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Abstract. In order to achieve of the spatial association and optimum collocation, a 1-ha natural spruce-fir
mixed forest plot which was established on Changbai Mountains, PR China. Diameter at breast height,
height, and the crown width of the standing free trees with >1 cm DBH trees were measured, and
species were identified. O-ring statistics and the nearest neighbor analysis were applied to test the spatial
correlations and distribution of number of dominant species at different vertical layers. We found that:
(1) according to the importance values, the top four species were Abies nephrolepis (Trautv.) Maxim.,
Picea koraiensis Nakai, Pinus. koraiensis Sieb. et Zucc. and Tilia. amurensis Rupr:; (2) most of species
pairs have positive associations at small scales, while few are no relevance or have negative associations;
(3) the number of juveniles and lower layer trees showed positive skewness under the upper layer trees
and the maximum number for coniferous species was at a distance 4.5-6.5 m, while it was 6.5-8.5 m for
broadleaved species. Our results provide a new insight into the development of reforestation technique in
spruce-fir forests in the Changbai Mountains.
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Introduction

Studying forest regeneration processes is essential in understanding forest diversity
and dynamics, which follows a forest life cycle from germination to death (Darrigo et
al., 2016). The information of forest regeneration, moreover, is fundamentally important
because it reflects the stability of the structure and composition of overstory, and
provides the prerequisites for the developing of ecological, social and economic benefits
of forest continuously (Mostacedo et al, 2009; Lydersen et al, 2015). Forest
management must change radically to maintain biodiversity and enough juveniles (Liu
et al., 2015).

However, natural regeneration of seedlings and species cannot fulfill the
requirements for the healthy growth of the forest due to landscape fragmentation, and
the limitation of seed dispersal (Levesque et al., 2011; Holeksa et al., 2017). Artificial
regeneration, therefore, can supplement the lack of woodland seedling individuals and
the number of species (Wagner et al.,, 2010; Hejel et al., 2016). However, adaptive
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species must be chosen according to characteristics of alternative tree species
(Gonzalez-Rodriguez et al., 2011).

A mount of studies, therefore, have been focused on the species niche and
interspecific association of classical ecology with the objective to understand their
optimal collocation of species effects on the forest ecosystem (Zhao et al., 2012; Su et
al.,, 2015; Wright et al., 2016). In addition, more studies also have been focused on
spatial structure, but only limited to a quantitative description of the forest spatial
pattern (Li et al., 2014; Lydersen et al., 2015; Nguyen et al., 2016). Vertical spatial
structure, however, is closely related to and affects the different ecological processes
which include intra-specific and inter-specific competition, disturbance reaction, and
environmental heterogeneity, regeneration mechanisms and understory development
(Hao et al., 2007; Zhang et al., 2015). Ecology rules of spatial structure were rarely
applied to forest management.

In this study, species spatial associations and distribution were analyzed with the
distance at different vertical layers in a 1-ha spruce-fir mixed forest plot, to provide a
scientific basis for the best collocation of different forest vertical layers of the mixed
forest. We hoped to fulfill three objectives: (1) evaluate mechanisms of species
coexistence though calculate species spatial associations between juveniles, lower and
upper height class trees; (2) clarify the dependency relationship according to
distributions of number of the species with the distance among different height layers;
(3) indicate the distance or scale is an important factor among different tree height
classes in the forest.

Materials and methods
Study area

Jin Gouling forest farm is our study area, which is located in Changbai Mountain in
northeastern PR China (43°22' N, 130°10" E) (Fig. I). The annual precipitation is
500-600 mm, with most of the rain falling in July. The altitude ranges from 300 to 1200
m and the slopes mostly vary between 5° and 25°. A gray—brown podzolic soil is present
on the low and intermediate mountains in the area and is derived from the parent basalt
rock.

Jilin province

a experimental site

0 8501700 3400 5100 6.800
- — — Meters

Figure 1. Location of study site within the Changbai Mountain in northeastern China
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Plot establishment and data collection

A 100mx100m plot was established in natural spruce-fir forest which suffered little
distance because of it difficult accessibility. Twenty-five 20 mx20 m subplots were set
in above-mentioned plot. All detailed information of stand description factors can be
found in (Zhang, 2017).

Data analysis
Forest spatial associations analysis

O-ring statistic model was broadly employed to investigate structural forest
processes (Wiegand and Moloney, 2004; Xu et al., 2009). Therefore, O-ring statistic
model was used to explore the spatial associations of the dominate tree species. The
O-ring statistics includes both univariate and bivariate statistics (Getzin et al., 2006).
The O-ring statistic model O;,(r) is calculated as:

A nlz Points, [Rl,'j(r)]
0 (r) === (Eq.)

—i Area [R1 ,'j(r)]

1
ny iz

where 7, is the number of points of pattern 1 (the object 1 of univariate statistic), R,"(r)
means the ring with radius » and ring width w centered on the ith point of pattern 1;
Points,[ X] (Equation 2) calculate the number of points in regional X of pattern 2 (the
object 2 of univariate statistic), Area[X] (Equation 4) means the area of the study
regional X.
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In these equations, (x;, y;) is the coordinate of point i in pattern 1. When the
coordinate of point i is inside the study regional X, S(x, y) =1, otherwise, S(x, y) =0.
P>(x, y) means the number of points in pattern 2, I, (Equation 3) is a counter variable to
define the circle with radius r that is centered at the ith point of pattern 1, z* means the
area of one cell. The univariate statistic O;(r) is calculated by setting the pattern 1 equal
to the pattern 2.

Nearest neighbor analysis

Supposing that in a large enough forest stand, which existed plenty of juveniles of
species A and adult tree of species B, the number of juveniles of A is N. Di is the
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distance from random juveniles of species A to the nearest adult tree of species B, and
the average distance between juveniles of species A and nearest adult trees of species B
with the following formula:

_ 1 &
D=—> " Di (Eq.5)
N i=1

where D is the mean distance from juvenile tree to mature individual, which is used to

analyze the attachment relationship between juvenile and mature tree, o is the
standard variance of Di.

Because of the limited area of the plot and number of individuals (juveniles and
mature trees), it is difficult to calculate Di. The central limit theorem, therefore, was
used here, which assumed that a juvenile and a nearest adult tree constitute a sample
unit, when the sample number > 50, the average distance showed an approximately
normal distribution (Rice, 2007).

(3 - 5) _approximately

~N(0,1 Eq.6
o/ n 50 (0,1) (Eq.6)
and the formula can be obtained:
- = S
p{‘d—D‘SUa- l}zl—a (Eq.7)
n_

where U, is the expected value of the sample distance, S 1is the variance of the
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addition, the distribution area was divided into juveniles of species A around the nearest
adult tree of species B into several annular zones, and the center point was under the
stem of adult tree. The ratio of number of juveniles of species A in each annular zone
was counted. The distance, which distributed the maximal number of juveniles, was the
optimal distance for replanting juveniles of species A under adult trees of species B
(Zhao et al., 2012).

The spatial scale was set 0-20 m, and in this case, 199 randomizations in Monte
Carlo simulations were used to provide 95% confidence envelopes. In addition, the
nearest neighbor was used to analyzed to test the distribution of number of dominant
species with distance and identified the strength of the association among juvenile,
lower height class and upper height class.

standard sample distance, and the confidence interval is [;7_¢; .

Results
Stand structure

Table 1 presents the descriptive statistics of species for the entire plot. According to
important value, A. nephrolepis (Fir) ranked first and had the largest number (1638) and
basal area (12.90 m> hm™). P jezoensis (Spruce) followed second with number (415),
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basal area (6.18 m”> hm™). Although P, koraiensis (Korean pine) had only 278 individuals,
it ranked third in terms of important value. 7. amurensis (Linden) had the largest DBH
(64 cm) and its important value ranked fourth. It is basically the same data base that has
been used in the study of (Zhang, 2017).

Table 1. Basic structural characteristics of tree species in a 1-ha uneven-aged natural
spruce-fir forest plot in Changbai Mountain

DBH(cm
Species No. of trees (cm) Standard deviation Baszal ar_clsa Important value
Max | Mean (m” hm™)
A. nephrolepis(Trautv.) 1638 | 452 | 9.9 9.79 12.90 69.67
Maxim. (Fir)
P, jezoensis Carr. 415 48.3 16.4 11.90 6.18 45.55
(Spruce)
P, koraiensis Sle'b. et Zucc. 278 555 13.9 13.22 437 40.46
(Korean pine)
T amurensis Rupr. 342 64.0 6.7 7.88 2.15 39.15
(Linden)
B. platyphylla Suk.
(White birch) 33 30.4 17.7 5.73 1.35 10.85
P. amurense Rupr. 4 11.8 15.2 3.47 0.07 4.20
(Yellow pineapple)
P. davidiana Dode 3 30.4 19 9.95 0.09 4.19
(Elm)

Intra- and interspecies spatial associations of dominant tree species were analyzed
among different height classes (7able 2). All standing free trees were firstly divided the
height into juvenile (h<<5 m), lower (5 m<h<<10 m), intermediate (10 m<h<<15 m) and
upper (h>15 m) layer but most species were distributed at the juvenile trees and few
individuals were found in the lower, intermediate and upper layer (Zhang, 2017).

Table 2. Basic quantity characteristics of four dominant tree species at four height classes

Species Height (m) Numbers of different height classes Total
Maximum | Minimum Mean J L M 18)

A. nephrolepis 21.9 0.3 4.58 1185 142 141 170 1638
P, jezoensis 24 .4 0.6 5.7 265 101 20 69 415
P, koraiensis 21.0 0.3 5.17 175 50 31 22 278
T. amurensis 19.2 0.4 4.92 224 62 46 10 342

J- juvenile height class (h<<5 m), L-lower height class (5 m<h<<10 m), M-intermediate height class (10
m<h<<15 m), U-upper height class (h>15 m)

Intra- and interspecies spatial association of dominant tree species between juvenile
and upper layer trees (juvenile layer vs. upper layer trees)

The spatial associations of the juvenile (J) and upper (U) layer trees varied with the
scale that be examined (Fig. 2). The most dominant species of juvenile height class
were positive correlations at small scales, and with scaling up, no relevance or even
negative associations emerged. For instance, 7ilia (J) was positive associations to 7ilia
(U) and Pinus (U) both at scales 0-2 m and 8-9 m scales, 4bies (U) and Picea (U) at
0-7m and 0-6 m scales, repectively (Fig. 2a-2d). Similarly, Pinus (J) was positive
associations to 7ilia (U) and Picea (U) at 0-10 m and 0-7 m scales (Fig. 2e, 2h). Abies (J)
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and Picea (J), furthermore, were positive correlations to 7ilia (U) at scales <7 m and
<3 m. Abies (J) was also positive associations to Abies (U) and Picea (U) at scales <8 m
and <10 m (Fig. 2i, 2k-2m).

Three different associations were observed as follows: (1) Pinus (J) and Picea (J)
were significant positive associations to Abies (U) at the majority of scales, so did
Abies (J) to Pinus (U) and Picea (J) to Pinus (U) (Fig. 2g, 2j, 2n and 20); (2) Pinus (J)
exhibited no relevance and negative association to Pinus (U) at scales, and with the
scales increased, positive association emerged (Fig. 2f); (3) Picea (J) was negative
correlation to Picea (U) at 0-3 m and 9-10 m scales (Fig. 2p).

(a). Tilia (J) - Titia (U) (b). Tilia (J) - Pinus(U) (c). Tilia (J) - Abies (U) (d). Titia (J) - Picea (U)

0.025

0.02

0.015.

o

0.01\

0005 -

0.0025 (e).Pinus (J) ~Tilia (U) 0.025 (). Pinus (J) -Pinus (U) oo, (@ Pinus () -Abies (u) o0z, (W) Pinus (3) - Picea (U)

0.002

50.0015{"

0.001

0.0005 LT

i). Abies (J) - Tilia (U - - -
0012 (i). Abies (J) - Tilia (U) 0014 (). Ables (J) -Pinus (U) (K). Ables (J) -Ables (U) (1). Abies (J) - Picea (U)

(m). Picea (J) - Tilia (U) (n). Picea (J) - Pinus (U) (0). Picea (J) - Abies (U) (p). Picea (J) - Picea (U)

5 10 5 20 5 0 5 20 5 10 5 20 5 10 15 20
Scale (m) Scale (m) Scale (m) Scale (m)

Figure 2. Spatial associations of juvenile height class to the upper height class. Black lines
indicate ring statistics O(r); dashed lines indicate upper and lower of the limit 95% confidence
envelopes. Above the dashed lines indicate positive association between species pairs, below the
dashed lines indicate positive association, and in the interval of dashed lines indicate
independence between species pairs (similarly hereinafter). J: the juvenile height class, U.: the
upper height class

Intra- and interspecies spatial association of dominant tree species between lower and
upper layer trees (lower vs. upper layer trees)

The spatial associations of the lower (L) height class and upper (U) height class at
different vertical layers (Fig. 3). Tilia (L) tended to show negative association to
Tilia (U) at 4-6 m and 10-11 m, and was positive correlation to Abies (U) at scales <1 m,
while no relevancies was observed to Pinus (U) and Abies (U) at the most scales.
Pinus (L) was positively associated to Pinus (U) only at scales <3 m and with scaling up,
more scales exhibited independence or even inhibition, (Fig. 3a-3d, 3f). It was found
that Pinus (L) was significant positive association was showed at the most scales
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(215 m, <15 m and <11 m) to Tilia (U), Abies (U) and Picea (U) (Fig. 3e, 3g, 3h).
Similarly, Abies (L) was positive correlation to all four species at scales <14 m, <3 m
and 7-10 m, <16 m and <8 m (Fig. 3i-3[). Picea (L) was positive correlation to 7ilia (U),
Pinus (U) and Abies (U) at scales <5 m, <4 m, and <6 m, while negative association to
Picea (U) at sacles <3 m, respectively (Fig. 3m-3p).
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Figure 3. Spatial associations of lower height class to the upper height class. Black lines
indicate ring statistics O(r); dashed lines indicate upper and lower of the limit 95% confidence
envelopes. L: the lower height class, U: upper height class

Distribution of the number of the dominant species with the distance at different
height classes

Four dominant species (J) were nearest to 4. nephrolepis (U), while furthest to
T. amurensis (U). In addition, the average distances among species (J) and species (U)
were observed: (1) Tilia (U): Pinus (J)<<Tilia (J)<<Picea (J)<<Abies (J); (2) Pinus (U):
Picea (J)<<Abies (J)<Pinus (J)<<Tilia (J); (3) Abies (U): Picea (J)<Pinus (J)<<Abies
(N <Tilia (J); (4) Picea (U): Tilia (J)<<Pinus (J)y<<Abies (J)<<Picea (J). The average
distance between species (L) and species (U) was from 4.729 m to 8.877 m. The
average distance to species (U) specific to species (L) were showed: (1) Tilia (U):
Tilia (L)<<Pinus (L)<<Abies (L)<<Picea (L); (2) Pinus (U): Pinus (L)<<Abies (L)<
Tilia (L)<<Picea (L); (3) Abies (U): Picea (L)<<Abies (L)<<Pinus (L)<<Tilia (L); (4)
Picea (U): Abies (L)<<Pinus (L)<<Tilia (L)<<Picea (L).

The results of distribution of the number between juvenile were shown that lower
and upper height class trees (Fig. 4 and Fig. 5). All skewness values were greater than
zero. Positive skewness, therefore, was observed (Tab.3). The number of species (J) and
species (L) under the upper layer trees was first gradually increased with the distance,
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and then decreased beyond a certain critical point. It was found that the distributions of
the greatest number of species (J) and species (L) from 4.5 m to 10.5 m scales. For
instance, four species (J) were mainly distributed in the range of 4.5 to 6.5 m scales
under Picea (U), 4.5 to 8.5 m under Pinus (U) and Abies (U), while 6.5 to 10.5 m under
Tilia (U) (Fig. 4). Furthermore, all the species (L) were distributed in the range of 4.5 to
8.5 m under Tilia (U), Abies (U) and Picea (U), while 4.5 to 10.5 m scales under Pinus
(U) (Fig. 5).
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Figure 4. Distribution between juvenile (J) and upper (U) height classes of four dominant
species with the distance
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Figure 5. Distribution between lower (L) and upper (U) height classes of four dominant species
with the distance
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Discussion

The study site is an uneven-aged spruce-fir mixed forest where has abundant tree
species and complicated stand structure. According to importance value index, the
dominant species are ranked to A. mnephrolepis, P. jezoensis, P. koraiensis and
T" amurensis. The same result has been reported in previous study (Gong, 2009), which
according to analysis of forest dynamic (succession and restoration), the dominant trees
were above mentioned species, and they will not change much with the development
process.

Forest spatial association is closely related to scales (Navarro-Cerrillo et al., 2013;
Zhang et al., 2015). Generally, juvenile and lower height classes tended to be positive
association at smaller scales, with scales increased, it was changed by no relevance or
even negative association (Fig. 2 and Fig. 3). The same results have been reported in
some researches (Hao et al., 2007; Zhang et al., 2009). Some researchers thought that
habitat heterogeneity and seeds dispersal ability with mother tree which resulted in
positive association (Hubbell et al., 1999; Lin et al., 2011; Basnou et al., 2016). In
addition, effect of intra specific competition was also important factor (Petritan et al.,
2014).

Tilia (J) and Abies (J) are positive associations around their mother upper trees at
small scales, while with scales increase, no relevance or negative association emerge
(Fig. 2a and 2k). Limited seed dispersal ability and their shade tolerant characteristics
ensure them grow well under the canopy of parent trees in weak light. Although the
coexistence may lead to competition and increase mortality, more juveniles can grow
well under the canopy of the upper layer trees. Since then, with juveniles grow
continually, few nutrients can be supplied for juveniles, more deaths appear. Distance
among juveniles increase, therefore, the degree of aggregation decline (Kobe and
Vriesendorp, 2011). In addition, positive associations between other three juvenile
species and Tilia (U) explain coniferous species which can keep exuberant vitality under
Tilia canopies (Fig. 2e, 2i and 2m), which supported the previous researches (Zhang et
al., 2007; Chen et al., 2009). Except above-mentioned reasons, positive association of
three juvenile and lower layer species to other upper species may suggest two reasons:
(1) they have broad niches; (2) complex structure of branches of upper layer trees
blocks the seeds dispersal, which leads to wind propagation insignificant. The same
results are argued in previous researches (Li et al., 2007; Sebkova et al., 2012).

Strongly positive associations at the most scales were observed between species (J),
(L) and species (U) suggest that the canopy of upper layer trees may provide suitable
recruitment conditions for the understory. For instance, Pinus (J), Picea (J) and
Abies (U), Abies (J), Picea (J) and Pinus (U) (Fig. 2g, 2j, 20 and 2n), Pinus (L) and
Species (U) except Pinus (U) (Fig. 3e, 3g, and 3h), Abies (L) and Tilia (U), Abies (L)
and Abies (U) (Fig. 3i and 3k), etc. Zhao et al. (2012) argued that these four species
were the dominant species in this community, and trees of species pairs needed similar
growth environment. Although their niches overlapped with each other, they can
coexistence though competition of mutually promotive.

Negative associations for a few species (J) and (L) to their upper layer trees at small
scales were observed. Take Pinus, Picea and Tilia for example, the negative association
among Pinus might be attributable to human interference. Most pinecones were
harvested, because of great economic value and this led to the lack of understory trees
(Tao et al., 1995; Liu et al., 2004). The reason of exclusion among Picea different
height class may be unsuited micro environmental conditions for their survival,
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establishment, and growth of juveniles and lower trees. The same result reported in
previous research (Gilbert, 2002). Juvenile of 7ilia has shade tolerant characteristic,
with tree height increases, however, the growth of 7ilia needs more light, which cannot
develop under the overstory (Zhang et al., 2007).

The average distance of different tree height layers (Tab.3) are showed that Pinus (J)
and Tilia (J) are most likely to growth under the canopy of Picea (U) and Tilia (U);
similarly, Picea (J) establish under the canopy of Pinus (U) and Abies (U) easily, but
difficultly under Picea (U). These results are consistent with the spatial association
analysis. Nevertheless, the analyses of mean distance are observed that T7ilia (L),
Pinus(L) are most favored growth under their parent trees, which is inconsistent with
the result of the spatial association. The difference between two analytical of two
methods may be led to different results.

The distributions of the number among different tree height class were observed that
the number of species (J) and (L) increased with distance until a maximum value
reached, and then decreased with distance gradually (Fig. 3 and Fig. 4). The distribution
of maximum number mainly kept in a range, rather than in their immediate vicinity, the
same result was reported in previous research (Schupp and Jordano, 2011). In addition,
maximum number of juveniles of four dominant species was distributed from 4.5 m to
10.5 m, and this finding can be illustrated in Janzen-Connell theory in a certain extent,
which high mortality is likely to occur near the mature trees (Matthesius et al., 2011;
Steinitz et al., 2011). Meanwhile, the distribution of number of juveniles were
influenced significantly by the crown widths, because of the canopy inhibited the
growth of shrubs and herbs, more understory trees, therefore, can grow well in upper
height trees (Pretzsch and Dieler, 2012). The distribution of maximum number for
coniferous trees (Pinus, Abies and Picea) was at distance 4.5-6.5 m, while 6.5-8.5 m for
broadleaved tree (7ilia) (Fig. 3 and Fig. 4). (Zhao et al., 2012) considered the length of
coniferous tree is longer than broadleaved tree and the larger the crown width, therefore,
the longer optimum distance occurred.

Conclusions

Our major aim was to understand the spatial reciprocity among different tree-height
classes of dominant species in a mixed forest. The conclusions were shown that:
(1) vertical structure plays an important role in population regeneration and community
dynamics; (2) relative to the natural regeneration, artificial regeneration by enrichment
planting is an expensive method, but has an obvious advantage in terms of the flexibility
of either species combinations or spatial arrangements; (3) distance or scale is an
important factor for distribution of trees. In different distance or scale, result of
distribution of trees may be different. To obtain the optimum result, suitable distance or
scale should be chosen according to situation of research in the plot. In addition,
environmental factors, natural or human interference factors and the long-term
monitoring data should also be considered and examined.
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