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Abstract: The spatial distribution pattern and population structure of trees are shaped by multiple
processes, such as species characteristics, environmental factors, and intraspecific and interspecific
interactions. Studying the spatial distribution patterns of species, species associations, and their
relationships with environmental factors is conducive to uncovering the mechanisms of biodiversity
maintenance and exploring the underlying ecological processes of community stability and succession.
This study was conducted in a 25-ha Qinling Huangguan forest (warm-temperate, deciduous, broad-
leaved) dynamic monitoring plot. We used univariate and bivariate g(r) functions of the point
pattern analysis method to evaluate the spatial distribution patterns of dominant tree species within
the community, and the intra- and interspecific associations among different life-history stages.
Complete spatial randomness and heterogeneous Poisson were used to reveal the potential process
of community construction. We also used Berman’s test to determine the effect of three topographic
variables on the distribution of dominant species. The results indicated that all dominant species
in this community showed small-scale aggregation distribution. When we excluded the influence
of environmental heterogeneity, the degree of aggregation distribution of each dominant species
tended to decrease, and the trees mainly showed random or uniform distribution. This showed that
environmental heterogeneity significantly affects the spatial distribution of tree species. Dominant
species mainly showed positive associations with one another among different life-history stages,
while negative associations prevailed among different tree species. Furthermore, we found that the
associations between species were characterized by interspecific competition. Berman’s test results
under the assumption of complete spatial randomness showed that the distribution of each dominant
species was mainly affected by slope and convexity.

Keywords: transition zone; spatial distribution; species association; environmental heterogeneity;
Qinling Huangguan

1. Introduction

The spatial pattern is an arrangement of the individual-level structure of species within
a region [1]. Studying this pattern can reveal coexistence mechanisms in communities,
such as interspecific linkages and the relationship between species and the environment [2].
Analyzing the spatial distribution and interspecific associations in forest communities is an
effective way to explore the process of forest community succession, and it is conducive to
revealing the regeneration and maintenance mechanisms of populations [3]. Plants cannot
migrate from one place to another; instead, they mainly interact with other plants in the
vicinity and environmental factors, which underpin the resulting spatial distribution pat-
tern [4]. Spatial patterns also have important effects on species interactions, which in turn,
affect the ecological processes of plant communities [5]. Considering the spatial patterns of
individual plants, such as intraspecific aggregation and interspecific isolation, may improve
our understanding of the mechanisms of coexistence in species-rich communities [6,7].
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The horizontal structure of a forest usually refers to how individual trees are dis-
tributed in the forest ecosystem [1]. The same species can show different distribution
patterns at different spatial scales. Dominant species act as the skeleton of a community
and have significant control over the structure of the community and the formation of the
community environment [8]. Meanwhile, the vertical structure of forests plays an important
role in population renewal and community dynamics, contributing to our understanding of
intra- and inter-species competition [9]. In forest stands, trees are under pressure to compete
for water and soil nutrients and access to light [10], whereas trees in the forest canopy have
an advantage in that they do not need to compete in such a way for resources. Tree size is
an important factor affecting trunk growth, and it can be used to explain the spatial pattern
of forests and provide insights into forest dynamics [11]. Asymmetric competition between
canopy trees and smaller conspecifics or hetero-specifics can lead to more regular patterns
at smaller distances [12].

Previous studies have shown that habitat heterogeneity is important for seedling
establishment and young trees’ survival in many forests [13–15]. Shen et al. (2013) found
that the effects of habitat heterogeneity on species distribution may accumulate gradually
over the life stages of the species [16]. The spatial distribution pattern of a single tree species
may also vary depending on the growth stage and different habitats [17]. Heterogeneity is
the main factor controlling the distribution of many species, while ecological niche differen-
tiation appears to influence spatial patterns [10]. In tropical forests, there are many studies
outlining the importance of environmental stochasticity for distribution patterns [18–20].
The observed aggregation patterns can be partially explained by species preferences and
habitat filtering [21]. Hubbell et al. found that the aggregation pattern of species was
related to the mode of seed dispersal, with an almost exponential decrease in seedling
density away from the parent tree [22]. Interspecific associations change gradually with
forest development, increase with tree age, and determine spatial distribution patterns [23].
Exploring the association between different species is extremely important for gaining
insight into community construction and exploring the mechanisms of species’ coexistence.
The species herd protection hypothesis suggests that interspecific neighborhoods can in-
crease positive interactions between species by promoting interspecific coexistence through
biological mechanisms such as preventing the spread of plant-borne pests [24,25]. Beyond
this, the spatial isolation hypothesis is an important mechanism for promoting species’ coex-
istence, which involves spatial associations between pairs of species [26]. This mechanism
promotes species diversity mainly by reducing the probability of interspecific encounters
through interspecific spatial isolation, the importance of interspecific competition relative
to intraspecific competition, and the strength of competitive exclusion.

Although there is an existing knowledge base, revealing the mechanisms behind
species distribution patterns remains a considerable challenge as different processes, such as
species interactions and environmental factors, can contribute differently to form similar
patterns. The Qinling Mountains are the dividing line between China’s subtropical and
warm temperate zones, with a warm temperate semi-humid climate to the north and
a humid subtropical climate to the south, making it the most important geographical-
ecological transition zone in China. With its high species richness and unique species
composition, the Qinling Mountains are irreplaceable for their role in supporting China’s
biodiversity and ecosystem functioning [27]. However, ecological studies related to tree
populations and community patterns based on a large plot are urgently needed in the
transition zone region. In that context, the main objective of this study was to determine the
intra-species spatial distribution and inter-species associations of 12 dominant tree species
in this forest. Specifically, our study addressed the following questions: (a) What are the
spatial distribution patterns of the dominant tree species? Are the distribution patterns of
dominant species consistent across the tree, sub-arbor, and shrub layers? (b) What are the
intraspecific and interspecific associations between different life-history stages? (c) How
do topographic factors (elevation, slope, and convexity) affect the spatial distribution of
dominant tree species in the forest?
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2. Materials and Methods
2.1. Study Site

A 25-ha forest plot of Qinling Huangguan warm-temperate, deciduous, broadleaf
forest (referred to as Qinling Huangguan plot; 33◦32′21” N, 108◦22′26” E) was sampled,
located within the Huangguan Management Station of Changqing National Nature Re-
serve, Shaanxi Province. The reserve belongs to the transition zone between the northern
subtropical and southern warm-temperate climate zones, with an average annual precip-
itation of 908 mm, which is mainly concentrated from July to September. The average
annual temperature is 12.3 ◦C, with an extreme maximum temperature of 36.2 ◦C and
an extreme minimum temperature of −13.1 ◦C. The average temperature in the coldest
month (January) is 0.6 ◦C and the average temperature in the hottest month (July) is 23.3 ◦C.
The average annual frost-free period is 216 d. The vegetation belongs to the transition zone
from northern subtropical, evergreen, broad-leaved forest to warm-temperate, deciduous,
broad-leaved forest in the south, and the zonal vegetation is warm-temperate, deciduous,
broad-leaved forest [28].

2.2. Data Collection

The plot was constructed in May 2019, and the first community survey was completed
in September of the same year. The plot is 500 × 500 m, with elevations between 1280.3
and 1581.8 m above sea level. The 25-ha plot was divided into 625 subplots of 20 × 20 m,
and each subplot was then subdivided into 16 quadrats of 5 × 5 m. Within each quadrat,
all trees with a diameter at breast height (DBH) ≥ 1 cm were recorded, tagged, measured,
and mapped. According to the importance value [(relative abundance + relative frequency
+ relative dominance)/3] [29], we selected four dominant tree species in the tree, sub-arbor,
and shrub layers, respectively (12 dominant tree species in total).

To analyze the spatial distribution pattern of small, medium, and large trees of dom-
inant species within the community, we used the diameter class method instead of age
class [30] and collated the growth characteristics of each species to classify each dom-
inant species into one of three life-type stages according to its DBH size. Tree layer:
1 cm ≤ DBH < 5 cm (small tree), 5 cm ≤ DBH < 20 cm (medium tree), DBH ≥ 20 cm
(large tree); sub-arbor layer: 1 cm ≤ DBH < 5 cm (small tree), 5 cm ≤ DBH < 10 cm
(medium tree), DBH ≥ 10 cm (large tree); shrub layer: 1 cm ≤ DBH < 1.5 cm (small tree),
1.5 cm ≤ DBH < 2.5 cm (medium tree), DBH ≥ 2.5 cm (large tree). The proportions of the
number of individuals at different life-history stages to the total number of individuals
are shown in Table 1. In some cases, the number of individuals was low and the spatial
analysis was less reliable [31]. To meet the large sample size required for point pattern
analysis, life-type stages with fewer than 500 individuals were excluded. The biological
characteristics of the 12 dominant tree species are shown in Table 2.
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Table 1. Proportions of individuals at different life-history stages to the total number of individuals.

Species Layer Percentage of
Small Trees (%)

Percentage of
Medium Trees (%)

Percentage of
Large Trees (%)

Quercus aliena var. acutiserrata
Maxim. ex Wenz. Tree layer 26.39 40.33 33.28

Castanea mollissima Blume Tree layer 2.80 14.22 82.99
Pinus tabuliformis Carr., 1867 Tree layer 35.60 28.90 35.51

Fraxinus chinensis Roxb. Tree layer 84.88 14.02 1.09
Cornus kousa subsp. Chinensis

(Osborn) Q.Y.Xiang Sub-arbor layer 76.80 19.98 3.21

Sorbus folgneri
(C.K.Schneid.) Rushforth Sub-arbor layer 89.64 8.50 1.85

Diospyros lotus L. Sub-arbor layer 75.60 16.79 7.61
Symplocos paniculata Miq. Sub-arbor layer 98.02 1.92 0.06
Lonicera fragrantissima var.

lancifolia Rehd. Shrub layer 46.15 43.66 10.19

Euonymus alatus (Thunb.) Siebold Shrub layer 41.72 43.36 14.93
Elaeagnus lanceolata Warb. Shrub layer 23.66 45.72 30.62

Philadelphus incanus Koehne Shrub layer 24.07 34.66 41.27

Table 2. Characteristics of 12 dominant species in the plot.

Species Family Abundance Basal Area
(m2/ha) Shade-Tolerant Fruit Type Dispersal Mode

Q. aliena var.
acutiserrata Fagaceae 7295 0.02771 Light-Demanding Nut Gravity; Animal

C. mollissima Fagaceae 1822 0.0141 Light-Demanding Nut Gravity; animal
P. tabuliformis Pinaceae 2239 0.0110 Light-Demanding Cone Wind; Animal

F. chinensis Oleaceae 5391 0.0012 Light-Demanding Samara Wind
C. kousa subsp.

chinensis Cornaceae 12442 0.0021 Light-Demanding Aggregate Gravity; Animal

S. folgneri Rosaceae 2211 0.0002 Shade-Tolerant Berry Gravity; Animal
D. lotus Ebenaceae 1656 0.0004 Mid-Tolerant Berry Gravity; Animal

S. paniculata Symplocaceae 1768 0.0001 Light-Demanding;
mid-Tolerant Drupe Gravity; Animal

L. fragrantissima
var. lancifolia Caprifoliaceae 2611 0.0001 Light-Demanding Berry Gravity; Animal

E. alatus Celastraceae 3102 0.0001 Light-Demanding Capsule Animal
E. lanceolata Elaeagnaceae 2675 0.0001 Shade-Tolerant Berry Gravity; Animal
P. incanus Saxifragaceae 1587 0.0001 Light-Demanding Capsule Animal

2.3. Data Analysis
2.3.1. Spatial Distribution Pattern

We analyzed the spatial distribution using point process theory [32]. We chose com-
plete spatial randomness (CSR) and heterogeneous Poisson (HP) as the null models [33],
where the null hypothesis of CSR was that each point would be independent of all oth-
ers, occur with equal probability at any location within the sample, and demonstrate a
distribution not influenced by any other organism or abiotic; the null hypothesis of HP,
meanwhile, simulated the distribution of individuals according to the density function.
In this study, we chose the standard deviation sigma = 15 to eliminate the habitat het-
erogeneity effect [34–36]. The spatial distribution pattern of each dominant tree species
was analyzed by univariate g(r) function: g(r) = (2πr)−1dK(r)/dr, where r is the spatial
scale (m), the K(r) function is the ratio of the expected number of points to the density of
sample points in a circle with any point in the study area as its center, and r is the radius.
Here, g(r) > 1 indicates aggregation and g(r) < 1 indicates aggregation at scale r.
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2.3.2. Intra- and Interspecific Associations

We used the bivariate pair correlation function (PCF) to determine intra-species associ-
ations at different life-history stages, and inter-species associations between large trees of
dominant species in the tree layer and small trees of other species. The inhomogeneous
bivariate PCF gij(r) is intuitively defined as:

gij(r) = lim
|dx||dy|→0

p(r)
λi(x)λj(y)

∣∣dx
∣∣∣∣dy

∣∣ (1)

where p(r) is the probability of finding two trees, of types i and j, respectively, at locations
x and y separated by a distance r, dx denotes an infinitesimal region in the vicinity of x,
and |dx| denotes the area of dx [37]. We chose CSR and the antecedent condition (AC)
as the null models; the AC null model assumed that the positions of individuals with
larger DBHs were constant and randomized the positions of individuals with smaller
DBHs. Since the different growth stages of trees are not realized simultaneously, but se-
quentially, the AC null model was chosen to fix the positions of individuals with larger
DBHs first, and accordingly, the association between individuals with smaller and larger
DBHs was analyzed.

2.3.3. Test of Topographical Variables

We superimposed a regular grid of 20× 20 m quadrats on the study area and calculated
three topographic variables (elevation, slope, and convexity) for each quadrat [38–40].
The elevation of each quadrat was calculated as the mean of the elevation at its four corners.
Slope was calculated as the mean angular deviation from the horizontal of each of the four
triangular planes formed by connecting three of its corners. The convexity of a quadrat was
estimated by subtracting the mean elevation of the eight surrounding quadrats from the
elevation of the focal quadrat [30].

Berman’s test can be used to determine whether a univariate point pattern and contin-
uous spatial covariate are significantly associated [41]. The test is performed by comparing
the observed distribution of the values of a spatial covariate v(x), taken at the locations xi
of the points i of a point pattern, and the predicted distribution of the same covariate under
a null model that randomizes the points of the pattern. The test statistic Z1 = (S − µ)/σ
introduced by Berman is based on the mean S of the covariate values v(xi) at the points xi of
the observed pattern. The µ value is the predicted value of S under the null model and σ2

is the corresponding variance. If Z1 < 0, there is a negative association of the pattern with
the covariate (since the observed value of S is smaller than the expected µ value), and if
Z1 > 0, the association is positive. We can estimate whether there is a significant association
between tree distribution patterns and topographic covariates according to the p-value of
the test statistic Z1.

3. Results
3.1. Spatial Distribution Pattern

The results of the univariate g(r) function analysis based on the CSR null model
(Figure 1) showed that 12 dominant tree species presented a spatial pattern of aggregated
distribution throughout the test area, and the degree of aggregation decreased significantly
as the scale increased. The actual scattered distribution of each tree species in the plot
(Figure 2) was basically consistent with the results of the spatial distribution pattern of
tree species under CSR. Thus, without considering other influencing factors, the spatial
distribution pattern of each dominant tree species mainly showed aggregated distribution.
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Figure 1. Spatial distribution pattern of dominant tree species under CSR. The solid black line
indicates the observed value of g(r), the red dashed line indicates the theoretical value of g(r).
The gray area indicates the 99% confidence interval. The solid black line above the confidence interval
indicates aggregation distribution, the solid black line below the confidence interval indicates uniform
distribution, and the solid black line between the confidence intervals indicates random distribution.
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The HP null model showed significant changes in the distribution pattern of each tree
species after eliminating the effect of environmental heterogeneity (Figure 3). Among them,
Q. aliena var. acutiserrata Maxim. ex Wenz., P. tabuliformis Carr., 1867 and F. chinensis Roxb.
in the tree layer all showed aggregated distribution at scales less than 10 m. As the scale
increased, the distribution pattern shifted to random distribution, while C. mollissima
Blume showed random distribution throughout the scale after eliminating environmental
heterogeneity. C. kousa subsp. Chinensis (Osborn) Q.Y.Xiang, S. folgneri (C.K.Schneid.)
Rushforth and D. lotus L. in the sub-arbor layer exhibited aggregated distribution at scales
less than 5 m, while S. paniculata Miq. remained aggregated at all scales. All four dominant
species in the shrub layer showed a clustered distribution at a scale of less than 10 m.
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3.2. Intra- and Interspecific Associations

Based on the null models of CSR and AC, we analyzed the associations between
different life-history stages of the same tree species. Under CSR (Figure 4), the four
dominant species of the tree layer showed positive associations between different life-
history stages of all tree species, except for a significant negative association between
small and large trees of Q. aliena var. acutiserrata at all scales. There were also significant
positive associations between different life-history stages of the dominant tree species
in both the sub-arbor and shrub layers across the scales. After eliminating the effect of
environmental heterogeneity, the results of the AC null model analysis (Figure 5) showed
no significant associations between small and large or medium and large trees in the tree
layer of Q. aliena var. acutiserrata at any scale. Different life-history stages of P. tabuliformis
and Fraxinus chinensis showed positive associations at the small scale, which shifted to
non-significant associations as the scale increased. Small and medium trees in the sub-arbor
layer of C. kousa subsp. chinensis showed positive associations between one another only
at scales of less than 10 m. The different life-history stages of the dominant tree species in
the shrub layer showed positive correlations at small scales, except for the small and large
trees of Elaeagnus lanceolata, which showed no significant correlation at any scale.
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Since large trees in the tree layer were overwhelmingly dominant in height, only the
associations between large trees in the tree layer and small trees in the sub-arbor layer
and shrub layer were considered in the analysis of the associations between different tree
species. Under CSR, among the 21 species pairs analyzed, 12 were significantly negatively
associated with each other, while 9 were significantly positively associated with each other
(Table 3). Large trees of Q. aliena var. acutiserrata were significantly positively associated
with small trees of S. folgneri, though they were not significantly associated with small trees
of L. fragrantissima var. lancifolia Rehd. at small scales. They became significantly positively
associated with small trees of L. fragrantissima var. lancifolia at scales of more than 10 m,
and at these scales, held mainly negative associations with small trees of other species.
There were no significant associations between the large trees of C. mollissima and the small
trees of S. folgneri at scales of less than 5 m. Significant negative associations emerged at
scales of more than 5 m, and mainly positive associations with the small trees of other
species. Large trees of P. tabuliformis were significantly positively associated with S. folgneri
at all scales. At scales of less than 5 m, they were not significantly associated with small
trees of Diospyros lotus, and at scales of more than 5 m, they were significantly negatively
associated with small trees of other species.
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Table 3. Species association under CSR at different scales.

Species Pair
Scale (m)

0–5 5–10 10–15 15–20 20–30 30–50

Q. aliena var. acutiserrata vs. C. kousa subsp. chinensis r − − − − −
Q. aliena var. acutiserrata vs. S. folgneri + + + + + +
Q. aliena var. acutiserrata vs. D. lotus − − − − − −

Q. aliena var. acutiserrata vs. S. paniculata − − − − − −
Q. aliena var. acutiserrata vs. L. fragrantissima var. lancifolia r r + + + +

Q. aliena var. acutiserrata vs. E. alatus − − − − − −
Q. aliena var. acutiserrata vs. E. lanceolata − − − − − −
C. mollissima vs. C. kousa subsp. chinensis + + + + + +

C. mollissima vs. S. folgneri r − − − − −
C. mollissima vs. D. lotus + + + + + +

C. mollissima vs. S. paniculata + + + + + +
C. mollissima vs. L. fragrantissima var. lancifolia + + + + + +

C. mollissima vs. E. alatus + + + + + +
C. mollissima vs. E. lanceolata + + + + + +

P. tabuliformis vs. C. kousa subsp. chinensis − − − − − −
P. tabuliformis vs. S. folgneri + + + + + +
P. tabuliformis vs. D. lotus r − − − − −

P. tabuliformis vs. S. paniculata − − − − - −
P. tabuliformis vs. L. fragrantissima var. lancifolia − − − − − −

P. tabuliformis vs. E. alatus − − − − − −
P. tabuliformis vs. E. lanceolata − − − − − −

“+” positive correlation; “−” negative correlation; “r” no correlation.
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However, the results of the analysis under the AC (Table 4) showed that the associa-
tions between tree species all changed significantly at large scales after excluding the effect
of environmental heterogeneity, mainly showing a lack of significant associations. Associa-
tions between large trees of Q. aliena var. acutiserrata and small trees of different species
differed at small scales. Large trees of C. mollissima and small trees of different species were
mainly non-associated at all scales. The large trees of P. tabuliformis showed a significant
negative association only with small trees of S. paniculata in the shrub layer, and showed
few significant associations with the small trees of other dominant species. These results
indicate that the association between large trees of dominant species in the tree layer and
small trees of other species is significantly influenced by environmental heterogeneity.

Table 4. Species association under AC at different scales.

Species Pair
Scale (m)

0–5 5–10 10–15 15–20 20–30 30–40 40–50

Q. aliena var. acutiserrata vs. C. kousa subsp. chinensis + r r r r r r
Q. aliena var. acutiserrata vs. S. folgneri + r r r r r r
Q. aliena var. acutiserrata vs. D. lotus - r r r r r r

Q. aliena var. acutiserrata vs. S. paniculata r r r r r r r
Q. aliena var. acutiserrata vs. L. fragrantissima var. lancifolia r r r r r r r

Q. aliena var. acutiserrata vs. E. alatus r r r r r r r
Q. aliena var. acutiserrata vs. E. lanceolata r r r r r r r
C. mollissima vs. C. kousa subsp. chinensis + r r r r r r

C. mollissima vs. S. folgneri r r r r r r r
C. mollissima vs. D. lotus r r r r r r r

C. mollissima vs. S. paniculata r r + r r r r
C. mollissima vs. L. fragrantissima var. lancifolia r r r r r r r

C. mollissima vs. E. alatus r r r r r r r
C. mollissima vs. E. lanceolata r r r r r r r

P. tabuliformis vs. C. kousa subsp. chinensis r r r r r r r
P. tabuliformis vs. S. folgneri r r r r r r r
P. tabuliformis vs. D. lotus r r r r r r r

P. tabuliformis vs. S. paniculata − − − − − − −
P. tabuliformis vs. L. fragrantissima var. lancifolia r r r r r r r

P. tabuliformis vs. E. alatus - r r r r r r
P. tabuliformis vs. E. lanceolata r r r r r r r

“+” positive correlation; “−” negative correlation; “r” no correlation.

3.3. Topographic Effects on Spatial Distribution

In this plot, the elevation varied between 1292.7 and 1576.8 m above sea level, the slope
varied between 3.1◦ and 47.4◦, and the convexity varied between −9.2 and 19.3. Accord-
ing to the results of Berman’s test (Table 5), elevation was positively associated with
dominant species in the tree layer, negatively associated with C. kousa subsp. chinensis,
D. lotus, and S. paniculata in the sub-arbor layer, positively associated with Sorbus folgneri,
L. fragrantissima var. lancifolia, and P. incanus Koehne in the shrub layer, and negatively
associated with E. alatus (Thunb.) Siebold and E. lanceolata Warb., but the associations
between elevation and dominant species were not significant. Slope was significantly
positively associated with Q. aliena var. acutiserrata, P. tabuliformis, and F. chinensis in the
tree layer, significantly positively associated with S. folgneri in the sub-arbor layer, and in
the shrub layer, negatively associated with S. paniculata, as well as significantly negatively
associated with E. alatus and E. lanceolata. Convexity was significantly positively associated
with Q. aliena var. acutiserrata and P. tabuliformis, while it was significantly negatively asso-
ciated with Fraxinus chinensis, in the tree layer. Moreover, it was significantly negatively
associated with C. kousa subsp. chinensis, D. lotus, and S. paniculata, and significantly posi-
tively associated with S. folgneri, in the sub-arbor layer, while it was significantly negatively
associated with all four dominant species in the shrub layer.
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Table 5. Berman’s test between species and topographical variables based on the assumption of CSR.

Species Altitude Slope Convexity
Z1 p Z1 p Z1 p

Q. aliena var. acutiserrata 1.01 0.314 3.96 <0.001 13.42 <0.001
C. mollissima 0.11 0.91 0.8 0.425 2.63 0.008

P. tabuliformis 1.26 0.207 3.77 <0.001 21.75 <0.001
F. chinensis 0.88 0.38 8.64 <0.001 −9.56 <0.001

C. kousa subsp. chinensis −1.17 0.242 0.25 0.803 −5.82 <0.001
S. folgneri 0.96 0.335 4.49 <0.001 11.18 <0.001
D. lotus −1.06 0.289 0.28 0.782 −5.52 <0.001

S. paniculata −1.77 0.076 −4.75 <0.001 −4.75 <0.001
L. fragrantissima var. lancifolia 0.53 0.598 1.87 0.062 −1.28 0.202

E. alatus −2.21 0.027 −8.62 <0.001 −15.28 <0.001
E. lanceolata −2.17 0.03 −5.38 <0.001 −6.66 <0.001
P. incanus 0.02 0.987 0.94 0.345 −3.8 <0.001

4. Discussion
4.1. Spatial Distribution and Species Associations

The spatial distribution patterns of populations are governed by a variety of factors.
Generally, they are influenced by species’ biological characteristics at small scales, such as
seed dispersal limitations and intra- and interspecific competition, and influenced by
environmental heterogeneity at larger scales [42,43]. Environmental gradients are often
related to topographic features, such as elevation, slope, and convexity [38,40], which in-
directly affect the spatial distribution of soil moisture and nutrients, and thus the spatial
distribution of species [44,45]. In general, at a given range, species show aggregated dis-
tributions even late in life or at large scales, which can be explained by environmental
heterogeneity. After eliminating environmental effects, species still aggregate at different
scales, which can be explained by dispersal limitation [46]. In this study, the 12 dominant
tree species showed aggregated distribution patterns as the scale increased under CSR.
After eliminating environmental heterogeneity, the results of the analysis based on HP
showed that 10 dominant tree species showed aggregated distribution patterns at small
scales, and we propose that dispersal limitation could have produced the initial spatial
aggregation of seeds at small scales. It has been demonstrated that in tropical forests,
regardless of environmental heterogeneity, dispersal limitation is a key factor affecting
the degree of stump clumping [47,48]. Hence, we speculate that the spatial distribution of
the dominant tree species observed in the plot was mainly influenced by environmental
heterogeneity and seed dispersal limitation.

In general, due to the spatial availability of resources, the same species growing under
different environmental conditions may exhibit completely different spatial patterns [49,50].
Previous studies have revealed a scale-dependence between the spatial distribution of
plants and different biotic or abiotic factors [9,51–53]. In addition, it has been found that
the spatial distribution pattern of species in tropical and subtropical forests is the result of
a combination of habitat heterogeneity and dispersal limitation [42,54,55]. In a study of intra-
species distribution patterns and interspecific associations of tree species in the temperate-
subtropical transition zone, Zhou et al. (2019) showed that environmental heterogeneity
and dispersal constraints are important factors in maintaining the spatial distribution of
aggregations at different life stages [46]. Hubbell noted that aggregation was related to
the mode of seed dispersal and that seedling density decreased almost exponentially away
from the parent tree [22]. In this study, the number of small trees with C. mollissima was
few, and their seeds were dispersed by gravity. The seeds were gnawed, carried, and stored
by animals, and since we can also eat the fruits, human collection could have impacted
regeneration, which may explain, to some extent, the low number of small C. mollissima
trees recorded. Animal-dispersed species tend to take an aggregation pattern [48,56]. In this
study, only F. chinensis, among the 12 dominant species, was wind-dispersed, while the
other species were mainly gravity- or animal-dispersed (Table 2). We speculate that the
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aggregation patterns of gravity- or animal-dispersed species in this plot may best reveal the
dispersal limitations.

Density dependence is closely related to conspecific aggregation [36]. Hardy et al.
(2004) suggested that although habitat heterogeneity affects the distribution of many
species, dispersal limitation is also a major factor affecting the degree of conspecific ag-
gregation [47]. Seidler et al. (2006) showed that the degree and size of spatial aggregation
of conspecifics related to the mode of seed dispersal [48]. In this study, the seeds of the
dominant tree species were mainly gravity or animal dispersal (Table 2) and thus showed
a distribution pattern of aggregation around the parent tree. Recent studies on species
abundance and interaction strength in ecological networks have shown that the strength
of interactions between species is strongly correlated with abundance, i.e., the greater the
chance of two species encountering, the stronger their interactions will be [57,58]. In this
study, the number of individuals of 12 species accounted for 59.6% of the total number of
individuals, with a high probability of encounters between different species.

We found the dominant tree species in the tree layer were all light-demanding plants
(Table 2), which had a competitive advantage for light compared to species in the sub-tree
and shrub layers. However, the populations of Q. aliena var. acutiserrata, C. mollissima, and
P. tabuliformis were poor at regenerating, especially C. mollissima, where the number of small
trees was only 2.8% of the total number of individuals (Table 1), which is not conducive
to the regeneration and development of this population. In comparison, the populations
of S. folgneri, D. lotus, and S. paniculata (mainly shade-tolerant or mid-tolerant species)
contained more small trees than medium and large trees. As such, we speculate that light
resources may be an important factor limiting the regeneration of dominant tree species in
the tree layer. We also infer from the positive association that medium trees have a positive
influence on the growth of small trees, and also have a competitive advantage in resources.

4.2. Effects of Topography

A large number of studies have shown that slope affects forest dynamics and the
spatial pattern of trees [59–61]. In this study, slope had a significant effect on 7 of the
12 dominant tree species (Table 5). However, significant species-habitat associations do not
necessarily mean that habitat determines the spatial distribution of species. The differential
effects of topography on species distribution were reflected in the relationship between
species’ life-history traits and the importance of species-level habitat heterogeneity [16].
Several studies compared whether there is a significant species-habitat association across
life stages [54,62]. Although these studies provided qualitative rather than quantitative
evidence, they suggested a strong consistency in species-habitat associations across the life
stages of trees.

Notably, in this study, slope and convexity showed significant positive associations
with both Q. aliena var. acutiserrata and P. tabuliformis, and significant negative associations
with S. paniculata, E. alatus, and E. lanceolata, while interspecific associations between
Q. aliena var. acutiserrata, P. tabuliformis and S. paniculata, E. alatus, E. lanceolata were negative.
Robert et al. (2003) showed that slope differentially affects tree size, with smaller trees
growing lower on steep slopes and larger trees growing significantly higher [61]. This may
explain the phenomenon where slope and convexity are mainly positively associated with
tree species in the tree layer and negatively associated with tree species in the sub-arbor and
shrub layers. Lan et al. (2011) found that elevation was the most important topographic
variable affecting species distribution patterns relative to convexity, slope, and aspect [63].
Yet, no significant correlation of elevation with species distribution was found in this
study. Instead, convexity had a significant negative correlation with the distribution of 7
of the 12 major dominant species. On concave slopes, a low tree density, small basal area,
and unstable surfaces may limit the distribution of species [64].
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5. Conclusions

This study focused on the spatial distribution patterns and intra- and interspecific
associations of dominant tree species in a Huangguan plot of the Qinling Mountains, China.
We can conclude that: (a) the 12 dominant tree species showed an aggregated distribution
at small scales, and as the scale increased, the degree of aggregation diminished and shifted
to a random or uniform distribution. The spatial distribution of dominant tree species was
mainly influenced by environmental heterogeneity. The observed aggregation distribution
pattern could indicate dispersal limitation in this plot. (b) The intra-species associations
were mainly positive, indicating that the populations regenerated well. Yet, the large and
small trees of Q. aliena var. acutiserrata showed negative associations, and we speculate that
the small trees are limited by light resources during their growth. In addition, interspe-
cific associations were mainly influenced by the biological characteristics of each species
and environmental heterogeneity. (c) The distribution of tree species was significantly
influenced by topographic factors, mainly by slope and convexity. Analysis of spatial
distribution patterns is the first step to understanding the plant community structure and
revealing mechanisms of species’ coexistence, which are influenced by numerous factors:
soil heterogeneity, habitat filtering, dispersal limitation, etc. The intensity of the influence
of different factors on species’ coexistence requires further investigation and research.
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