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Abstract

The spatial distribution of plant species is a crucial indicator of the mechanisms driving
competition or coexistence both within and between populations and communities. An-
alyzing these patterns provides essential insights into fundamental ecological processes
and aids in evaluating ecological hypotheses. To study the spatial distribution of domi-
nant tree species and their associations both within and among species, we established
a 25-hectare forest plot in Lushan Mountain. We employed the g(r) function alongside
three null models—complete spatial randomness (CSR), heterogeneous Poisson (HP), and
antecedent condition (AC)—to analyze spatial patterns and assess species interactions at
various life stages. Additionally, we examined the relationships between spatial distribu-
tions and environmental factors such as soil properties and topography using Berman’s
test. Our results showed that all 12 dominant tree species exhibited significant aggregation
under the CSR model; however, the scales of aggregation were reduced under the HP
model. We also found evidence of aggregation among multiple species across different
life stages and tree layers under CSR. Notably, this pattern persisted under the AC model
but was limited to specific spatial scales. Furthermore, elevation, topographical convexity,
and the total content of soil nitrogen (N) and carbon (C) were identified as statistically
significant predictors of species distributions. Overall, these findings highlight that both
biological and environmental factors play a vital role in shaping plant spatial patterns
across different scales.

Keywords: distribution patterns; environment heterogeneity; Lushan Mountain; point
pattern analysis; species association

1. Introduction

Plant spatial distribution patterns refer to the arrangement of plant populations or
communities in a specific area, which typically is not random. These patterns reflect the
influence of both biotic and abiotic factors during ecological processes [1]. The spatial ar-
rangement of plants can, in turn, affect the relationships within their species (intra-specific)
and between different species (inter-specific), ultimately driving community dynamics [2,3].
Spatial patterns can be influenced by environmental variability, biological processes such
as seed dispersal and clonal propagation, and local biotic interactions like competition
and facilitation. For instance, competition may lead to segregated spatial patterns, while
aggregated patterns can occur due to limited seed dispersal or the presence of habitat
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mosaics. Studying these patterns helps to reveal mechanisms of species coexistence, in-
cluding inter-specific relationships and environmental influences, which are essential for
understanding forest community succession and population maintenance [4]. However,
the specific mechanisms that drive these spatial patterns remain unclear and require further
research, particularly in subtropical forests [5,6].

Scale plays a critical role in spatial pattern research because plant distribution patterns
may change as the spatial scale increases, with different factors influencing patterns across
various scale ranges [7]. Additionally, plants at different life stages or within distinct
layers can exhibit varying competitive abilities [8]. For example, canopy trees have a
significant competitive advantage in acquiring light, which can hinder the survival of
surrounding plants [9]. Topographic factors, such as elevation and slope, along with
soil characteristics, can create unique habitats for certain plants, leading to aggregated
patterns at fine scales but resulting in randomness at broader scales [10-12]. Dominant tree
species are particularly valuable research subjects due to their broad ecological niches and
effective survival strategies [13,14]. They make ideal candidates for studying intra-specific
and inter-specific associations, as well as the impact of environmental factors on plant
distribution.

Density-dependent effects—such as distance-dependent mortality and the abundance
of offspring near their parents (as described by the Janzen-Connell hypothesis) [15], density-
dependent thinning (known as the random-mortality hypothesis) [16], and community
compensatory trends (CCT)—are among the most widely discussed hypotheses for explain-
ing intra-species associations. The Unified Neutral Theory, the negative density-dependent
hypothesis, and niche differentiation theory are the three primary theories that explain
mechanisms of species coexistence [17]. However, experimental studies indicate that dis-
persal strategies significantly impact spatial structure, particularly at fine scales. Nonethe-
less, the direct relationship between spacer length and pattern formation requires further
validation [18,19].

Numerous studies have examined the spatial patterns and assembly mechanisms
of tropical forests [7]. However, relatively few have focused on species coexistence in
deciduous forests, which differ fundamentally from evergreen forests because of their
seasonal leaf-shedding nature. A fifty-year study of spatial patterns in deciduous forests
suggested that a random distribution may represent a more natural state in semi-natural
deciduous stands. Canopy gaps were identified as the primary drivers of spatial structural
changes in these forests. Interestingly, competition seems to have a limited influence
on adult tree mortality, while wind damage and other abiotic disturbances play a more
significant role [20]. This underscores the distinct contributions of biotic and abiotic factors
in shaping deciduous forest communities. Moreover, tropical deciduous plants possess
a range of functional traits that enhance their adaptation to seasonal aridity. These traits
include high specific leaf area (SLA), elevated photosynthetic rates, short leaf lifespans, and
high wood density [21]. Evergreen and deciduous forests exhibit strategic differences in
these functional traits: deciduous communities focus on rapid resource acquisition through
high SLA and nutrient content to adapt to short growing seasons, whereas evergreen
communities emphasize resource conservation and long-term survival via high carbon
content and structural investment [22].

While previous studies have identified various mechanisms that allow species to coex-
ist in temperate forests—such as light competition, habitat preferences, and regeneration
strategies [13,19]—the specific processes driving spatial patterns remain unclear. This study
examines a deciduous broad-leaved forest in Lushan Mountain, China, with the goal of
analyzing the spatial distribution of dominant tree species and their relationships with
environmental factors. The key scientific questions addressed are as follows: (1) What are
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the distribution patterns of dominant tree species, and are these patterns influenced by en-
vironmental heterogeneity or dispersal limitation? (2) What are the ecological implications
of intra-specific and inter-specific associations at different scales? How do environmental
factors influence species’ spatial distribution? This study integrates multiple ecological
hypotheses to explain the spatial distribution patterns and coexistence mechanisms of
dominant tree species in the deciduous broad-leaved forest of Lushan Mountain.

2. Materials and Methods
2.1. Study Site

A 25-hectare forest plot of subtropical deciduous broad-leaved forest was sampled
in Lushan Mountain, located in the southeastern part of Jiujiang City, Jiangxi Province,
China (Figure 1). The mountain borders the Yangtze River to the north and faces Poyang
Lake to the east. It is positioned between 115°52" and 116°8’ E longitude and 29°26’ and
29°41" N latitude, within a subtropical monsoon climate zone characterized by mild and
humid conditions. While the area’s natural zonal vegetation consists mainly of subtropical
evergreen broad-leaved forests, large-scale afforestation campaigns since the 1930s have led
to the development of extensive coniferous vegetation landscapes. The current vegetation
reflects recovering secondary growth, exhibiting notable vertical distribution characteristics.

Figure 1. Position of Lushan Mountain 25 ha deciduous broad-leaved forest plot in Jiangxi Province
(a) and topography of the plot ((b), in meters).

2.2. Data Collection

The 25-hectare forest monitoring plot near Yangtianping on Lushan Mountain extends
in a northwest-southeast direction and measures 500 m in both length and width, with
elevations ranging from 940 to 1174 m. This study established the Lushan Mountain Forest
Dynamics Monitoring Plot between 2020 and 2021, following the technical protocols set by
the Center for Tropical Forest Science (CTFS). A differential GPS system (Stonex S9 GPS
System Gnss Rtk, China) was utilized to divide the 25-hectare plot into 625 quadrats, each
measuring 20 m by 20 m, resulting in 25 quadrats per row and per column. All woody
plants, with a minimum height of 1.3 m and a minimum diameter at breast height (DBH) of
1 cm, were inventoried. The recorded data included species name, DBH, coordinates, tree
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height, and environmental factors such as elevation, slope, aspect, and canopy coverage.
The data regarding the dominant tree species and topographic factors in all 625 quadrats
were collected in 2021.

Soil samples were collected from the center of each 20 m x 20 m quadrat and its
four nested 10 m x 10 m sub-quadrats at a depth of 0-20 cm using a 5 cm diameter soil
drill. The five samples from each point were combined to form one composite sample per
quadrat for laboratory analysis. Additionally, an undisturbed soil core was extracted from
the center of each quadrat using a 100 cm?® ring knife to measure soil bulk density. The
soil properties were determined using standardized analytical procedures. Total carbon
and total nitrogen were analyzed simultaneously using an elemental analyzer (Thermo
Fisher Scientific, Braunschweig, Germany). Total phosphorus was measured by alkali
fusion followed by molybdenum antimony spectrophotometry (UV-1800PC, Shanghai
Mapada, Shanghai, China), while total potassium was determined by alkali fusion and
flame photometry (FP6410, Shanghai Yidian Analysis, Shanghai, China). Soil pH was mea-
sured potentiometrically in a soil-water suspension (PB-10, Sartorius, Gottingen, Germany).
Alkali hydrolyzable nitrogen was assessed using the alkali hydrolysis-diffusion method.
Available phosphorus was extracted with ammonium fluoride-hydrochloric acid solution
(for soils with pH < 6.5) and quantified by molybdenum antimony spectrophotometry.
Finally, available potassium was extracted with ammonium acetate solution and measured
by flame photometry [23]. A total of 625 soil samples, one from each quadrat, were collected
and analyzed in 2023.

2.3. Data Analysis

We selected 12 dominant species based on their relative importance values index
(relative IVI) ranks and categorized them into three life stage classes according to their
layers and diameter at breast height (DBH). The relative IV1 s calculated as follows: relative
IVI = (relative dominance + relative abundance + relative frequency)/3. For tree layers, we
defined the size categories as follows: 1-5 cm in DBH as small trees, 5-20 cm as medium
trees, and 20 cm or greater as large individuals. For sub-arbor layers, the classifications are
1-5 cm as small trees, 5-10 cm as medium trees, and 10 cm or greater as large individuals.
For shrub layers, we defined the categories as 1-1.5 cm as small shrubs, 1.5-2.5 cm as
medium shrubs, and 2.5 cm or greater as large individuals [24].

Pair correlation function g(r) was chosen to implement spatial distribution analysis.
g(r) function is a transformation of Ripley’s K-function K(r), which can effectively eliminate
the cumulative effect [25]. The formula is as follows:

¢() = X M

27r

g(r) = 1 indicates points of the pattern are random, g(r) > 1 indicates points of the
pattern are aggregated, g(r) < 1 indicates points of the pattern are segregated. Complete
spatial randomness (CSR) and heterogeneous Poisson (HP) were chosen as the null models
in this function.

Pair correlation function g1,(r) was chosen to achieve intra-specific and inter-specific
space association analysis. The g1»(r) function is from Kj,(r), which is a bivariate analysis

of the K(r) function:

gu(r) = X120 2)

CSR and the antecedent condition (AC) were selected as the null models [26,27]. The
AC null model can assume that the positions of big individuals were constant, and the

positions of smaller ones were randomized to reflect the space impact of big individuals to
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smaller ones. In total, 99 Monte Carlo simulations were conducted to obtain 98% confidence
intervals to test the significance of departure from a null model [28].

Principal Component Analysis (PCA) was used to pick up key factors from 13 soil
variables. Berman'’s test was chosen to determine the association between the point patterns
of dominant trees and spatial covariates (topographic and soil variables) [29]. This test
compares the observed distribution of the values of a spatial covariate v(x), taken at the
locations x of the points i of a point pattern, and the predicted distribution of the same
covariate under CSR null model. Statistics (Z;) can be displayed as follows:

Z1=(S—w)/o (3)

S is the covariate values v(x;) at the points x; of the observed pattern. The u value
is the predicted value of S under CSR, and o is the corresponding variance. Z; < 0,
representing negative association between patterns and environment covariate, and if
Z; > 0, the association is positive [23]. According to the statistic Z; and the p-value of
Z1, we can test the association between point patterns and topographic and soil factors.
Function g(r), g12(r) and Berman’s test were conducted using the “spatstat” package in
R (version 4.5.0) [30,31].

3. Results
3.1. Taxonomic and Ecological Characteristics and Distribution Plot of Dominant Species

The twelve dominant species exhibit distinct taxonomic and ecological characteris-
tics [32,33] (Table 1), varied life stage abundances (Table 2), and specific spatial distributions
(Figure 2). Deciduous broad-leaved species dominate in terms of abundance and diameter
at breast height (DBH), displaying clear spatial preferences. In the understory vegetation,
sub-arbor and shrub species, particularly Rhododendron simsii, were found to be highly
abundant. Notably, the sub-arbor layer consisted predominantly of smaller individuals,
whereas the shrub layer included a greater proportion of larger trees.

Table 1. Taxonomic and ecological characteristics of 12 dominant species.

Species Family Abundance Fruit Type Dispersal Mode
Pinus hwangshanensis W. Y. Hsia Pinaceae 3099 Nut Gravity; animal
Platycarya strobilacea Siebold & Zucc. Juglandaceae 1676 Samara Wind
Castanea henryi (Skan) Rehder & E. H. Wilson Fagaceae 849 Nut Gravity; animal
Quercus serrata Thunb. Fagaceae 1480 Nut Gravity; animal
Cornus kousa subsp. chinensis (Osborn) Q. Y. Xiang Cornaceae 5434 Aggregate Gravity; animal
Neoshirakia japonica (Siebold & Zucc.) Esser Euphorbiaceae 4828 Capsule Animal
Symplocos tanakana Nakai Symplocaceae 2158 Drupe Gravity; animal
Lindera glauca (Siebold & Zucc.) Blume Lauraceae 2492 Drupe Gravity; animal
Rhododendron simsii Planch. Ericaceae 28,433 Capsule Wind; animal
Viburnum dilatatum Thunb. Viburnaceae 4126 Drupe Gravity; animal
Corylopsis sinensis var. calvescens Rehder & E. H. Wilson ~Hamamelidaceae 3501 Capsule Gravity; animal
Corylopsis sinensis Hemsl. Hamamelidaceae 3256 Capsule Gravity; animal

Table 2. Abundance and life stages of 12 dominant species.

. Small Trees Medium Trees Big Trees
Species Layer Proportion (%)  Proportion (%) Propgrtion (%)
P. hwangshanensis Tree 1.16 31.69 67.15
P. strobilacea Tree 2.57 68.44 29.00
C. henryi Tree 19.79 31.68 48.53
Q. serrata Tree 19.12 57.57 23.31
C. kousa subsp. chinensis ~ Sub-arbor 59.66 26.63 13.71

N. japonica Sub-arbor 77.59 20.73 1.68
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Table 2. Cont.

. Small Trees Medium Trees Big Trees
Species Layer Proportion (%)  Proportion (%) Propgrtion (%)
S. tanakana Sub-arbor 32.62 47.64 19.74
L. glauca Sub-arbor 84.83 14.93 0.24
R. simsii Shrub 8.62 45.80 45.59
V. dilatatum Shrub 15.85 61.51 22.64
C. sinensis var. calvescens Shrub 1.66 10.37 87.97
C. chinensis Shrub 2.92 12.87 84.21

Figure 2. Spatial distribution plot of 12 dominant species, with all individuals divided into three
classes and marked with different colors and shapes; units given in meters.

3.2. Distribution Patterns

The analysis of the univariate g(r) function based on the CSR null model (Figure 3)
revealed that the 12 dominant tree species exhibited a spatial pattern characterized by
aggregated distribution throughout the study area. Furthermore, the degree of aggregation
significantly decreased as the scale increased. The observed distribution of each tree
species on the plot (Figure 2) was largely consistent with the spatial distribution patterns
predicted by the CSR model. Therefore, when other influencing factors were not taken into
account, the spatial distribution pattern of each dominant tree species primarily indicated
an aggregated distribution. Additionally, we found that high-abundance species, such as
P. hwangshanensis and R. simsii, exhibit greater distribution heterogeneity, which may be
related to the effects of environmental filtering.
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Figure 3. g(r) function analysis of dominant tree species under CSR. The solid black line represents
the observed value of g(r), the red dashed line represents the theoretical value of g(r), and the gray
area indicates the 98% confidence interval. If the solid black line is above the confidence interval
area, the aggregation pattern can be judged; if the solid black line is between the confidence interval
area, random distribution can be judged; the solid black line below the confidence interval indicates
separation distribution mode. Spatial scale (r; m) represents interplant distance.

The HP null model revealed significant changes in the distribution pattern of each
tree species after accounting for the effects of environmental heterogeneity (Figure 4). At
scales below 40 m, the species displayed an aggregated distribution. However, as the scale
increased, the distribution pattern transitioned to a random distribution (Table A1). After
removing the effects of environmental factors, the aggregation scale of dominant species
decreased or even shifted to a random distribution.

3.3. Intra-Specific and Inter-Specific Association

Based on the null models of CSR and AC, we analyzed the relationships between
different life-history stages of the same tree species. Under CSR, many species, including P.
hwangshanensis, P. strobilacea, Q. serrata, C. kousa subsp. chinensis, N. japonica, S. tanakana, R.
simsii, and V. dilatatum, exhibited aggregation between their larger and smaller (or medium)
individuals. Some species displayed aggregation at specific scales, followed by random
distribution beyond those scales. However, few species showed negative associations
between large and small individuals; for example, C. henryi demonstrated this pattern
(Figure 5 and Table A2). This may indicate that most dominant tree species experience
limitations due to restricted distributions, leading to aggregated distributions among their
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different life stages. The seeds of C. henryi are dispersed through zoochory, which involves
animals and birds consuming the fruit and facilitating long-distance seed dispersal. This
dispersal mechanism may help explain the observed negative spatial associations between
conspecifics at different life stages.

n I o

Figure 4. g(r) function analysis of dominant tree species under HP. The solid black line represents
the observed value of g(r), the red dashed line represents the theoretical value of g(r), and the gray
area indicates the 98% confidence interval. If the solid black line is above the confidence interval
area, the aggregation pattern can be judged; if the solid black line is between the confidence interval
area, random distribution can be judged; the solid black line below the confidence interval indicates
separation distribution mode. Spatial scale (r; m) represents interplant distance.

Under AC, when assessing the positions of large trees as a prerequisite condition,
many small to medium tree species show an aggregated distribution around these large
trees at limited scales. Beyond this point, their distribution becomes random. Notably, some
species, including P. hwangshanensis, N. japonica, and R. simsii, exhibit negative associations
with large trees at specific scales (Figure 6 and Table A2). This suggests that these species
may experience significant intra-specific competition, particularly R. simsii, which has a
very high density in this area and tends to cluster within the habitat.
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Figure 5. g1»(r) function results between big or medium individuals and smaller ones of 12 dominant
species under CSR; “b” represents big individuals, “m” represents medium individuals, and “s”
represents small individuals. The solid black line represents the observed value of g(r), the red dashed
line represents the theoretical value of g(r), and the gray area indicates the 98% confidence interval. If
the solid black line is above the confidence interval area, the aggregation pattern can be judged; if the
solid black line is between the confidence interval area, random distribution can be judged; the solid
black line below the confidence interval indicates the separation distribution mode. Spatial scale

(r; m) represents interplant distance.
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Figure 6. g5 (r) function results between big or medium individuals and smaller ones of 12 dominant
species under AC. The solid black line represents the observed value of g(r), the red dashed line
represents the theoretical value of g(r), and the gray area indicates the 98% confidence interval. If the
solid black line is above the confidence interval area, the aggregation pattern can be judged; if the
solid black line is between the confidence interval area, random distribution can be judged; the solid
black line below the confidence interval indicates the separation distribution mode. Spatial scale
(r; m) represents interplant distance.

We examined the relationship between large trees in the tree layer and small trees in
the sub-arbor and shrub layers (see Table 3). Under CSR, P. hwangshanensis exhibited a
distinct spatial relationship with each dominant species, owing to its notable high-altitude
distribution characteristics. This species displayed either positive or negative associations
with sub-arbor and shrub trees. In contrast, there was minimal correlation between the
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dominant species of P. strobilacea and C. henryi with sub-trees and shrubs, as these were
mostly distributed randomly. Under AC, we found that small trees in the sub-arbor and
shrub layers were positively associated with large trees in the tree layer.

Table 3. Summary of g1, (r) function results between big tree layers individuals and small individuals

of sub-arbor and common shrubs under CSR and AC.

Species

CSR

AC

P. hwangshanensis—C. kousa subsp. chinensis
P. hwangshanensis—N. japonica

P. hwangshanensis—S. tanakana

P. hwangshanensis—L. glauca

P. hwangshanensis—R. simsii

P. hwangshanensis—V. dilatatum

P. hwangshanensis—C. sinensis var. calvescens
P. strobilacea—C. kousa subsp. chinensis

P. strobilacea—N. japonica

P. strobilacea—S. tanakana

P. strobilacea—L. glauca

P. strobilacea—R. simsii

P. strobilacea—V. dilatatum

P. strobilacea—C. sinensis var. calvescens
C. henryi—C. kousa subsp. chinensis

C. henryi—-N. japonica

C. henryi=S. tanakana

C. henryi-L. glauca

C. henryi-R. simsii

C. henryi-V. dilatatum
C. henryi—C. sinensis var. calvescens

+ at all scales
— at all scales
+ at all scales
— at all scales

+ at all scales

— before 38 m, r between 38 and 40 m,
after that, +

— at all scales

+ before 55 m, after that, r

+ at all scales

r at all scales

+ before 55 m, after that, r

+ between 30 and 62 m,

r between 0 and 30 m and 62-72 m,
after 72 m, —

r before 52 m, after that, +

+ at all scales

— at all scales

+ between 25 and 50 m and after 75 m,
r at other scales

r before 13 m, after that, —

— before 72 m, r between 72 and 94 m,
after that, —

r before 20 m, after that, —

+ before 17 m, r at 17-28 m,
after that, —
+ at all scales

+ before 28 m, after that, r

+ before 45 m, after that, r

r at all scales

r at all scales

+ before 30 m and 80-100 m,

r between 30 and 38 m and 70-80 m,
— between 38 and 70 m

— before 30 m, after that, r

— between 7 and 17 m, r at other scales
r at all scales

+ before 40 m, after that, r

r at all scales

+ before 35 m, after that, r

r at all scales

r at all scales

+ between 25 and 30 m,
r at other scales

r at all scales

+ between 85 and 95 m, r at other scales
r at all scales
r at all scales

+ before 20 m, r between 20 and 80 m,
after that, —

+ before 20 m, after that, r
+ before 35 m, after that, r

"

+” represents aggregated distribution,

“_n

random distribution.

3.4. Environment Factors and Species Distribution

w1

represents segregation distribution, and “r” represents

Several soil and topographic variables were analyzed using PCA. For the soil factors,
we selected four key variables that accounted for 66.98% of the cumulative proportion:
total nitrogen (N), total carbon (C), gravel content (GO), and pH. All four topographic
variables—mean elevation, slope, aspect, and convexity—were also retained in the analysis.
The PCA results indicated that the first four principal components (PC1-PC4) explained
66.98% of the total variance (refer to Table A3). In PC1, we focused on N and C, which
contributed 20.18% and 16.17%, respectively. In PC2, GO contributed 27.06%, while in
PC3, pH made a significant contribution of 45.88% (Table A4). To examine the relationship
between the spatial point patterns of dominant species and these environmental factors,
we employed Berman’s test.

The results of Berman's test showed associations between various topographic vari-
ables and the distribution of dominant species. P. hwangshanensis and R. simsii exhibited
a strong positive correlation with elevation. In contrast, N. japonica prefers steep slopes,
while C. chinensis thrives on flat slopes. On the Lushan plot, Q. serrata, S. tanakana, and L.
glauca favor the northern aspect. Additionally, P. hwangshanensis, S. tanakana, R. simsii, and
C. chinensis tend to grow in low convex areas, such as mountaintops or valleys, whereas N.
japonica prefers undulating planes (see Table 4). Regarding soil physicochemical properties,
soil N and C are indicators of soil nutrition, which are considered important for plant
growth. However, many species showed a negative association with soil N and C. Only L.
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glauca favored soil with high nutritional content. Most species prefer soil with low gravel
content, but L. glauca shows a preference for rocky soil. The pH results indicated that the
soil in this plot is generally acidic, and R. simsii, in particular, thrives in acidic soil (Table 5).

Table 4. Results of Berman’s test between topographic variables and dominant species distribution.

. Elevation Slope Aspect Convex

Species 7, p 7, p 7 p Z p

P. hwangshanensis 3.399 <0.001 —1.280 0.201 —1.296  0.195 —2.860  0.004
P. strobilacea 0.562 0.574 1.253 0.210 —0.235 0.814 —1.673  0.094
C. henryi —0.313 0.754 —0414  0.679 0.340 0.734 —1.012 0.312
Q. serrata —0.829  0.407 —0.988 0.323 2.181 0.029 —-1.087 0277
C. kousa subsp. chinensis ~ 1.723 0.085 1.078 0281 —0200 0.842 —1.150 0.250
N. japonica —0.752 0452 2.620 0.009 —0.674  0.500 3.560 <0.001
S. tanakana 0.702 0.482 0.154 0.878 2.437 0.015 —4.193 <0.001
L. glauca —0435 0.664 —0.229 0.819 2.990 <0.001 -1.198 0.231
R. simsii 3.251 0.001 1.745 0.081 —0.579  0.563 —10.672 <0.001
V. dilatatum 0.604 0.546 0.786 0.432 —0.810 0.418 —1.836  0.066
C. sinensis var. calvescens  —0.641  0.522 0.199 0.842 0.228 0.820 —2.751 0.006
C. chinensis 0.161 0.872 —1.957  0.050 —0.153  0.878 —3.918 <0.001

Table 5. Results of Berman’s test between soil variables and dominant species distribution.

. N GO PH
Species 7, p 7, p Z p Z p
P. hwangshanensis —6.140 <0.001 1.247 0.212 —1.426 0.154 —-1.352 0.177
P. strobilacea —1.311  0.190 —1.012 0.311 —0.018  0.985 —0.175  0.861
C. henryi —2469 0014 —-1315 0.189 —-0.370 0.711 —0.488  0.626
Q. serrata —6.023 <0.001 —4.465 <0.001 —0.644 0.520 —0.184  0.854
C. kousa subsp. chinensis  —1.586  0.113 ~ —0.149 0.882 —4311 <0.001 —0.616 0.538
N. japonica —-1.710 0.087 —2551 0.011 —1.328 0.184 0.133 0.895
S. tanakana 0.026 0.979 0.428 0.669 —3.420 <0.001 —0.589 0.556
L. glauca 4270  <0.001 2.761 0.006 3294  <0.001 0.516 0.606
R. simsii —13.730 <0.001 —4.180 <0.001 —8.031 <0.001 —2.765 0.006
V. dilatatum —0990 0322 —0.650 0.516 —3.168  0.002 —-0.885 0.376
C. sinensis var. calvescens  —6.878 <0.001 —5.223 <0.001 —3.852 <0.001 —0.548 0.584
C. chinensis —2253 0.024 —1.606 0.108 —2.838  0.005 —0.441  0.660

4. Discussion
4.1. The Processes Shaping Species Distribution Patterns

Species distribution patterns can be influenced by a variety of factors. At small scales,
it is common for populations to cluster due to seed dispersal limitations [34]. At larger
scales, the distribution is more influenced by environmental heterogeneity, including fac-
tors such as elevation, convexity, and soil characteristics [11,12]. Research has shown that
in subtropical forests, even when environmental heterogeneity is present, seed disper-
sal limitation plays a significant role in determining the extent of stump clumping [35].
Therefore, we speculate that the spatial distribution of the dominant tree species observed
in the plot is primarily shaped by both environmental heterogeneity and seed dispersal
limitations [36,37].

The distribution patterns of the 12 dominant tree species examined in this study
displayed clear scale-dependent characteristics. At smaller scales, the species formed ag-
gregated distributions, which transitioned to random patterns as the spatial scale increased.
This observation aligns with theoretical expectations, suggesting that dispersal limitation
primarily drives fine-scale aggregation, while environmental heterogeneity becomes in-
creasingly significant at larger scales [14,38]. The results from the HP model, which took
environmental variation into account, indicated that dispersal limitation alone could ex-
plain aggregation patterns for most species at scales below 40 m. We propose that dispersal
limitation may have contributed to the initial spatial aggregation of seeds at smaller scales.

Species with limited seed dispersal capabilities, such as P. hwangshanensis and C. henryi,
exhibited significant small-scale clustering. This observation aligns with findings from
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tropical forest ecosystems, where dispersal limitation is recognized as a key factor influenc-
ing spatial structure [14]. Additionally, when controlling for environmental heterogeneity,
we observed a reduction in aggregation intensity at larger scales. This suggests that topo-
graphic factors, particularly elevation and slope, as well as soil properties, especially total
nitrogen and carbon content, increasingly influence species distributions as the spatial scale
expands [39,40].

4.2. Interpreting the Patterns of Intra- and Inter-Specific Associations

In the CSR null model, individuals at different life stages within the same tree species
exhibited aggregation, particularly evident in sub-tree and shrub species. However, large
and small trees of C. henryi and Q. serrata displayed segregation under the CSR null model.
When using the AC null model, the degree of aggregation between large and small trees
of the same species significantly decreased. Most of these trees were grouped at distances
less than 40 m, but beyond this range, they tended to show random distributions, with
very few instances of exclusion occurring at a larger scale. An analysis of intra-specific
associations highlighted the complex relationships among different life stages of the same
species. Under CSR assumptions, most species demonstrated positive associations between
adult and juvenile trees, especially among shrub-layer species like R. simsii. In contrast,
when applying the AC model, which fixes adult tree positions, these positive associations
were largely confined to distances of less than 40 m.

These findings provide partial empirical support for the Janzen-Connell hypothesis;
however, further research is necessary to untangle the potential confounding effects of
dispersal limitation and environmental filtering [7,17]. The scale-dependent nature of
these intra-specific interactions indicates that different ecological processes may dominate
at various spatial scales. Specifically, facilitation might occur at very small scales, while
competitive exclusion could become more pronounced at intermediate distances [41].

Inter-specific association patterns revealed complex dynamics among species. The
canopy species P. hwangshanensis displayed particularly strong spatial relationships with
other species, demonstrating both positive and negative associations. The observed associ-
ations suggest that environmental filtering along elevation gradients could be a primary
influencing factor. In contrast, other dominant canopy species, such as C. henryi, showed
more random spatial relationships with understory species. When we accounted for the
fixed positions of canopy trees using the AC model, many species exhibited positive as-
sociations between canopy trees and understory saplings at smaller scales. This supports
theories of species coexistence through spatial niche partitioning [42] and the hypothesis of
species herd protection [43]. These findings suggest that while environmental heterogeneity
creates broad-scale distribution patterns, fine-scale biotic interactions—encompassing both
facilitation and competition—play a significant role in maintaining species diversity within
this forest ecosystem [38,44].

4.3. Drivers of Species Distribution: An Environmental Perspective

Many species surprisingly showed negative associations with high-nutrient soils. This
may reflect either competitive exclusion by more nutrient-demanding species or adaptive
strategies that help them thrive in poorer soils. The species exhibited distinct microhabitat
preferences: N. japonica preferred steep slopes, S. tanakana favored north-facing slopes, and
R. simsii showed a strong preference for acidic soils. These specialized habitat requirements
likely contribute to species coexistence by reducing niche overlap [45]. Additionally, several
dominant species were associated with low convexity areas, such as mountaintops and
valleys, while others preferred more undulating terrain. This further emphasizes the
importance of microtopographic variation in maintaining community diversity [46,47].
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The current study has several limitations that suggest important avenues for future
research. Firstly, while dispersal limitation was inferred from spatial patterns, obtaining
direct measurements of seed dispersal distance for the dominant species would enhance
these interpretations. Secondly, since this is a cross-sectional study, it could be comple-
mented by longitudinal data to understand better how spatial patterns evolve over time
during forest succession. Lastly, incorporating functional trait data, such as seed size and
wood density, may help to explain the observed distribution patterns.

4.4. Management Implications in Deciduous Forests

The study of plant spatial patterns is essential for understanding community assembly
and species coexistence mechanisms in deciduous forests. Insights gained from this research
can directly inform improved management and conservation strategies. Dispersal limitation
is a key initial factor influencing spatial patterns, though enrichment planting offers a
potential solution to mitigate its effects. In deciduous forests, intra- and inter-specific
competition is generally less intense, allowing species to exhibit habitat reliance. From a
management perspective, targeted thinning and the creation of forest gaps in appropriate
locations can promote the regeneration and growth of specific species, thereby enhancing
forest structure and biodiversity.

5. Conclusions

In conclusion, this study demonstrates that the spatial structure of Lushan Moun-
tain’s deciduous broad-leaved forest emerges from the interplay of multiple ecological
processes acting across spatial scales. Dispersal limitation creates initial aggregation at
fine scales, while environmental heterogeneity sorts species across the landscape. Biotic
interactions, including both competitive exclusion and facilitation, further modify these
patterns at intermediate scales. These findings advance our understanding of subtropical
forest ecology by illustrating how the interplay between neutral processes (e.g., dispersal
limitation) and niche-based mechanisms (e.g., environmental filtering and biotic interac-
tions) shapes community assembly. From an applied perspective, these results suggest that
forest management and restoration efforts should account for both landscape-scale envi-
ronmental heterogeneity and fine-scale biotic interactions to maintain ecosystem diversity
and function.
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Appendix A

Table Al. Summary of g(r) function results of 12 dominant species under CSR and HP.

Species

CSR

HP

P. hwangshanensis

P. strobilacea

C. henryi

Q. serrata

C. kousa subsp. chinensis
N.japonica

S. tanakana

L. glauca

R. simsii

V. dilatatum
C. sinensis var. calvescens

C. chinensis

+ at all scales

+ at all scales, + decrease with the scale increase
+ at all scales, 60-80 m, r

+ at all scales, + decrease with the scale increase
+ at all scales

+ at all scales

+ at all scales, + decrease with the scale increase
+ at all scales

+ at all scales

+ at all scales
+ at all scales, r after 90 m

+ before 70 m, after that, —

+ before 40 m, — at 40-80 m, after that, r
+ before 35 m, after that, r

+ before 20 m, after that, r

+ before 40 m, after that, r

+ before 35 m, after that, r

+ before 40 m, — at 40-80 m, after that, r
+ before 35 m, after that, r

+ before 40 m, after that, r

+ before 35 m, — between 40 and 80 m,
after that, r

+ before 50 m, after that, r

+ before 35 m, after that, r

+ before 40 m, r between 40 and 70 m,
after that, —

"

+” represents aggregated distribution,
distribution.

“u_

1“1

—” represents segregation distribution, and “r” represents random

Table A2. Summary of g12 (r) function results between big or medium individuals and smaller ones

of 12 dominant species under CSR and AC.

Species

CSR

AC

P. hwangshanensis (b-m)

P. strobilacea (b-m)
C. henryi (b-s)

C. henryi (b-m)

Q. serrata (b-s)

Q. serrata (b-m)

C. kousa subsp. chinensis (b-s)
C. kousa subsp. chinensis (b-m)

N. japonica (b-s)
N. japonica (b-m)
S. tanakana (b-s)
S. tanakana (b-m)

L. glauca (m-s)

R. simsii (b-s)

R. simsii (m-s)

V. dilatatum (b-s)
V. dilatatum (m-s)

C. sinensis var. calvescens (b-m)

C. chinensis (b-m)

+ at all scales

+ at all scales

r before 5 m, after that, —

+ before 52 m, after that, r

+ before 20 m, 20-30 m, 1, after that, —
+ at all scales

+ at all scales

+ at all scales

+ at all scales

+ at all scales
+ at all scales
+ before 85 m, after that, r

+ before 85 m, after that, r
+ at all scales
+ at all scales
+ at all scales
+ at all scales

+ before 80 m, after that, r
+ before 70 m, after that, —

+ before 35 m, — between 35 and 80 m,
after that, r

+ before 35 m, after that, r

+ at all scales

+ before 20 m, after that, r

+ at all scales

+ before 35 m, after that, r

+ at all scales

+ before 40 m, after that, r

+ before 42 m, after that, r

+ before 40 m, — between 40 and 80 m,
after that, r

+ before 20 m, after that, r

+ before 25 m, r between 25 and 80 m,
after that, —

+ before 35 m, after that, r

— before 35 m, after that, r

— before 35 m, after that, r

+ before 22 m, after that, r

+ before 22 m, after that, r

+ before 35 m, r between 35 and 75 m,
after that, —

+ before 30 m, after that, r

“+” represents aggregated distribution, “—"
random distribution.

Table A3. Importance of components in PCA.

represents segregation distribution, and “r”

represents

Standard Deviation

Proportion of Variance

Cumulative Proportion

PC1 1.9849
PC2 1.5781
PC3 1.1135
PC4 1.0187
PC5 0.9860
PCé6 0.9008

0.3031 0.3031
0.1916 0.4946
0.0954 0.5900
0.0798 0.6698
0.0748 0.7446
0.0624 0.8070
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Table A4. Summary of soil factors contribution of PC1-PC6.

Soil Factors PC1 PC2 PC3 PC4 PC5 PC6
pH value 2.24 2.18 45.88 0.94 11.12 5.46
Total Nitrogen 20.18  1.59 227 0.01 2.17 0.92
Total Carbon 16.17 3.22 11.05 0.02 0.20 0.09
Total Phosphorus 8.68 1.33 2.96 1.96 0.07  15.32
Total Potassium 2.33 1.85 8.79 18.57 27.73 2448
Alkaline Hydrolyzable Nitrogen 1033 3.09 7.92 2.00 0.12 0.01
Available Phosphorus 12.85 0.05 0.80 0.05 2.32 8.89
Available Potassium 14.29 0.88 6.61 1.62 0.46 0.02
Soil Moisture Content 1.12 20.83 4.24 10.21 0.66 0.58
Bulk Density 1.07 5.48 1.14 62.22 0.36 6.48
Gravel Content 5.13 27.06 2.95 0.02 425 0.04
Root Content 0.38 5.71 2.55 2.37 45.71 37.72
Soil Content 5.22 26.73 2.86 0.02 4.83 0.01
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