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Abstract: The natural regeneration of Juglans mandshurica (Juglans mandshurica Maxim.) is challenging.
To elucidate its regeneration patterns, we conducted a comparative analysis of the spatial distribution
and regeneration indices of Juglans mandshurica seedlings across different habitats, from the forest edge
to the inner forest, over a span of 1000 m. Our findings revealed significant differences in seedling
growth and regeneration patterns among these habitats. The growth indicators of Juglans mandshurica
seedlings were notably higher at the forest edge compared to other habitats. The proportion of Juglans
mandshurica seedlings was lower than that of 1- and 2-year-old seedlings, with only 7% being young
seedlings at the forest edge. Juglans mandshurica renewal seedlings were aggregated, with the degree
of aggregation as follows: 15 m > forest edge > 60 m > 30 m. The regeneration index was highest at
the forest edge (1.0) and decreased with distance: 15 m (0.62), 30 m (0.52), 60 m (0.42). Shrub species
and other seedlings at the forest edge showed a significant negative correlation with the Juglans
mandshurica seedling numbers (p < 0.05). At 15 m, tree species displayed a significant (p < 0.05) or
highly significant (p < 0.01) negative correlation. Stand closure at 30 m exhibited a substantial (p < 0.05)
or highly significant (p < 0.01) negative correlation with the Juglans mandshurica regeneration index.
At 60 m, the tree species, number, and basal area at breast height showed a significant (p < 0.05) or
highly significant (p < 0.01) negative correlation with the Juglans mandshurica regeneration index. The
forest edge had the highest renewal index and effectiveness, making it a priority for the conservation
and management of Juglans mandshurica renewal. This study provides a theoretical foundation for
the conservation and sustainable management of Juglans mandshurica populations.

Keywords: habitat; Juglans mandshurica; natural regeneration

1. Introduction

The natural regeneration of forests is an important method for the self-reproduction
and restoration of forest ecosystems. It is the basis for the maintenance of the dynamics
of forest communities and is an important ecological process in the reproduction of forest
resources in ecosystems [1]. The process of regeneration is influenced by a variety of biotic
and abiotic factors, including the species characteristics, environmental conditions, natural
and human disturbances, etc. Due to the heterogeneity of habitats resulting from differences
in these factors, trees adopt different regeneration strategies to adapt to complex habitats to
maximize access to growth and reproductive resources. Different habitats often determine
the type, number, and distribution patterns of regenerating seedlings and play a key role in
the formation of the next generation of forests [2]. Natural regeneration under the forest
canopy plays a central role in the process of forest dynamics and is mainly focused on
limiting factors, which vary with the tree species, forest type, and stand conditions [3].
The forest gap plays an important role in the natural regeneration process, including seed
germination and seedling settlement, and is the main site of forest regeneration, but it
is also affected by a combination of factors, such as the biological characteristics of the
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tree species itself, the size of the forest gap, the regeneration method, resource availability,
and the relative position of the species in the forest gap. The influence of forest gaps on
the regeneration of specific tree species can be amplified or reduced through the rational
regulation of the above factors [2,4]. Although large areas of forest edge habitats resulting
from landscape fragmentation are also gaining attention and importance, they are far less
important than under-canopy and forest gaps [5,6]. The forest edge is a typical ecological
transition zone for forest biodiversity and spatial heterogeneity, with significant and rapid
gradients in environmental factors such as water, heat, light, and soil nutrients from the
interior of the forest community to the forest edge. This makes the forest edge an important
site for the maintenance and restoration of species diversity in forest communities [7].
Current research on forest edges has yielded promising results in terms of the forest edge
effects, domains of influence, and impacts on biodiversity and spatial heterogeneity, but
the effects of forest edges on natural regeneration, especially for specific tree species, are
under-researched [8–10].

With an ancient origin, Juglans mandshurica is a second-grade rare species in China
and a significant protected plant. It is a valuable timber species and a preferred native tree
for carbon sink forestry in Northeast China. As a crucial germplasm resource, it plays a
pivotal role in maintaining biodiversity in understory environments and supports both
environmental protection and economic development in the region. However, years of
logging and the neglect of its cultivation have resulted in a severe shortage of reserve
resources for this species. At present, research on Juglans mandshurica focuses on its
economic value, resource exploitation, genetic breeding, and cultivation techniques [11].
There are some important findings on the growth-limiting factors and growth strategies
of Juglans mandshurica. Some studies have shown that larch aqueous extracts promote
seed germination in Juglans mandshurica and that the chemosensory substance secreted by
Juglans mandshurica during growth inhibits the growth of various tree species within the
community, including Juglans mandshurica itself. Ma (2001) suggested that animal handling
and gnawing and the dispersal distance limit the natural regeneration of Juglans mandshurica.
Other research has found that extreme seed scarcity, difficulties in converting seedlings
to young trees, and light intensity limit the natural regeneration of Juglans mandshurica
and suggested that anthropogenic disturbances, damage by pests and diseases, and the
large depression of Juglans mandshurica stands themselves are the main factors limiting its
natural regeneration in the understory [12–15]. Wang Zhengquan (1999) showed that the
seedlings and young trees of Juglans mandshurica had relatively strict requirements for soil
nutrients and that increasing nitrogen and phosphorus could significantly increase the fine
root biomass and nitrogen, which had a significant effect on the total biomass of above-
ground parts and led to high growth in the current year. Wang et al. (2010) showed that
seedlings of Juglans mandshurica showed some adaptability and plasticity to different light
environments and had a wide ecological amplitude of light [16,17]. A further study showed
that seedlings of Juglans mandshurica under the forest canopy responded significantly to the
light intensity and fertilizer application and that the seedling morphology also changed
adaptively, with the best growth occurring under high light conditions (64% of full light)
and with the same application of nitrogen and phosphorus fertilizer [18]. Xu Liqing et al.
(2020) showed that Juglans mandshurica seedlings adapted to different habitat changes in
the forest edge, gap, and canopy by altering their root branching patterns to increase the
efficiency of nutrient uptake by the root system [19]. A more consistent view is that the
populations of Juglans mandshurica are in decline and promoting the natural regeneration
of Juglans mandshurica and strengthening the nurturing efforts of young seedlings and trees
are crucial for the development of Liriodendron peculiar populations [15]. However, the
renewal characteristics and renewal mechanisms of Juglans mandshurica, and which habitats
are more conducive to the natural renewal of Juglans mandshurica, remain unclear.

In this study, we investigate the natural regeneration of Juglans mandshurica in different
habitats from the forest edge to the forest interior, investigate which factors influence the
natural regeneration of Juglans mandshurica in different habitats, reveal the natural regen-
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eration pattern of Juglans mandshurica in different habitats, propose a basic model of the
regeneration of Juglans mandshurica at the forest edge, and analyze the regeneration strategy
of Juglans mandshurica. This study will provide a theoretical basis for the conservation and
management of natural forest populations.

2. Materials and Methods
2.1. Study Area

The selected study area is the Zhuanshan Experimental Forest Farm
(128◦52′30′′~129◦6′40′′ E, 45◦46′1′′~45◦54′38′′ N) in Founder County, Harbin, Heilongjiang
Province, China, at an altitude of 180–491 m. The forestry field is located in the Changbai
Mountain Range, on the western slope of Zhang Guangcai Ling, and at the northern foot
of Lao Ye Ling in the low mountainous hilly area. It has a cold–temperate continental
monsoon climate, with an annual average temperature of 2.7 ◦C, an extreme maximum
temperature of 37 ◦C, an extreme minimum temperature of −42 ◦C, an annual cumulative
temperature of 2500 ◦C, 2504 t sunshine hours, annual precipitation of 577 mm, a frost-free
period of 125 d, and a plant growing period of about 120 d. The terrestrial soil is dark
brown loam and the vegetation belongs to the Zhang Guangcai Ling flora, with the natural
secondary hard broadleaved forest being the main forest type. The main broadleaved
tree species are Fraxinus manchuria, Juglans mandshurica, Tiliaamurensis, Tiliamandshurica,
Phellodendronamurense, Quercus mongolica, Ulmus pumila L., Populus davidiana, and Betula
platyphylla, etc.; coniferous species mainly include Pinus koraiensis, Pinus sylvestris var.
mongolica, and Larix olgensis; understory shrubs and lianas include Lespedeza bicolor, Cory-
lus mandshurica, Acanthopanax senticosus, Syringa oblata var. alba, Actinidia kolomikta, Vitis
amurensis, and Schisandra chinensis, etc.

2.2. Experimental Design

From 12 June to 19 June 2018, the first sample strip was set up by taking the north–
south fire prevention road constructed in 2008 in the Zhuanshan Forestry Farm and the
forest edge formed by the natural secondary hard broadleaf forest on the east side of the
road as the starting point and then extending to the natural forest to set up the 1st sample
strip; then, 10 m × 10 m sample squares were set up in each of the sample strips at 0 m,
15 m, 30 m, and 60 m with the average height multiples of the forest stands, respectively.
The second, third, and fourth sample strips were designed in parallel with the first one. A
total of 20 sample strips were designed, with a total sample area of 14 hm2 (Figure 1). Each
sample plot in each strip was surveyed for its density, shrub species and cover, herbaceous
cover, tree species, diameter at breast height, and surrounding trees. The number of
seedlings and young trees of all tree species renewed under the forest canopy, including
the rowan, was investigated in each sample plot. All seedlings (less than 4 cm in diameter
at breast height) in the sample plot were measured, and the species name, seedling status,
ground diameter, seedling height, age, and crown width were recorded (determining the
age of the Juglans mandshurica seedlings by using the regular ring of bud scale marks formed
by the annual shedding of bud scales from the terminal bud of the main stem of each Juglans
mandshurica seedling) (Table 1).

2.3. Classification and Determination of Height Class, Ground Diameter Class, and Age Class

The height class, ground diameter class, and age class were divided and measured
according to the characteristics and growth patterns of the species of rowan, combined with
the diameter at breast height value (≤4 cm) (Table 2). Height classes I and II are for young
seedlings, and classes III, IV, and V are for young trees. With the height exceeding 1.3 m,
the indicator ‘diameter at breast height’ is available, while a further restriction of 4 cm
diameter at breast height is combined to exclude the smaller individuals in adult trees [15].
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Figure 1. Sample plot setting of Zhuanshan Experimental Forest Farm in Harbin City, Heilongjiang
Province.

Table 1. General characteristics of the plots at different distances from the road at Harbin Zhuanshan
Experimental Forest Farm.

Item
Forest Edge 15 m 30 m 60 m

Interval Interval Interval Interval

Canopy density 0.2–0.9 0.1–1.0 0.4–1.0 0.4–1.0
Herb coverage (%) 30–100 10–100 20–100 30–100
Shrub coverage (%) 5–95 8–70 2–70 1–75

Number of shrub species (species) 45,365 45,303 45,333 45,395
Number of tree species (species) 45,295 45,296 45,296 45,297

Number of trees 45,297 45,299 45,303 45,303
Maximum DBH of trees (cm) 22.2–46.2 21.9–46.8 21.6–50.1 12.5–47.5

Mean DBH of trees (cm) 10.69–39.05 13.17–36.67 10.79–48.4 12.5–26.23
Number of Juglans mandshurica (trees) 0–4 0–3 0–1 0–2

Number of Juglans mandshurica seedlings (trees) 45,321 0–40 0–8 0–16
Basal diameter of Juglans mandshurica seedlings (mm) 6.61–29.80 5.56–62.23 5.15–24.89 4.43–26.46

Height of Juglans mandshurica seedlings (m) 0.64–3 0.58–1.86 0.65–3 0.52–2.65
Age of Juglans mandshurica seedlings (year) 45,331 45,358 45,331 45,329

Crowns of Juglans mandshurica seedlings (cm2) 24.15–92.25 20–117.88 17.5–80.31 15–80
Number of tree seedling species except Juglans mandshurica (species) 45,299 45,301 45,300 45,331

Number of seedlings except Juglans mandshurica (trees) 8–99 1–187 3–126 3–447
Seedling height except Juglans mandshurica (m) 0.6–2.66 0.4–2.89 0.36–5.57 0.36–2.2

Seedling basal diameter except Juglans mandshurica (mm) 6.25–27.68 3.47–27.70 4.16–30.72 3.88–23.17
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Table 2. Criteria for classification of height class, ground diameter class, and age class.

Type I II III IV V

Height class <0.7 m 0.7 m–1.3 m 1.3 m–2.0 m 2.0 m–3.0 m ≥3.0 m
Ground diameter class ≤10 mm 10 mm–20 mm 20 mm–30 mm 30 mm–40 mm >40 mm

Age class 1–2 3–4 5–6 7–8 >8

2.4. Calculation of Spatial Distribution Pattern Indicators

The strength of aggregation of populations was analyzed using the t-test of the vari-
ance/mean ratio method (C0), the negative binomial index (K), the Cassie index (CA), the
Green index (GI), the mean crowding (m), the agglomeration index (PAI), and the clumping
index (I). Here, we specify the clumping index (CI) and the ratio of mean crowding (MCI)
as the mean (Mean), which has the advantage of being more credible as it only considers
the nature of the spatial pattern itself [15].

A t-test (t-test) was used to test the deviation of the actual value from the predicted
value:

t = (V/m − 1)/
√

2/(n − 1) (1)

The t-test critical value table was then queried and a confidence interval of 99% with
n − 1 as the degree of freedom allowed for significance testing.

When four or more of the seven selected indicators agree, the result of the aggregation
intensity analysis is the result of the population. The spatial distribution pattern of Juglans
mandshurica seedlings and its patterns was studied by referring to the four aggregation
calculation methods combined, and the following formulae were used to calculate the
indicators to enable the scientific interpretation of the results.

m =
N

∑
i = 1

mi/N (2)

m∗ ≈ m + (V/m − 1) (3)

V =
N

∑
i = 1

(mi − m)2/(N − 1) (4)

K = m2/(V − m) (5)

CA = 1/K (6)

I = V/m − 1 (7)

where N is the number of samples, representing the number of mi young rowan seedlings
or trees in a sample square, m stands for the mean, m∗ stands for the average crowdedness,
V is the variance, K is the negative binomial parameter, CA is the Cassie index, and I is the
clumping index.

2.5. Calculation of Renewal Index

The evaluation index system for the autumn regeneration of walnut was constructed
via a field survey of sample strips at different locations from the road, using the entropy
method, from three aspects: distribution, growth, and age structure. Five indicators were
selected, namely the number of plants per unit area (N), frequency (F), average seedling
height (Hm), average ground diameter (Dg), and average seedling age (Am), to calculate
the regeneration index. The weights of the five indicators were calculated using the entropy
method (i.e., the proportion and importance of the five indicators to the regeneration of the
forest edge). The original data were standardized using the linear transformation method.

Xij =
xij

xmax
(8)
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where Xij is the de-quantified data, xmax is the original data for the ith sample of the jth
indicator, and xmax is the maximum value for each indicator.

Calculation of the weight of the jth indicator (Pj):

Pj =
Xij

∑ Xij
(9)

Calculation of the information entropy (Ej) of the jth indicator:

Ej = −K∑ Pjlnpj (10)

where the constant K = 1/ln m and m is the corresponding quantity for each indicator.
The weight (Wj) of the jth indicator is

Wj =
1 − Ej

∑
(
1 − Ej

) (11)

The renewal index is calculated using Equations (12) and (13).

Uhi =
n

∑
i = 1

Wj•Xij (12)

Gi =
n

∑
h = 1

Uij (13)

It is worth noting that Uhi is the coefficient of the distribution status, growth status,
and age structure corresponding to the criterion layer; h takes the values of 1, 2, and 3; Wj
is the weight value of the jth evaluation indicator and Xij is the data of the jth evaluation
indicator of the ith sample after de-quantization; n is the number of evaluation indicators
corresponding to the hth criterion layer; and Gi is the renewal index to evaluate the renewal
status of the stand [20].

2.6. Data Processing

The Excel 2016 software was used to count and calculate the spatial distribution
pattern parameters and renewal index of Juglans mandshurica seedlings; Pearson correlation
analysis in the SPSS22.0 software was used to correlate the relationships between the Juglans
mandshurica renewal seedling indicators and stand factors; all graphs were plotted in the
Origin 12.5 software.

3. Results and Analysis
3.1. Growth of Natural Regeneration Seedlings of Juglans mandshurica in Different Habitats

The average ground diameter, height, and crown width of Juglans mandshurica seedlings
increased with the distance from the road, and the general trend was the same, with all
three indicators being significantly higher at the forest edge than at other locations. At
15 m, these three indicators were slightly lower than at 30 m, but not significantly different;
at 30 m, all three indicators were significantly higher than at 60 m (Figure 2). The number
of rowan seedlings was higher at the forest edge than at other locations, not significantly
different from 15 m, and significantly higher than at 30 m and 60 m. The average age of the
rowan seedlings was higher at the forest edge than at other locations, but not significantly
different from 30 m and significantly higher than at other locations; the average age at 15 m
was significantly lower than at 30 m and also lower than at 60 m, but the difference was not
significant.
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Figure 2. Density, ages, and growth indices of Juglans mandshurica seedlings at different distances
from road (a, b, c represent three groups, ab, bc represent two combinations of two independent
groups).

The height classes of the Juglans mandshurica seedlings at different locations from the
road have a more consistent trend, except for the forest edge, where the number of class
I seedlings (<0.7 m) is low (16%, 12%, and 31%, respectively) and the number of class II
seedlings (0.7 m–1.3 m) is the highest (61%, 55%, and 49%, respectively). The number of
seedlings decreases rapidly as the height class increases further. The number of class I
seedlings was also lower at the forest edge (5%); the numbers of classes II, III (1.3 m–2.0 m),
and IV seedlings (2.0 m–3.0 m) were comparable (28%, 27%, and 28%, respectively); and
the number of class V seedlings decreased (12%). Class II was higher at 15 m than at other
locations, but the difference was not significant, and height classes III, IV, and V (≥3.0 m)
were all significantly greater at the forest edge than at other locations, with 66% of young
trees at class III and above (≥1.3 m) at the forest edge; 23% at 15 m; 33% at 30 m; and 20%
at 60 m (Figure 3).
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60 m 7.2 3.5 1.9 4.5 1.1 0.9 10.46 ** Aggregate 

** indicates significant differences at the p < 0.01 level. 

3.3. Natural Regeneration Indices of Juglans mandshurica in Different Habitats 

Figure 3. Diameter class, height class, and age class of Juglans mandshurica seedlings at different
distances from road. (a, b represent two groups, ab represent two combinations of two independent
groups; I, II, III, IV, V mean different Diameter classes and Height classes).

The diameter classes of the Juglans mandshurica seedlings at different locations from
the road were distributed in an inverted ‘J’ pattern, except for the forest edge, with the
largest number of class I (≤10 mm, 65%, 52%, and 72%, respectively) and II (10 mm–20 mm)
seedlings starting to decrease (30%, 33%, and 24%, respectively), and those of III
(20 mm–30 mm), IV (30 mm–40 mm), and V (>40 mm) decreasing sharply, with IV and V
missing at 60 m. The number of III, IV, and V diameter classes decreases sharply, with IV
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and V missing at 60 m. The forest edge diameter classes show a distribution across all
diameter classes, with the largest number of II classes (33%) and significantly higher than
at 30 m and 60 m; at the forest edges, the numbers of the III, IV, and V diameter classes
(26%, 7%, and 10% each at the forest edge) are significantly higher than at other locations
(Figure 3).

The age classes of the Juglans mandshurica seedlings at different locations from the road
showed a relatively consistent trend, with a low number of young seedlings (age 1 and
2) (7%, 21%, 22%, and 17%, respectively) and the largest number of age 3 and 4 seedlings
(age 5 and 6 at the forest edge) (35%, 49%, 34%, and 49% of age 3 and 4, respectively), and
with the number decreasing as the age class increased. The number of 5- and 6-year-old
seedlings at the forest edge (48% of the forest edge) was significantly higher than at all other
locations, while the differences between the same age classes at the remaining locations
were not significant. At a distance of 15 m from the road, seedlings of age 8 and above were
missing (Figure 3).

3.2. Spatial Distribution Pattern of Natural Regeneration Seedlings of Juglans mandshurica in
Different Habitats

The variance/mean (V/m), mean crowding (m*), and agglomeration index (m*/m) of
Juglans mandshurica renewals at different distances from the forest edge were all greater
than 1; the clumping index (I), negative binomial parameter (K), and Cassie index (CA)
were all greater than 0. The results of the t-test were highly significant (tn − 1, 0.01 = 2.878),
which indicated that the overall distribution of the renewed seedlings of Juglans mand-
shurica was aggregated, but the degree of aggregation varied, with the highest degree
of aggregation at 15 m from the forest edge. When comparing all indicators, the aggre-
gation intensity of Juglans mandshurica at different distances from the forest edge was
15 m > 0 m > 60 m > 30 m (Table 3).

Table 3. Spatial distribution pattern of Juglans mandshurica seedlings at different distances from road.

Distance
from Road m* I m*/

¯
m V/

¯
m K CA t-Test Distribution

Pattern

Forest edge 11.7 3.7 1.5 4.7 2.2 0.5 11.1 ** Aggregate
15 m 19.2 12.9 3 13.9 0.5 2.1 38.7 ** Aggregate
30 m 5.4 1.8 2.8 2.8 2.1 0.5 5.4 ** Aggregate
60 m 7.2 3.5 1.9 4.5 1.1 0.9 10.46 ** Aggregate

** indicates significant differences at the p < 0.01 level.

3.3. Natural Regeneration Indices of Juglans mandshurica in Different Habitats

The evaluation index system for the renewal of Juglans mandshurica was constructed
using the entropy method in three aspects: distribution, growth, and age. Five indicators
were selected to calculate the renewal index: the number of plants per unit area, frequency,
average height, average ground diameter, and average age (Table 4).

Table 4. Standardization of survey data and parameters of regeneration index of Juglans mandshurica
seedlings.

Distance from
Road

Distribution Situation Growth Situation Age Situation

Seedling Number Frequency Mean Height Mean DBH Mean Age

Forest edge 1.000 1.000 1.000 1.000 1.000
15 m 0.715 0.895 0.562 0.506 0.814
30 m 0.385 0.790 0.662 0.576 0.929
60 m 0.397 0.842 0.504 0.404 0.841

Ej 0.942 0.997 0.973 0.955 0.998
Variable coefficient 0.058 0.003 0.027 0.045 0.002

Wj 0.432 0.021 0.199 0.330 0.018
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Based on the calculation of the weights, it can be seen that the main influence on the
renewal status of Juglans mandshurica is growth, followed by the distribution (Table 5). The
greatest weight is given to the number of plants per unit area, followed by the average
ground diameter. The renewal index was obtained from the renewal evaluation correlation
coefficients (Table 5) and reduced to 0.62 by 15 m, decreasing to 0.52 at 30 m as the distance
from the road increased further, and was less than half the renewal index at 60 m (0.42)
from the forest edge.

Table 5. Correlation coefficients of regeneration evaluation index and regeneration index of Juglans
mandshurica seedlings.

Distance from Road
Correlation Coefficient of Regeneration Evaluation Index Regeneration Index

Distribution Situation Growth Situation Age Situation

Forest edge 0.453 0.529 0.018 1.00
15 m 0.328 0.279 0.015 0.62
30 m 0.183 0.322 0.017 0.52
60 m 0.175 0.234 0.015 0.42

3.4. Analysis of Factors Affecting the Natural Regeneration of Juglans mandshurica in
Different Habitats

The individual indicators of shrub species and other regeneration seedlings at the
forest edge showed significant correlations with the regeneration of Juglans mandshurica
seedlings; shrub species and other regeneration seedling species were significantly nega-
tively correlated with the number of Juglans mandshurica seedlings; and the average height
and average ground diameter area of other regeneration seedlings were significantly posi-
tively correlated with the average seedling height of Juglans mandshurica seedlings. Stand
depression, herbaceous cover, and most of the regeneration indicators for trees and other
regenerated seedlings did not correlate with the regeneration of Juglans mandshurica at the
forest edge (Table 6).

At 15 m from the road, stand depression, especially in the tree layer, began to show
significant or highly significant correlations for the regeneration of Juglans mandshurica.
Most indicators of regeneration in the shrub layer, herbaceous layer, and other regenerated
seedlings did not correlate with regeneration of Juglans mandshurica. The tree species and
number were significantly and negatively correlated with the mean ground diameter and
height of Juglans mandshurica saplings, with the tree species also significantly and negatively
correlated with the mean crown width of Juglans mandshurica saplings; the mean diameter
at breast height and the mean height at breast height of trees were significantly or very
significantly positively correlated with the mean ground diameter, height, and crown width
of Juglans mandshurica saplings (Table 6).

At 30 m from the road, stand depression showed significant or highly significant
negative correlations with all other growth indicators of Juglans mandshurica saplings,
except for the number of Juglans mandshurica saplings, which was not correlated with the
number of Juglans mandshurica saplings. Shrub species were significantly and positively
correlated with the average ground diameter of Juglans mandshurica saplings; tree species
were significantly and negatively correlated with the average crown width of Juglans
mandshurica saplings. Other indicators, such as herbaceous cover, shrub cover, tree species,
and other regenerated seedlings, did not correlate with the regeneration indicators of rowan
(Table 6).
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Table 6. Correlation coefficients between regeneration indices of Juglans mandshurica seedlings and influencing factors at different distances from road.

Distance
from Road

Regeneration
Index

Forest Factor
X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14

Forest edge

y1 0.28 0.12 −0.42 −0.50 * 0.13 −0.04 −0.10 −0.13 −0.19 −0.46 * −0.02 −0.46 −0.22 −0.17
y2 −0.07 0.03 −0.04 −0.39 0.35 0.40 −0.28 −0.27 0.14 −0.29 −0.27 0.35 0.35 0.44
y3 −0.12 −0.19 0.14 −0.17 0.20 0.43 −0.23 −0.23 0.19 −0.22 −0.29 0.50 * 0.46 0.51 *
y4 −0.12 0.36 −0.11 −0.27 0.31 0.13 0.01 0.01 0.15 −0.07 −0.15 0.15 0.02 0.14
y5 −0.09 0.03 −0.02 −0.32 0.42 0.47 −0.26 −0.25 0.24 −0.26 −0.29 0.32 0.30 0.37

15 m

y1 −0.18 −0.18 −0.25 −0.14 −0.31 −0.35 0.35 0.34 −0.07 −0.17 −0.31 0.15 0.11 0.07
y2 −0.43 −0.37 −0.21 0.10 −0.53 * −0.50 * 0.68 ** 0.66 ** −0.34 0.22 0.06 0.06 −0.08 −0.09
y3 −0.50 * −0.28 −0.14 0.10 −0.54 * 0.53 * 0.60 * 0.53 * −0.39 0.23 0.17 0.00 −0.10 −0.10
y4 −0.37 −0.05 0.00 −0.09 −0.19 −0.21 0.42 0.48 −0.13 0.06 0.09 0.09 −0.01 −0.02
y5 −0.40 −0.16 −0.11 0.16 −0.50 * −0.40 0.84 ** 0.78 ** −0.15 0.15 0.17 0.04 −0.04 −0.03

30 m

y1 0.13 0.38 −0.36 0.16 0.09 −0.09 0.18 0.09 0.14 −0.35 −0.32 0.02 0.21 0.13
y2 −0.75 * 0.17 0.30 −0.56 * −0.44 −0.25 0.23 0.18 −0.28 0.16 0.18 0.27 0.24 0.27
y3 −0.70 ** 0.18 0.25 0.45 −0.46 −0.26 0.25 0.20 −0.22 0.03 0.03 0.30 0.25 0.27
y4 −0.56 * −0.01 0.30 0.46 −0.47 −0.10 0.05 0.00 −0.34 −0.06 −0.04 0.32 0.35 0.43
y5 −0.65 * 0.25 0.11 0.32 −0.58 * −0.30 0.35 0.32 −0.03 0.00 −0.06 0.51 0.45 0.43

60 m

y1 −0.53 * 0.68 ** −0.11 −0.03 −0.16 −0.02 −0.16 −0.16 −0.22 −0.48 * −0.26 0.12 0.04 −0.01
y2 −0.18 0.32 −0.34 −0.32 −0.77 ** −0.73 ** 0.02 0.01 −0.61 * −0.49 −0.47 −0.01 −0.01 −0.09
y3 −0.13 0.41 −0.15 −0.12 −0.82 ** −0.65 ** 0.04 −0.04 −0.57 * −0.45 −0.30 −0.21 −0.28 −0.37
y4 −0.16 0.21 −0.20 −0.19 −0.71 ** −0.58 * 0.25 0.27 −0.31 −0.33 −0.45 −0.10 −0.08 −0.05
y5 −0.32 0.30 −0.01 0.01 −0.85 ** −0.57 * 0.15 0.12 −0.38 −0.53 * −0.35 −0.15 −0.18 −0.23

X1: canopy density; X2: herb coverage; X3: shrub coverage; X4: number of shrub species; X5: number of tree species; X6: number of trees; X7: mean DBH of trees; X8: mean basal area of
breast height of trees; X9: sum of basal area of breast height; X10: number of tree seedling species except Juglans mandshurica; X11:number of seedlings except Juglans mandshurica; X12:
mean height of seedlings except Juglans mandshurica; X13: mean basal diameter of seedlings except Juglans mandshurica; X14: mean basal area of seedlings except Juglans mandshurica; y1:
number of Juglans mandshurica seedlings; y2: mean basal diameter of Juglans mandshurica seedlings; y3: mean height of Juglans mandshurica seedlings; y4: mean age of Juglans mandshurica
seedlings; y5: mean crown of Juglans mandshurica seedlings; *: p < 0.05 (two-tailed); **: p < 0.01 (two-tailed).
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At a distance of 60 m from the road, the tree species, number of trees, area at breast
height, and growth indicators of Juglans mandshurica showed significant or highly sig-
nificant negative correlations, with the tree species showing highly significant positive
correlations with all other regeneration indicators of Juglans mandshurica, except for the
number of Juglans mandshurica. The stand densities were significantly and negatively corre-
lated with the number of Juglans mandshurica seedlings; the herbaceous cover was highly
significantly and positively correlated with the number of rowan seedlings; other regen-
eration species were significantly and negatively correlated with the number of Juglans
mandshurica seedlings. Other shrubs, the tree diameter at breast height and cross-sectional
area at breast height, and the number of other regenerated seedlings were not correlated
with the number of regenerated Juglans mandshurica seedlings (Table 6).

4. Discussion
4.1. Analysis of Factors Affecting the Natural Regeneration of Juglans mandshurica in
Different Habitats

The age class structure of populations visually reflects the distribution and config-
uration of the number of individuals of different sizes within the population, as well as
the population renewal characteristics, especially for the analysis of the dynamics of en-
dangered populations, which can help to analyze the causes of population changes and
elucidate the endangerment mechanism [21]. In this study, the age class trends (Figure 3),
based on the pyramid theory, indicate that the renewed populations of Juglans mandshurica
at the forest edge and other locations show a declining type of age structure overall, which
is consistent with the results of Ma Wanli’s study on Juglans mandshurica in the Changbai
Mountain forest area [13]. Combined with the ground diameter class and height class
(Figure 3), seedlings at the forest edge gradually enter the successional layer over time,
while the ground diameter class and height class above habitat class III at 15 m, 30 m, and
60 m decline rapidly or even disappear as the distance from the forest edge increases, which
limits the entry of Juglans mandshurica seedlings into the successional layer.

4.2. Forest Edge Regeneration Characteristics of Juglans mandshurica

Audrey et al. showed that forest roads differ in their material, grade, orientation,
time of construction, degree of use, and human disturbance, resulting in a wide range of
edge effects [22]. Further studies have shown that the edge effect is most pronounced at
around 6 m, showing a positive edge effect, and Ding et al. suggested that the positive
edge effect provides sufficient nutrient space for the growth of forest trees, creating an
obvious vertical structure and especially a good regeneration layer [23,24]. In this study, a
forest road of about 8 years old, oriented in a north–south direction, with a road width of
6 m and low utilization and human disturbance, had a forest edge depression of 0.66 and
was characterized by a positive edge effect, which was conducive to tree growth and
regeneration. The growth index of the regenerated seedlings of Juglans mandshurica located
at the forest edge was significantly higher than that at other locations within the forest,
with the highest regeneration index and the best regeneration effect. This is because the
edge of the road has the advantages of open space, sufficient light, and good microclimate
conditions, while the edge effect can increase the solar energy use efficiency and net primary
productivity (NPP) per unit area [24]. The biological effect of the forest edge broadens the
ecological niche of the population and increases the diversity and stability of the community,
and the ecological effect of the forest edge optimizes the combination of environmental
factors and improves the circulation of nutrients, which is conducive to the proliferation of
species such as Juglans mandshurica [25,26].

4.3. Distribution Pattern of Natural Regeneration of Juglans mandshurica in Different Habitats

In this study, we found that the degree of aggregation of Juglans mandshurica seedlings
was related to the overall number of seedlings, the number of seedlings, and young
trees; the greater the number of seedlings, the stronger the aggregation, and the intensity
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of aggregation gradually decreased as the number of young trees increased (Table 2),
which is consistent with the distribution and changing trend of renewed seedlings of
Juglans mandshurica in Beijing Songshan National Nature Reserve [15]. A study by Ma
Wanli et al. that selected Juglans mandshurica stands in the eastern part of Northeast China
showed that the distribution pattern of Juglans mandshurica of different ages showed an
aggregated distribution [13]. Ma Shuangjiao et al. (2019) used a point pattern study at
the same location as this study to show that Juglans mandshurica is aggregated at the 10 m
scale [27]. The aggregated distribution of many natural populations at small scales is
conducive to the formation of community effects, which facilitate their adaptation to the
environment and enhance interspecific competitiveness, promoting normal population
growth. The large and heavy fruits of Juglans mandshurica tend to be concentrated around
the mother tree, and the light-loving nature of Juglans mandshurica leads to the rapid
emergence of large numbers of seedlings in ‘blank’ areas, which is the main reason for the
aggregated distribution of populations under natural conditions. In general, the degree of
aggregation tends to decrease with the increasing diameter class. The clustered distribution
is conducive to community renewal, and populations that are clustered are more adaptable
to the environment, have more stable populations, and can maintain a certain number of
individuals in the community [28].

4.4. Effect of Stand Vertical Structure on Natural Regeneration of Juglans mandshurica in
Different Habitats

The vertical structure plays an important role in the process of population regener-
ation, as different vertical structures lead to differences in the distribution of resources
such as light, temperature, and humidity within the stand, promoting the formation of
heterogeneous microhabitats [29,30]. The life cycle of a stand, from seedling emergence to
settlement, is a relatively vulnerable stage of survival, so changes caused by the vertical
structure can have an impact on seedling regeneration to some extent [31]. In this study,
shrub species and other regenerating seedling species were significantly negatively corre-
lated with the number of Juglans mandshurica seedlings, indicating that shrub species and
other regenerating seedling species were the main limiting factors for the regeneration of
Juglans mandshurica at the forest edge. It has also been shown that the understory is an
important ecological filter and that its abundance influences the distribution and abun-
dance of seedlings, and, to some extent, understory plants can modify the microhabitat
conditions, such as the temperature, soil moisture, and the distribution of zooplankton.
The intervention of the understory in seedling emergence and settlement not only directly
creates direct competition for resources but also indirectly influences the behavior of seed
predators and thus seedling settlement; the cutting of scrub, which facilitates seedling
growth, will promote stand regeneration [32–34].

From the forest edge to 15 m, the stand structure influence factor starts to change,
with the stand depression increasing from 0.6 to 0.8, which is often detrimental to seedling
colonization and regeneration for sunny species [35]. The results of the ANOVA show
that the species and number of trees at 15 m are the main factors limiting the growth of
regenerating seedlings of Juglans mandshurica. Some studies have shown that the abundance
of species and increased depression in the tree layer increase the environmental resistance
to the survival and growth of seedlings of light-loving species; others have shown that
the tree species composition and stand density directly lead to spatial heterogeneity in
ecological factors such as light, heat, moisture, and soil physical and chemical properties in
the understory and directly affect the growth of young seedlings in the understory [35,36].
The density of the stand is mainly a function of light, heat, water, and the soil properties.
The stand density primarily affects the light conditions, and the extent to which the stand
density affects light within a stand in natural forests is also strongly related to the proportion
of plants allocated by diameter class. In this study, the diameter at breast height and height
at breast height sections of trees were significantly or very significantly positively correlated
with the growth of Juglans mandshurica seedlings [37]. According to the regeneration
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characteristics and factors influencing the growth of Juglans mandshurica saplings, the
adoption of selective felling management measures, changing the stand density, increasing
the area at breast height, moderately spreading the canopy, increasing light, and changing
the local microhabitat will facilitate the natural regeneration of young seedlings [38].

At 30 m and 60 m from the forest edge, the regeneration index of the growth of Juglans
mandshurica saplings decreases sharply and the regeneration potential is insufficient [39].
Seedling and young tree regeneration is the basis for the sustainable development of a
population, and only when seedlings and young trees have a certain number or are adapted
to the environment can the population develop sustainably. Stand depression is the main
limiting factor for the growth of Juglans mandshurica saplings at 30 m and is also significantly
and negatively correlated with the number of Liriodendron saplings at 60 m. Most of the
naturally regenerating species can complete their regeneration between 0.2 and 0.9 degrees
of depression, and as the stand becomes more depressed, regeneration becomes more
restricted. Too much depression or an overly open environment can be detrimental to
seedling growth and seedling regeneration; 0.4 to 0.7 degrees of depression is favorable
for most of the forest [40,41]. Different degrees of density lead to changes in factors such
as light, nutrients, and temperature in the forest, which in turn affect the quality and
quantity of natural regeneration. The effect of natural regeneration is significantly different
at different levels of depression, and growth indicators such as the tree height, ground
diameter, and number of seedlings can also vary significantly [42].

The number and species of trees at 60 m were more negatively correlated with the
regeneration index of Juglans mandshurica seedlings than at 15 m. In addition, the area at
breast height of trees at 60 m was significantly negatively correlated with the regeneration
index of Juglans mandshurica seedlings, while the number and species of trees at 60 m were
the highest and the average diameter at breast height and area at breast height of trees
were the lowest compared to other locations [43]. The stand density has an important
influence on natural regeneration, and this effect varies according to the species, stand
age, and region [44]. It has been shown that a large number of tree species reduce the
occupancy of environmental resources by understory regeneration seedlings and increase
the competition for light, nutrients, and space, resulting in insufficient space for understory
regeneration seedlings and a poor understory regeneration capacity. The appropriate
interplanting of denser stands can promote natural regeneration [45,46].

Herbaceous cover at 60 m was highly significantly and positively correlated with
the number of Juglans mandshurica seedlings, and the herbaceous layer was indicative of
the forest ecology; environments suitable for understory herbaceous growth are generally
also suitable for seedling growth [47]. The herbaceous layer contributes positively to
the growth of seedlings in the understory in terms of complementary resources, water
retention, energy flow, nutrient cycling, the mediation of the surface temperature, and the
improvement of the understory microenvironment. However, other studies have shown
that the herbaceous layer has an inhibitory effect on seedling regeneration due to restricted
seed dispersal, competition for light and soil nutrients, and chemosensory effects, and the
exact mechanisms of influence need to be further investigated [25,48,49].

5. Conclusions

In this study, natural regeneration seedlings of Juglans mandshurica were used as the
object of study, and four regeneration indices, namely the density, ground diameter, age,
and crown width, were compared and analyzed from the forest edge to the forest interior
using spatial pattern analysis and the calculation of the regeneration index, to reveal
the differences in the growth, distribution patterns, and regeneration patterns of Juglans
mandshurica seedlings in different habitats. The study found the following.

1. The natural regeneration of Juglans mandshuric in different habitats showed an overall
declining trend, with a low number of individuals in the lower age classes and
insufficient resources for population follow-up. As time passes, seedlings from the
forest edge formed by the road and the forest will gradually enter the successional
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layer; as the distance from the forest edge increases, the entry of Juglans mandshuric
seedlings into the successional layer within the forest is restricted.

2. The response of the regeneration of rowan in natural forests to the forest edge is
positive, and this positive response decreases with increasing distance from the forest
edge to the forest interior. In the future, the forest edge formed by the road and the
forest can be used as a key site for the regeneration of rowan.

3. Depending on the regeneration characteristics of the different habitats of Juglans mand-
shurica, different forestry measures should be taken to promote natural regeneration,
taking into account the differences in the factors affecting the stand. The edge of
the stand can be treated by cutting and irrigation, and the increase in the distance
along the edge of the stand towards the forest can be treated by selective felling or
interfering according to the stand density. For the conservation of native tree species
such as rowan, it is not advisable to use traditional crude and monotonous forestry
measures, and different forestry measures should be adopted according to the laws of
natural regeneration.
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