to subtly analyze changes in
tree composition and structure of every forest layers. The
results explained our question and confirmed that ecological
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succession changes the composition of tree species and
optimizes the structure of forest trees (Taylor et al., 2020).
The vertical structure of stand plays an important role in the
forest ecosystem (Song et al., 1997; Spies, 1998; Fonseca et
al., 2004; Schurr et al., 2004). Each forest layer plays a
different role with its own functions and impacts. The upper
forest affects the structural characteristics of tree height,
DBH, species composition, and the stock structure. The
middle forest layer assists the main forest layer, which plays
an important role in the stand accumulation and distribution
pattern, while the lower forest layer determines the future
succession direction of stand structurChen et al., 2017). This
study showed that the vertical structure of the two stands was
distinct. Overall, the differences between the number
characteristics of stands were not entirely obvious, but the
differences between the forest layers were clear. After 20
years, compared with the natural restoration stand, the
number of trees in the upper and middle layer of the selective
logging stand was less, but the volume was larger, and the
number of trees in the lower forest layer was higher. It was
therefore close to containing the characteristics of the original
natural forest (Zhuang et al., 2016), indicating that the
selective logging stand, after a long recovery process,
promoted the succession of the stand.

In this study, the pioneer tree species advantages in the natural
restoration stand, but after 20 years of restoration, shade-
tolerant tree species dominants in selective logging stand
(Table 2). We had sufficient evidence to show that 20 years
restoration of selective logging stand promotes the succession
of dominant species, from strong positive species to shade-
tolerant species, in each forest layer, and this influence was
gradually enhanced with the increase of forest layer. There
were two main reasons for this phenomenon: First, with the
succession of forest stands, the dominant species in
communities gradually shift from pioneer tree species to
shade-tolerant species, which has slower-growing and
contrasting functional traits (Forrester, 2014; Reich, 2014;).
Secondly, in the upper layer, more individual trees gradually
shifted to radial growth, and the proportion of tree species
with larger breast diameters increased, competition for
resources becoming more intensive (Jang et al., 2010), with
the intensification of resource competition, the influence of
succession on tree diversity increased, affirming previous
findings (Laganiére et al., 2015; Gao et al., 2018).

The change of the dominant tree species in the lower forest
layer of the selective logging stand determines that the
development direction of the community of the stand deviates
from the original stand and it was difficult to restore the ideal
state over a short period of time. Therefore, measures should
be taken to promote the renewal of the dominant tree species.
From the shape of the diameter distribution map, the status of
the two stands was basically the same (Fig.3). With the
increased of height in each forest layer, the diameter
distribution of each sub-layer transitioned from the inverted

"J" curve to the right-skewed mountain curve and the normal
distribution curve, the peak moving to the right, and the peak
decreasing, they conform to that of typical natural forests
(Meng et al., 2006). There were more small diameter trees in
lower forest layer of selective logging forest, due to the
change of site conditions in selective logging beneficial to the
survival of young trees in the forest stands (Gomez-Aparicio
et al., 2006; Lucas-Borja et al., 2016). The diameter span of
trees in the middle forest of natural recovery stand was larger
than that of selective logging stand, but the difference kurtosis
and skewness were not significant between the two stands.
The diameter distribution of trees in the upper forest layer of
the two stands was generally normal distribution, with little
difference in skewness. The peak value of selective logging
stand was closer to 3, which was more in line with normal
distribution characteristics, which also aligns with previous
research (Wu et al., 2015; Xin et al., 2012; Bai et al., 2020).
There was a significant difference in the diameter distribution
of different forest layers, and the diameter distribution of the
selective logging forest showed stronger regeneration ability.
The structure of the upper forest of selective logging stands
was more stable, and the diameter distribution characteristics
of the stands were closer to those in the original natural forest.
The purpose of forest management is to maintain the forest
stand structure, cultivate healthy and stable stands (Gadow et
al., 2012; Petritan et al., 2012). The management goal of
natural secondary forests is to restore which the structure
close to original forest. In this study, the tri-variate
distribution of structural parameters was applied to analyze
the recovery of selective logging and natural restoration
stands. We found that there were 100 spatial structure
parameter combinations in the tree distribution frequency
value of the natural restoration stand, with only 89 in the
selective logging stand (Fig. 5). Therefore, there were more
diverse forest spatial structures in natural restoration stands.
Overall, the trees in the selective logging stands had a higher
mixing and dominance degree. The proportion of trees in the
optimal structure unit of the selective logging stand was also
larger (Fig.5), and the proportion of trees in the unreasonable
spatial structure unit was significantly reduced. This was
consistent with previous research and aligns with the concept
of forest stand management (Wan et al., 2018; Bai et al.,
2016). This shows that the selective logging stand has a better
spatial structure after 20 years of restoration, but that it also
reduces the complexity of the spatial structure of the stand.

From the tri-variate distribution of spatial structure
parameters of different layers, we know that compared with
the naturally restored stand, the dynamic changes in the forest
structure of each forest layer in the selective logging stand
were shown as the proportion of dominant trees in the
complete mixture and random state of the upper forest layer
increased. The proportion of disadvantaged and medium trees
in the complete mixture and random state of the middle forest
layer increased, and the proportion of inferior trees in the
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complete mixture and random state of the lower forest layer
increased significantly (Fig. 6 and Fig. 7). These results show
that after 20 years of restoration of selective logging stand,
the spatial structure of each forest layer of the forest stand had
significantly changed, but only the spatial structure of the
upper forest layer was optimized, which dominates the
structure and function of the forest stand (Lutz et al., 2013).
This study provides more structural information than most
traditional methods, which may improve our understanding of
the spatial structure of stands, and can be conducive to the
harvesting and management approaches promoting the full
recovery of natural secondary forests of T. amurensis.

Conclusions: This study comprehensively explored the
restoration effects of natural secondary forests over the past
20 years, in terms of tree species composition, diameter
distribution, and spatial structure in the vertical direction. We
found that 20 years of recovery of selective logging stand
promoted the succession of forest growth. The community of
each forest layer was more predominant with shade-tolerant
species, and the upper forest layer was closer to a normal
distribution, and the proportion of dominant trees in the
complete mixture and random state increased. The upper
forest layer of the selective logging stand had a more
reasonable spatial and non-spatial structure. The overall
optimal structure unit of the forest increased, and the
unreasonable structure unit decreased of selective logging
stand, it showed a better spatial structure. To assess the
ecological restoration of natural secondary forests of T.
amurensis after selective logging, we adjusted the spatial
structure parameters according to the stand. The data showed
that the dominant degree of trees should be adjusted by
employing selective logging and replanting for the middle and
lower forest layers, to help renew the dominant species,
promote its growth, and stabilize the spatial structure of
stands.

Acknowledgement: This research was funded by KEY R&D
PROJECTS IN THE 13TH FIVE-YEAR PLAN PERIOD,
grant number 2017YFD0600606-04.

REFERENCES

Aguirre, O., G. Hui, K.VV. Gadow and J. Jiménez. 2003. An
analysis of spatial forest structure using neighbourhood-
based variables. For. Ecol. Manag. 183:137-145.

An, H.Y., Y.B. Yao, D. Yin, R.Y. Wang, C.P. Cheng and
X.Y. Zhang. 2007. Ecoclimate resources and ecological
agriculture division in gannan plateau. Arid. Meteorol.
25:67-72.

Andam, K.S., P.J. Ferraro, A. Pfaff, G.A. Sanchez-Azofeifa
and J.A. Robalino. 2008. Measuring the effectiveness of
protected area networks in reducing deforestation. Proc.
Natl. Acad. Sci. USA. 105:16089-16094.

Audino, L.D., J. Louzada and L. Comita. 2014. Dung beetles
as indicators of tropical forest restoration success: is it
possible to recover species and functional diversity? Biol.
Conser. 169:248-257.

Bai, C. and G.Y. Hui. 2016. Spatial structure parameters and
the application on studying structure dynamics of natural
Quercus aliena var. acuteserrata forest. C. A. For. 6:340-
347

Bai, Y., H. Yang, J. Wen and Q.J. Wang. 2020. Study on
forest structure diversity based on the neighbourhood
trees. J. Bjing For. Univ.42:52-58.

Chen, K.Y, H.R. Zhang, X.D. Lei, M.H. Lou and J. Lu. 2017.
Analysis of vertical structure characteristics for spruce-
fir over-cutting forest. For. Res. 30:450-459.

Chen, Y.N., H. Yang, S.Y. Ma and M.M. Ren. 2015. Spatial
structure diversity of semi-natural and plantation stands
of larix gmelini in Changbai Mountains, Northeastern
China. J. Bjing For. Univ. 37:48-58.

Fonseca, M.G., A.M.Z. Martini and F.A.M. Santos. 2004.
Spatial structure of Aspidosperma polyneuron in two
semi-deciduous forests in Southeast Brazil. J. Veg. Sci.
15:41-48.

Forrester, D.l. 2014. The spatial and temporal dynamics of
species interactions in mixed—species forests: from
pattern to process. For. Ecol. Manage. 312:282-292.

Gadow, K. V. and G. Hui. 2002. Characterising forest spatial
structure and diversity. In: Bjoerk, L. (Ed.), Proceedings
of the IUFRO International workshop Sustainable
forestry in temperate regions’. Lund, Sweden. pp. 20-30.

Gao, B., A.R. Taylor, E.B. Searle, P. Kumar, Z. Ma, A.M.
Hume and H.Y.H. Chen. 2018. Carbon storage declines
in old boreal forests irrespective of succession pathway.
Ecosyst. 21:1168-1182.

Gbmez-Aparicio, L., F. Valladares and R. Zamora. 2006.
Differential light responses of Mediterranean tree
saplings: linking ecophysiology with regeneration niche
in four co-occurring species. Tree Physiol. 26:947-958.

Hui, G., X. Zhao, Z. Zhao and K.V. Gadow. 2011. Evaluating
tree species spatial diversity based on neighborhood
relationships. For. Sci. 57:292-300.

Hui, G., Y. Li, Z. Zhao, Y. Hu and S. Ye. 2014. Spatial
structural characteristics of three hardwood species in
Korean pine broad-leaved forest—Validating the
bivariate distribution of structural parameters from the
point of tree population. For. Ecol. Manag. 314:17-25.

Ibanez, T., V. Hequet, C. Chambrey, T. Jaffré and P.
Birnbaum. 2017. How does forest fragmentation affect
tree  communities? A critical case study in the
biodiversity hotspot of New Caledonia. Landsc. Ecol.
32:1671-1687

Jang, W and P.S. Park. 2010. Stand structure and maintenance
of Picea jezoensis in a northern temperate forest, South
Korea. J. Plant Biol. 53: 180-189.

418



Selective logging of secondary forest

Kuuluvainen, T., A. Penttinen, K. Leinonen and M. Nygren.
1996. Statistical opportunities for comparing stand
structural heterogeneity in managed and primeval forests:
An example from boreal spruce forest in Southern
Finland. Silva. Fenn. 30:2-3.

Laganiére, J.,, X. Cavard, B.W. Brassard. D. Paré. Y.
Bergeron and H.Y. Chen. 2015. The influence of boreal
tree species mixtures on ecosystem carbon storage and
fluxes. For. Ecol. Manag. 354: 119-129.

Li, Y., G. Hui, Z. Zhao and Y. Hu. 2012. The bivariate
distribution characteristics of spatial structure in natural
Korean pine broad-leaved forest. J. Veg. Sci. 23:1180-
1190.

Liang, Y.L., X. He, C. Chen, S. Feng, L. Liu, X. Chen, Z.
Zhao and Y. Su. 2015. Influence of plant communities
and soil properties during natural vegetation restoration
on arbuscular mycorrhizal fungal communities in a karst
region. Ecol. Eng. 82:57-65.

Lucas-Borja, M.E., D. Candel-Pérez, M. Garcia, A.
Francisco, T. Onkelinx, P.A. Tiscar and P. Balandier.
2016. Pinus nigra Arn. ssp. salzmannii seedling
recruitment is affected by stand basal area, shrub cover
and climate interactions. Ann. For. Sci. 73:649-656.

Lutz, J.A., AJ. Larson, J.A. Freund, M.E. Swanson and K.J.
Bible. 2013. The importance of large-diameter trees to
forest structural heterogeneity. PloS One 8: €82784.

Lv, Y.J., H. Yang, Q. Zhang, Q.J. Wang and Q. Sun. 2017.
Effects of spatial structure on DBH increment of natural
spruce-fir forest. J. Bjing For. Univ. 39:41-47.

Matt, B. and T.H. Murphy. 2019. The importance of large-
diameter trees in the wet tropical rainforests of Australia.
PloS One. 14: e0208377.

McDonald, M.J., D.P. Rice, and M.M. Desai. 2016. Sex
speeds adaptation by altering the dynamics of molecular
evolution. Nature 531:233-236.

Meng, C. and X.X. Zheng. 2015. Spatial structure
characteristics of Pinus massonian natural forest. J.
Northwest For. Univ. 30:181-186.

Meng, X.Y., JR. Huang and Y.X. Guan. 2006. Neural
network models of diameter distribution for Pinus
massoniana plantations. J. Bjing For. Univ. 1:28-31.

Petritan, A.M., I.A. Biris., O. Merce, D.O. Turcu and I.C.
Petritan. 2012. Structure and diversity of a natural
temperate sessile oak (Quercus petraea L.)-European
Beech (Fagus sylvatica L.). Forest. For. Ecol. Manag.
280:140-149.

Pielou, E.C. 1977. The latitudinal spans of seaweed species
and their patterns of overlap. J. Biogeogr. 4:299.

Pommerening, A and J. Uria-Diez. 2017. Do large forest trees
tend towards high species mingling? Ecol. Inform.
42:139-147.

Pommerening, A. 2002. Approaches to quantifying forest
structures. For. 75:305-324.

Purschke, O., S.G. Michalski, H. Bruelheide and W. Durka.
2017. Phylogenetic turnover during subtropical forest
succession across environmental and phylogenetic
scales. Ecol. Evol. 7:11079-11091

Reich, P.B. 2014. The world-wide ‘fast-slow’ plant
economics spectrum: a traits manifesto. J. Ecol. 102:275-
301.

Riitters, K.H., J.D. Wickham and T.G. Wade. 2009. An
indicator of forest dynamics using a shifting landscape
mosaic. Ecol. Ind. 9:0-117.

Riitters, K.H., J.D. Wickham, R.V. Neill., K.B. Jones, E.R.
Smith, J.W. Coulston, T.G. Wade and J.H. Smith. 2002.
Fragmentation of continental United States forest. Ecol.
5:815-822

Ripley, B.D. 1977. Modelling spatial patterns. J. R. Stat. Soc.
Ser. B 39:172-192.

Schurr, F.M., O. Bossdorf, S.J. Milton and J. Schumacher.
2004. Spatial pattern formation in semi-arid shrubland: a
priori predicted versus observed pattern characteristics.
Plant Ecol. (formerly Veg.). 173: 271-282.

Shao, F.L., X.X. Yu. S.M. Song and Y. Zhao. 2011. Spatial
structural characteristics of natural Populus davidiana -
betula platyphylla secondary. Chin. J. Appl. Ecol.
22:2792-2798.

Song, B., J. Chen, P.V. Desanker, D.D. Reed and J.F.
Franklin. 1997. Modeling canopy structure and
heterogeneity across scales: From crowns to canopy. For.
Ecol. Manag. 96:217-229.

Spies, T. A. 1998. Forest structure: a key to the ecosystem.
Northwest Sci. 72:34-39.

Sung, Y.H., N.E. Karraker and B.C.H. Hau. 2012. Terrestrial
herpetofaunal assemblages in secondary forests and
exotic Lophostemon confertus plantations in South
China. For. Ecol. Manag. 270:71-77

Taylor, A.R., B. Gao and H.Y.H. Chen. 2020. The effect of
species diversity on tree growth varies during forest
succession in the boreal forest of central Canada. For.
Ecol. Manag. 455:1-8.

Taylor, A.R., M. Seedre, B. Brassard and H.Y.H. Chen. 2014.
Decline in net ecosystem productivity following canopy
transition to late-succession forests. Eco.17:778-791.

Vogt, P., K.H. Riitters, C. Estreguil, J.T. Kozak, G. Wade and
J.D. Wickham. 2007. Mapping spatial patterns with
morphological image processing. Landscape Ecol.
22:171-177.

Wan, P., G.Q. Zhang, H.X. Wang, Z.H. Zhao and Y.B. Hu.
2019. Impacts of different forest management methods
on the stand spatial structure of a natural Quercus aliena
var. acuteserrata forest in Xiaolongshan, China. Ecol.
Inform. 50:86-94.

Wu, J.Q., Y.X. Wang, Y. Yang, T.T. Zhu and X.D. Zhu. 2015.
Effects of crop tree release on stand growth and stand
structure of Cunninghamia lanceolata plantation. Chin.
J. Appl. Ecol. 26:340-348.

419



Xu, Liu & Yang

Xin, L. and H. Huang. 2012. Impact of tending on
productivity and health of forests in Qinling. Shanxi For
Sci. Technol. 1:1-17

Zhang, G.G., D.X. Wang, Z.Z. Chai, C.S. Zhang, W.Z. Liu
and S.Z. Zhang. 2015. Distribution characteristics of two
typical natural forest spatial structure parameters in
Xiaolongshan. For. Res. 28:531-537.

Zhang, J.C., L. Chen and Q.S. Guo. 1999. Research on the
change trend of dominant tree population distribution
patterns during development process of climax forest
communities. Acta. Phytoecol. Sin. 23:256-268.

Zhang, L., G. Hui, Y. Hu and Z. Zhao. 2018. Spatial structural
characteristics of forests dominated by Pinus
tabulaeformis Carr. PloS One 13: e0194710.

Zheng, J.M., C.Y. Zhang, J.X. Zhou, X.H. Zhao, X.X. Yu and
Y.S. Qin. 2007. Study on vertical structure of forest
communities in Yunmengshan. For. Res. 20:768-774.

Zhu, J., Z. Jiang, W. Jiang, Q. Zheng and X. Jiang. 1997. The
effects of human-caused disturbance on species diversity
of forest community in northern Fujian province. Chin.
Bio. 5:24-31.

Zhuang, C.Y. 2016. Study on the strata characteristics of
natural broad-leaved forests in middle-subtropical zone.
Chin. Acad. For.

[Received 02 April 2020; Accepted 26 Nov 2020; Published
(online) 18 April 2021]

420



