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Abstract. The spatial patterns and associations of adjacent tree species among the vertical layers of a
forest were analysed with point-pattern statistics (a pair-correlation function) in a 1-ha plot. The hierarchy
of tree species from highest to lowest importance values (IVs) was as follows: A. nephrolepis, P.
jezoensis, P. koraiensis, and T. amurensis. All trees with a diameter at breast height (DBH) >1.0 cm were
identified. (1) Clustered distributions were observed at fine scales for some tree species, possibly caused
by environmental heterogeneity, limited seed dispersal or biological characteristics of seeds; however,
random or even regular distributions indicated a “self-thinning” process with intra-specific competition.
(2) It was also found positive associations at small scales among species pairs in different tree-height
classes that might be a function of the shade-tolerance of congeners, different niches or the influence of
habitat heterogeneity on niche breadth, whereas significant negative associations at large scales might be
caused by adverse anthropogenic interference or existing habitat heterogeneity. (3) Additionally, habitat
heterogeneity, limited seed dispersal and inter-specific competition might be the most important factors
that influence species spatial patterns and associations; these scenarios can provide new insight into the
development of reforestation practices in forest management.
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Introduction

The regeneration of trees is a crucial process in forest development and forest
management. Regeneration proceeds from seed germination to the establishment of
young individuals and further growth (Brokaw and Busing, 2000). Regeneration
determines tree composition in a forest and further influences the future structure of a
forest stand. Therefore, successful long-term management demands careful
consideration of all related factors (Feeley et al., 2011; Schweitzer and Dey, 2011;
Lochhead and Comeau, 2012). However, many disturbances of natural forests, notably
those of anthropogenic origin, have significant negative effects on both the quality and
quantity of a typical regeneration (Garbarino et al., 2009; Gourlet-Fleury et al., 2013).
As a result, a forest may be in poor condition, with a significant decrease in
productivity. Thus, complementary artificial aids for tree regeneration have emerged in
response to future forest development (Gagnon et al., 2003; Wagner et al., 2010;
Gonzalez-Rodriguez et al., 2011).

Among many alternatives, assigning juveniles in the understory of adult trees may be
a priority. Rather than viewing regeneration as a natural scenario of restoration in
forests, many artificial supplements to tree regeneration in manipulating reforestation
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focus on the establishment of plantations (Lockhart et al., 2003; Gonzalez-Rodriguez et
al.,, 2011). For example, Gonzalez-Rodriguez et al. (2011) used two artificial
regeneration procedures (direct seeding and planting) to analyze the morphology,
growth and survival of two Quercus species. The authors demonstrated that individuals
of different ages had diverse growth responses, which suggested that artificial
regeneration should have a particular restoration goal that considers the limited
dispersal abilities of species. Lockhart et al. (2003) tested the effects of the site
preparation method on the artificial regeneration of three oak species and found that
some degree of site preparation was necessary for oak seedling establishment, but
differences among site preparation treatments were not significant. Many similar studies
focused on relationships between species and environmental factors, but the
descriptions were largely qualitative. The traits of tree species relevant to the concept of
ecological restoration in forestry have, however, not been comprehensively considered.

The spatial patterns, notably those in the vertical direction, and species associations
of trees are of particular importance in forest ecosystem research (Condit et al., 2000).
These patterns and associations are important in the analyses of tree regeneration and
are affected by intra- and inter-specific competitions, seed dispersal, and disturbance
(Nguyen et al., 2015; Velazquez et al., 2015). Moreover, analyses of these factors could
provide a better understanding of the ecological mechanisms that underlie the dynamics
and the processes of forest regeneration (Stoyan and Penttinen, 2000; Zhang, 2004; Hao
et al., 2007; Saiz et al., 2014). Our premise in the present study was that optimal tree
arrangements might be an evolutionary process in natural forests that can be identified
through analyses of spatial tree patterns and associations. Therefore, we assumed the
following: (i) in a mixed coniferous-broadleaf forest, at the fine or coarse scale,
particular understory species can (or cannot) grow well beneath the canopies of
overstory tree species, and (ii) the similarity between spatial distributions and
associations in the vertical layers of a forest should be measurable.

In this study, we analysed spatial patterns and associations of tree species in three
vertical layers in a 1-ha research plot of a mixed coniferous-broadleaf forest. Our aim
was to identify the optimum juxtapositions of different vertical layers of the tree
species. We used height as a measure of vertical layering because it is more sensitive for
monitoring ecological processes than other parameters that represent the life histories of
trees (Chen and Bradshaw, 1999; Salas et al., 2006). Our objectives were to (i)
understand the mechanisms of species interactions by determining species spatial
patterns and associations among juveniles, lower-height classes and upper-height
classes of trees and (ii) determine the dependent relationships and species richness in
the vertical layers of the forest.
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Materials and methods
Study area

The study site was randomly selected within the mixed coniferous-broadleaf forest of
the Jin Gouling Forest, Wangging, northeastern China (43°22' N, 130°10" E) (Lei et al.,
2007). The landscape is hilly, with forests at altitudes between 300 and 1200 m. The
mean monthly temperature is 3.9°C, and the cumulative temperature above 10°C is
approximately 2473°C. The annual precipitation is 500-600 mm, and the annual
number of frost-free days is 110-130 d. The region has 170 days of snowfall from
November to April (Li et al., 2013; Zhang et al., 2015). The soil is brown podzol. The
mean age of the overstory trees in the forest is 70 years old.

Plot establishment and data collection

We established a 100x100-m plot in an unevenly aged mixed spruce-fir forest. The
plot was divided into 25 subplots of 20x20 m. In each subplot, we measured the spatial
coordinates (x and y), the DBH, and the heights (H) of freestanding trees with a DBH
>1.0 cm. For individuals with 0.3-1.3 m heights, we measured the tree heights only.
The individuals were identified by their scientific species names, and all related
parameters were recorded.

Data analyses
Determining the dominant species in the mixed coniferous-broadleaf forest

The dominant species were determined according to the IV, which is a comprehensive
quantitative indicator. This parameter can generally characterize the status and role of
each species in a community (Li, 2010). A larger 1V of a given tree species corresponds to
a greater dominance in a plot (Hao et al., 2007; Zhao et al., 2012).

The formulas for the IV and other indexes are described as follows:

Number of individuals of the species

Relative density=( —
Total number of individuals

)x100

Frequency of the species
Sum of frequencies of all species

Relative frequency=(

Total basal area of the species

Relative dominance = ( -
Total basal area of all species

)x100

Analysis of spatial patterns and associations of trees in the forest

Ripley’s K function is widely used in analysing forest spatial structures and is a
function that weighs the number of individual plants in a circle of radius r around a
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central arbitrary point (Ripley, 1981; Fajardo et al., 2006; Salas et al., 2006). However,
Ripley’s K function provides information for a range of distances. Thus, as the radius
increases, small-scale information is included in the larger scales; this accumulation
confounds the effects between large and small scales. To overcome this disadvantage of
Ripley’s K function, the pair-correlation function g(r) is used (Strimbu et al., 2017).
Furthermore, g(r) characterizes patterns based on the frequency of points that co-occur
at a given distance r to easily analyze the spatial patterns and associations of forest
ecological processes (Wiegand and Moloney, 2004; Wiegand et al., 2007a). Similar to
Ripley’s K function, g(r) includes univariate and bivariate statistics. A univariate
statistic is used to analyse the distribution of dominant tree species within different
vertical layers, and the intra- and inter-species correlations are examined with a
bivariate statistic. For a univariate point pattern, if g(r) is above the upper (or below the
lower) limit of the confidence envelope at a given distance r, then the patterns are
aggregated (or regular); for a bivariate point pattern, these situations explain positive (or
negative) interactions.

With the pair-correlation function, applying an inappropriate null model may lead to
misinterpretation of spatial patterns caused by differences in spatial heterogeneity and
plant propagation characteristics. Heterogeneous Poisson null models, which account
for possible environmental heterogeneity, were used in the analysis. Based on the
procedure, the points are independent, but the trend of the distribution varied by point
location. The specific details were described by Wiegand et al. (2007a). For the
univariate statistic, we randomized the locations of the three height layers to analyze the
spatial patterns. However, for the bivariate statistic, we assumed that the trees in the tall
height classes suppressed the recruitment and growth of individuals in lower layers,
whereas trees in lower layers did not affect those in higher layers (Wiegand et al.,
2007b). Thus, to analyze the spatial association, we fixed the locations of the
upper-layer tree-height classes and randomized the locations of the juvenile and lower
tree-height classes. Monte Carlo simulations (499 randomizations) were used to provide
99% confidence limits. Additionally, a goodness-of-fit (GoF) test was used to avoid
expected rates of type | error. We selected a scale interval of 0-20 m and a ring width of
4 m. The software package ‘spatstat’ in R v. 2.14.0 (R Core Development Team [2012])
was used to map distributions of species, and Programita software [2008] was used to
compute pair-correlation functions (Wiegand and Moloney, 2004).

Results
Spatial structure of tree stands

We present descriptive statistics for the species found in the 1-ha plot in Table 1.
According to importance values (1Vs), A. nephrolepis had the highest density and
largest basal area. P. jezoensis had the second highest density and basal area. Despite the
relatively small number of P. koraiensis individuals (278), this species ranked third
according to the IVs because the mature trees outnumbered those of T. amurensis. T.
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amurensis trees had the largest diameter at breast height (DBH) and ranked fourth. These
four tree species (i.e., A. nephrolepis, P. jezoensis, P. koraiensis, and T. amurensis)
accounted for 88.78% of the total IV and dominated the stand.

Table 1. Basic characteristics of tree species in a 1-ha mixed coniferous-broadleaf forest plot

Species No. of DBH (cm) Standard  Basal area Importanc
trees Maximum Mean deviation (m“hm™) e Value
A. nephrolepis (Trautv.) 162 45.2 9.9 9.79 12.90 69.67
P. jezoensis Carr. 415 48.3 16.4 11.90 6.18 45.55
P. koraiensis Sieb. et Zucc. 278 55.5 13.9 13.22 4.37 40.06
T. amurensis Rupr. 342 64 6.7 7.88 2.15 39.15
B. platyphylla Suk. 33 304 17.7 5.73 0.81 10.85
P. amurense Rupr. 4 11.8 15.2 3.47 0.07 4.15
P. davidiana Dode 3 30.4 19 9.95 0.09 4.15
T. chinensis (Pilger) Rehd. 1 - - - 0.01 1.36
Q. mongolica Fis. ex Lede. 1 - - - 0.01 1.36
F. mandcshurica Rupr. 1 - - - 0.01 1.35
U. japonica Linn. 1 - - - - 1.35

The spatial associations and patterns were analyzed among the different height
classes of the dominant tree species (Table 2). Most species were juveniles, with a few
individuals in the other categories. Therefore, the tree height was categorized into three
classes: juvenile layer (J) (h<5 m); lower layer (L) (5 m<h<10 m); and upper layer (U)
(h>10 m). The members of the classes (J, L and U) for individual species were also
considered together (A).

Table 2. Basic tree-height characteristics of the four dominant tree species in three height
classes

) Height (m) Numbers of different height classes
Species - — Total
Maximum  Minimum  Mean J L U
A. nephrolepis  21.9 0.3 4.58 1185 142 311 1638
P. jezoensis 24.4 0.6 5.7 265 101 89 415
P. koraiensis 21.0 0.3 5.17 175 50 53 278
T. amurensis 19.2 0.4 492 224 62 56 342

J, juvenile height class (h<<5 m); L, lower height class (5 m<h<C10 m); and U, upper height class (h>10 m)

Spatial point-pattern statistics of dominant tree species in different tree-height layers

The spatial distributions of the four species varied among the different vertical layers
(Fig. 1). Visual observations indicated that A. nephrolepis individuals in the juvenile
height class might be fascicular in many subplots; however, with an increase in the
tree-height layer, random or regular distributions were found. The juveniles of P.
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jezoensis and P. koraiensis were aggregated at the corners, with fewer juveniles in the
centre of the plot. Additionally, many individuals of P. koraiensis in the lower and
upper tree-height layers were also distributed in ambient subplots. T. amurensis
juveniles might be randomly distributed in many subplots. Compared with juvenile
individuals, the lower- and upper-layer trees exhibited much more random and regular
distributions.
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Figure 1. Spatial patterns of the dominant tree species in different height classes. e, juvenile
height class (height <5 m); =, lower height class (5-10 m); and A, upper height class (height
>10 m)

The spatial point-pattern statistics of the dominant tree species in the different
vertical layers are presented in Table 3. According to univariate statistical procedures,
the spatial pattern of a single species was analysed in the different tree-height layers.
For example, the distribution of Tilia (A) was clustered at scales of 0-1 m, but the
distributions were random at coarse scales. Tilia (J) was aggregated, with successively
regular distributions at scales of 0-2 m and 7-15 m. A similar but weaker trend
emerged in Tilia (U) at scales of 0 m and 3-5 m, whereas Tilia (L) were randomly
distributed at all scales. The distributions of Pinus were uniform among the various
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tree-height layers and were primarily random at all scales, except for Pinus (J), which
was aggregated at a scale of 0-1 m. The spatial distributions of Abies (A) and Abies (J)
were both clustered at a scale of 0-4 m but were regularly distributed at 7-12 m and
7-14 m, respectively. Abies (L) and Abies (U) were regularly distributed at 6-10 m and
7-8 m, respectively. Picea (A) and Picea (J) had the same trends as Abies (L) and Abies
(U) (clustered at 0-2 m and regular at 5-10 m and 5-11 m). Picea (L) and Picea (U)
showed identical distributions at all scales.

Table 3. Spatial point patterns of the four dominant tree species in four height classes

Species Scale (m)

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16-20
Tilia (A) + 4+ r r r r r r r r r r r r r r
Tilia (J) + + + r r r r - - - - - - roo- r
Tilia() r r r r r r r r r r r r r r r r r
Tilia (U) + r r - - - r r r r r r r r r r r

Pinus (A) r r r r r r r r r r r r r r r r r
Pinus (J) + + r r r r r r r r r r r r r r
Pinus (L) r r r r r r r r r r r r r r r r r

Pinus(UWy r r r r r r r r r r r r r r r r r
Abies(A) + + + + + 7 r - - - . . T r r r
Abies (J) + + + + + r r - - - - - - - roor
Abies (L) r r r r r r - - r - - r r r r r r
Abies (U) r r r r r r r - - r r r r r r r r
Picea(A) + + + r r - - - - r Foroorr r
Picea (J) + + + r r - - - . - . . Foroor o1 )
Picca(L) r r r r r r r r r r r r r r r r r

Picca() r r r r r r r r r r r r r r r r r

+, clustered pattern; -, regular pattern; r, random pattern; + (r) more clustered pattern points than
random patterns; r (+), more random pattern points than clustered patterns; - (r), more regular pattern
points than random patterns; and r (-), more random pattern points than regular patterns

Intra- and inter-specific spatial associations of dominant tree species in juvenile and
upper layers (juvenile layer vs. upper layer trees)

The spatial associations between the juvenile (J) and upper (U) layer trees varied by
scale (Fig. 2). The pairs of the four species were positively correlated at small spatial
scales only. At larger scale intervals, neutral or negative associations were found. For
example, Tilia (J) and Abies (J) were positively associated with Abies (U) at scales of
56 m and 18-20 m, and the associations were neutral at other scales. A positive
association was found for Pinus (J) with Tilia (U) at a scale of 5-12 m. Abies (J) and
Picea (J) showed similar interrelations with Tilia (U): (1) slight positive associations at
scales of 5-7 m and 12-14 m; and (2) negative associations at scales of 7-8 m, 11-12
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m, and 17-20 m. The two species pairs, Tilia (J) vs. Picea (U) and Pinus (J) vs. Pinus
(U), were significantly and negatively associated at most scales (0—-10 m and 0-11 m).
The other species pairs were spatially independent at all scale intervals.

2.0, 3.0 2.0,

(a) Tilia (J) - Abies (U) 2.5 .. . (b) Tilia (J) - Picea (U) . (c) Pinus (J) - Tilia (U)

9,,(r)

3.5, 2.0 1.2
3.0*1‘ {d) Pinus (J) - Pinus (U) (e) Abies (J) - Tilia (U) (f) Abies (J) - Abies (U)
25] -

9,,(r)

2.0

~o 5 1‘0 15 20 o 5 10 1‘5 20
2.0, Scale (m) Scale (m)
(g) Picea (J) - Tilia (U)

g,,(r)

0.0

o 5 10 15 20
Scale (m)

Figure 2. Spatial associations in the juvenile and upper height classes. Solid black lines refer to
ring statistics g(r); dashed lines indicate the upper and lower limits of the 99% confidence
envelopes. Heterogeneous Poisson null model was used as the null model. Ring width of the pair
correlation function was 4 m. For a concise figure, the species pairs showed spatial independent
in all scale intervals was not included (similarly hereinafter). J: juvenile height class; U: upper
height class.

Intra- and inter-specific spatial associations of dominant tree species in lower and
upper layers (lower layer vs. upper layer trees)

The spatial associations between the lower (L) height class and the upper (U) height
class in various vertical layers are depicted in Fig. 3. The four species pairs had
different spatial associations with other species pairs. Weak positive and strong neutral
associations were shown in two species pairs, Abies (L) vs. Tilia (U) and Picea (L) vs.
Picea (U), which were positively associated at scales of 0—1 m and 1-2 m, respectively.
In the species pair of Tilia (L) vs. Tilia (U), weak negative associations were observed
at 45 m and 15 m scales, but the pair was spatially independent at other scales.
However, as with the species pair of Pinus (J) vs. Pinus (U), Pinus in the lower
tree-height layer was negatively associated with Pinus (U) at the 0-15 m scale, with
neutral associations at other scales. Otherwise, the species pairs were spatially
independent at all scale intervals.
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Figure 3. Spatial associations in the lower and upper height classes. Solid black lines refer to
ring statistics g(r); dashed lines indicate the upper and lower limits of the 99% confidence
envelopes. Heterogeneous Poisson null model was used as the null model. Ring width of the pair
correlation function was 4 m. L: lower height class; U: upper height class

Discussion

The spatial relationships among patterns, processes and scales are a major topic in
ecology (Yuan et al., 2011; Cerrillo et al., 2013). In our study, we confirmed that spatial
patterns and associations were closely related to spatial scales in a mixed
coniferous-broadleaf forest and that habitat heterogeneity, limited seed dispersal and
inter-specific competition might be the most important factors.

Species patterns of distribution are closely related to scale and vertical height layers
(Hao et al., 2007). The distributions of the four dominant tree species (except Pinus)
were clustered at fine scales, and the trees became less clustered with an increase in tree
height. These findings were consistent with a previous study in which the degree of
clustering was inversely proportional to tree-height layers (Condit et al., 2000). This
phenomenon might be explained by the environmental heterogeneity (Harms et al.,
2000; Queenborough et al., 2007). However, limited seed dispersal or biological
characteristics of seeds of specific species might also explain the aggregated
distributions of the dominant trees at small scales (Grubb, 1977). For example, cones of
coniferous trees are large and heavy; thus, the cones do not disperse far. The seedlings
and saplings from these seeds inevitably form aggregated distributions after germination
(Seidler and Plotkin, 2006; Tamme et al., 2010; Lin et al., 2011). With Tilia trees,
seedlings are typically abundant near the mother tree because of root sprouting (Zhang
et al., 2011). At greater scales, regular distributions were observed in at particular scale
intervals, which might be caused by a difference in the number of tree species or by
spatial factors (e.g., disturbance or death) of associated species (Hou and Han, 1997).
Additionally, some studies suggest that spatial patterns become more regular because of
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the competitive thinning process (Condit et al., 2000; Duncan, 1991; Haase et al., 1996).
However, these results are not generalizable (Li et al., 2009).

The distributions of trees in the upper height class were significantly more random or
regular than trees of juvenile or lower height classes; therefore, adult trees in the upper
height class require more resources (Boyden et al., 2005; Druckenbrod et al., 2005;
Quesada et al., 2009). Because limited resources could not meet the demands of all trees,
“self-thinning” was likely triggered; this process caused the distributions to become
increasingly random and regular (Li, 2010). We concluded that the results were consistent
with those of other studies on spatial patterns (Li et al., 2009; Zhu et al., 2010).

In comparing the relationships of species’ spatial associations among the different
size classes, we found no significant relationship for most species pairs. However, for
several species pairs, slight positive associations were detected at small-scale intervals.
For example, the species pairs of Pinus (J) vs. Tilia (U), Abies (J) vs. Tilia (U), Abies
(L) vs. Tilia (U), and Picea (J) vs. Tilia (U) showed positive associations at small scales.
These observations might be caused by shade-tolerant characteristics of congeners, with
upper-layer trees allowing for suitable light conditions for tree survival, establishment,
and growth (Hao et al., 2007; Zhang et al., 2007). According to Helmus et al. (2007),
similar habitat requirements might lead to positive associations. Additionally, the trend
in aggregation between coniferous and broadleaf trees was due to the varying niches of
coniferous and broadleaf trees, which fully use the available resource space, although
habitat heterogeneity had different effects on the niche breadth (Potts et al., 2004;
Riginos et al., 2005; Ali et al., 2010). Furthermore, spatially independent and slightly
negative associations were observed at intermediate scales for Abies (J) vs. Tilia (U) and
Picea (J) vs. Tilia (U), respectively; therefore, inter-specific competition might also
occur under the upper tree canopy (Zhang et al., 2010). The Janzen-Connell theory
explains high rates of mortality near mature trees, which might also partly contribute to
the present associations (Matthesius et al., 2011; Steinitz et al., 2011).

The species pairs of Pinus (J) vs. Pinus (U), Tilia (J) vs. Picea (U), and Pinus (L) vs.
Picea (U) had significant negative associations at large scales. Pinecones (e.g., Pinus and
Abies) were harvested on the spot owing to their economic value; this adverse
anthropogenic interference prevented recruitment of understory trees(Zhao et al., 2012).
Nevertheless, Tilia (J) and Pinus (L) were negatively associated with Picea (U) at larger
scales, suggesting that habitat heterogeneity might occur (e.g., topography, soil nutrients,
and heterogeneous distribution of light) (Harms et al., 2000; Zhang et al., 2010).

Conclusion

Our major aim was to understand the spatial reciprocity among different tree-height
classes of dominant species in a mixed coniferous-broadleaf forest. We reached the
following conclusions: (1) Habitat heterogeneity, limited seed dispersal and
inter-specific competition might be the most important factors that influence species
spatial patterns and associations; and (2) Suitable conditions (such as light) are
conducive for juvenile (sapling) growth, and adverse anthropogenic interference reduces
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the number of juveniles (saplings) under the canopies of intra- or inter-species adults.
Therefore, artificial regeneration by planting juveniles under adult trees is an option.
Artificial regeneration is expensive; however, it can establish particular species
combinations or special spatial arrangements. The spatial associations and patterns
reflected the coexistence and co-evolution among the dominant tree species. These
results provided new insights into the development of reforestation techniques for
mixed forests in northeastern China. Furthermore, in future studies, it will be necessary
to evaluate the environmental and site factors (e.g., light, soil, and water) of tree stands.
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