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Abstract: Studying spatial patterns and habitat association of plant communities may provide under-
standing of the ecological mechanisms and processes that maintain species coexistence. To conduct
assessments of correlation between community compositions and habitat association, we used data
from two topographically different plots with 2 ha area in tropical evergreen forests with the variables
recorded via grid systems of 10 × 10 m subplots in Northern-Central Vietnam. First, we tested the
relationship between community composition and species diversity indices considering the topo-
graphical variables. We then assessed the interspecific interactions of 20 dominant plant species
using the nearest-neighbor distribution function, Dij(r), and Ripley’s K-function, Kij(r). Based on the
significant spatial association of species pairs, indices of interspecific interaction were calculated
by the quantitative amounts of the summary statistics. The results showed that (i) community
compositions were significantly influenced by the topographic variables and (ii) almost 50% signifi-
cant pairs of species interactions were increased with increasing spatial scales up to 10–15 m, then
declined and disappeared at scales of 30–40 m. Segregation and partial overlap were the dominant
association types and disappeared at larger spatial scales. Spatial segregation, mixing, and partial
overlap revealed the important species interactions in maintaining species coexistence under habitat
heterogeneity in diverse forest communities.

Keywords: coexistence; habitat heterogeneity; spatial pattern analysis; plant species association;
tropical evergreen forest

1. Introduction

One of the main goals of community ecology is to explain the mechanisms of plant
species associations which regulate their spatial distributions and the significant variations
in complex communities of natural forests [1–3]. Previous studies have shown that the main
drivers regulating the spatial patterns of plant communities are biotic (e.g., plant–plant
interactions) and abiotic factors, such as effect of environmental conditions [4–7]. Effects of
biotic and abiotic factors can occur simultaneously; however, the relative importance of the
drivers may often vary at different spatial scales [8,9]. The effects of abiotic factors seem to
be more important at large spatial scales, while the effects of biotic factors may be more
important at small scales [10,11]. Previous investigation on plant communities [7,12,13]
have found that inter- and intra-specific interactions of neighboring plant individuals may
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happen at smaller spatial scales (i.e., smaller than 30 m) and disappear at larger spatial
scales. However, the relative importance of the drivers to the species association and the
degrees to which variations operate in species interactions strongly depend on forest types
and habitat conditions.

Habitat heterogeneity caused by environmental variation, such as topography, light
availability, soil nutrients, and humidity, is considered as the important factor determining
species coexistence [7,14]. Topographical variables are differentiated along environmental
gradients and reflected by species association due to habitat preferences of the species [6,15].
For instance, Aiba et al. [16] showed that 20 of 42 species exhibited habitat association
in Borneo (a tropical montane forest). In addition, Punchi-Manage et al. [17] reported
that only 25% of species showed topographic association in a mixed dipterocarp forest in
Sri Lanka, while 52 of 60 species were positively associated with topographic factors in
subtropical forests in China [18].

The summary statistics recently applied for spatial point pattern analysis enable us
to quantify pair-wise spatial interactions between plant individuals (e.g., density of in-
dividuals of one species around an individual of a focal species) by their comparison to
appropriate null models [4,19,20]. Plants mostly interact with their neighboring individ-
uals [21], therefore their spatial distributions may conserve imprints of inter- and intra-
specific interactions that can be explored by spatial point pattern analysis [4]. For instance,
aggregation of conspecifics may lead to segregation of hetero-specifics and reduce competi-
tive exclusion since the influence of interspecific competition is disappeared [4,22,23]. In
contrast, independent placement of individuals may be explained by a rule that conspecific
individuals are placed regardless of spatial arrangement of heterospecific individuals [24],
particularly in species-rich communities. Supporting this hypothesis, Wiegand et al. [4]
found that the rule of independence may be a possible limitation of plant distribution in
species-rich communities and explored by the stochastic geometry of biodiversity. How-
ever, environmental heterogeneity that often appears at large spatial scales may lead to
complexity of analyses of species associations [14,25]. Moreover, the influence of species
habitat preferences (i.e., first-order effects) may mask the effects of direct plant–plant
competitive or facilitative interactions (i.e., second-order effects) [2,7,14].

In the present study, we determined habitat association and species interactions of
20 dominant tree species within two topographically different plots of tropical evergreen
forests that are geographically close. We asked: (i) How do the species compositions corre-
late with the topographic variables (i.e., elevation, slope, and aspect)? (ii) Do segregation
and partial overlap of hetero-specifics dominate within the forests under habitat hetero-
geneity? We are further interested in (iii) at which spatial scales the species interactions can
be observed? In line with previous research on diverse tropical forests, our achievements
on the effects of topographic heterogeneity on ecological interactions of conspecifics and
hetero-specifics may contribute to a better understanding of biodiversity dynamics in
unique tropical forests.

2. Materials and Methods
2.1. Study Site and Data Collection

The study plots were located in tropical evergreen broadleaf forests in North Central
Vietnam (Figure 1). The climate regime of the study region is characterized as tropical
monsoon, since the average annual temperature and the average annual precipitation
are 23.5 ◦C and 3000 mm, respectively. In general, almost 60% to 70% of the annual
precipitation falls in autumn (from October to November), while the dry season happens
in spring and summer (from March to August).
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Figure 1. Maps of Vietnam, study region and plots.

The study plots of 100 × 200 m (Figure 2), P1 (17◦20′11” N, 106◦26′30” E) and P2
(17◦20′15” N, 106◦26′24” E) recorded by Garmin 60 s GPS (Global Positioning System)
using WGS-84 datum at the center of the plots, were designed and subdivided into two
grid systems of 200 (10 × 10 m) subplots for measuring tree individuals and topographic
data. Slope of the plots ranges from 5 to 45 degrees with an elevation ranging from 119 to
184 m above sea level [26]. Tree individuals with dbh (diameter at breast height) ≥ 2.5 cm
were stem-mapped within the plots and their biophysical characteristics (i.e., species type
and dbh) were recorded. Canopy cover was recorded at the center of every subplot by
taking hemispherical photographs of subplot canopy and assessed by the Gap light analysis
mobile application [27]. The topographic variables (i.e., slope and aspect) and relative tree
positions (x, y) were recorded in each subplot using a laser distance meter (Leica Disto D2)
and compass. Elevation was firstly recorded by Garmin 60 s GPS at the lower left corner
of the plot and then calculated by inclinometer for other corners within each subplot and
registered as the mean of the elevation. This forest area was certified for sustainable forest
management in 2011, so it has been well-protected for decades.

2.2. Data Analysis
2.2.1. Community Properties

Commonly used taxonomic diversity indices including species richness, Shannon,
Pielou evenness, and Simpson indices of entropy were calculated within each subplot [28]
as follows:

Species richness (S) is number of observed species.
Shannon index (H) =−∑pi lnpi, where pi = ni/N, i = 1 to S, ni is number of individuals

of species I, N is total number of individuals.
Pielou index (J) = H/logS.
Simpson index (1−D) = 1 − ∑pi

2.
Species richness is defined as the actual number of species present in each subplot;

however, the Simpson index is related to the abundance of species. The Shannon index,
describing the disorder and uncertainty of individual species, is particularly sensitive to
the number of rare species within the study area, while the Simpson index [29] reflects the
number of abundant species [30]. The diversity indices were calculated for each subplot by
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PAST ver. 3.25 software (Paleontological Statistics, https://folk.uio.no/ohammer/past/,
accessed on 1 December 2020). Additionally, the AGB (above-ground biomass) of all
species individuals was assessed by the allometric equation obtained by Chave et al. [31]
for evergreen broadleaf forests: AGB = 0.12843 × D2.409076, where D is dbh (cm).
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Figure 2. Contour maps of tree density and elevation in the two 2-ha plots P1 (a) and P2 (b). Colors indicate tree density of
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Differences between the two plots (sites) in structural traits (species richness, abun-
dance, Simpson index, Shannon index, Evenness, Canopy cover, Basal area, AGB) and in
topographical parameters (slope, altitude, and aspect) were tested by one-way analysis
of variance (ANOVA) considering plots as factors (categorical variable). If the ANOVA
provides us with a significant site effect (F-test, p < 0.05), the differences in structural traits
between both plots are examined by the Scheffe post hoc test. Prior to the ANOVA, the
Kolmogorov–Smirnov and Levene’s tests were performed to assess normality of residuals
and homoscedasticity of variance, respectively. If the data did not comply with the require-
ments of parametric tests (i.e., heteroscedasticity of variance, p < 0.05 in Levene’s test), the
differences of the plots were examined by the non-parametric Mann–Whitney U test.

2.2.2. Topographical Effects on Community Properties

The difference in biotic characteristics between the plots under heterogeneous topo-
graphic environment was examined, including number of species individuals, abundance,
basal area, and AGB, and species diversity indices (i.e., Simpson, Shannon, and Even-
ness) and topographic variables (i.e., elevation, slope, and aspect) by non-metric multi-
dimensional scaling (NMDS), using abundance-based Bray-Curtis dissimilarity matrices
(adjustment no-share = 0.1; number of permutations = 999). The R software ver. 3.5.1 [32]
and the package vegan ver. 2.4–5 [33] were used. To get insights into topographical–

https://folk.uio.no/ohammer/past/
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community pattern relations, we fitted topographical factors onto NMDS ordinations using
the envfit function in the vegan package, and goodness of fit and p-value were permuted
999 times. In addition, species richness, Shannon, Simpson, and Evenness indices were
fitted to NMDS ordinations to test whether these individual variables were associated with
community patterns.

2.2.3. Overall Species–Species Associations

The interspecific interactions of species within two study plots were compared by
the classification scheme proposed by Wiegand et al. [14]. The classification scheme may
provide valuable information about species coexistence in species-rich communities. We
employed this approach to explore the effects of environmental heterogeneity on biotic
interactions of the same species within two study plots as the scheme can be used to
study first-order effects due to habitat heterogeneity on species associations. Interspecific
associations were classified into four schemes based on the bivariate forms of K-function,
K12(r), and the nearest neighbor distribution function, D12(r) [4,20]. The K-function, K12(r),
is the bivariate Ripley’s function [34]. The D12(r) is the cumulative nearest neighbor distri-
bution function that exhibits the probability that an individual of species 2 is located within
distance r of an individual of species 1. We used a null model in which the spatial location
of individuals of focal species were remained unchanged while individuals of species 2
were arranged randomly and independently from the spatial locations of individuals of
species 1 [35]. The expectations of the summary statistics, i.e., K12(r) and D12(r), under the
null model result in:

K12(r) = πr2 and D12(r) = (1 − exp(−λ2πr2))

Therefore, the classification scheme with the two axes P̂(r) and M̂(r) were defined as:

P̂(r) = D̂12(r)−
(

1− exp
(
−λ2πr2

))
; M̂(r) = ln

(
K̂12(r)

)
− ln

(
πr2

)
The two-dimensional scheme allows identifying four fundamental types of bivariate

associations, as explained in Table 1.

Table 1. The types of association identified by the classification scheme.

Type of Association Function

Segregation (i.e., less individuals of species 2
on average around species 1 than expected
by chance)

M̂(r) < 0 and P̂(r) < 0

Partial overlap (i.e., frequent individuals of
species 2 around some individuals of species 1,
despite others)

M̂(r) > 0 and P̂(r) < 0

Mixing (i.e., frequent individuals of species 2
around individuals of species 1) M̂(r) > 0 and P̂(r) > 0

Type IV (i.e., overlapping of individuals of
species 2 on dense cluster of individuals of
species 1 and 2)

M̂(r)< 0 and P̂(r) >0

Species pairs showing non-significant effects for a spatial distance r in the summary
statistics are classified as ‘no association’ and will appear close to the center of the scheme.

To stabilize the variance, a transformation of K12(r), L12(r) = (K12(r)/π)0.5 was used
instead of K12(r).

The two summary statistics were generated from 199 simulations by using Programita
software (http://programita.org/ accessed on 1 December 2020) with a distance bin of
1 m. The goodness-of-fit test was conducted to evaluate a significant departure of the
empirical summary statistics from the null model, at an error rate of 5%. Because of using

http://programita.org/
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two summary statistics, Kij(r) and Dij(r), at the same time, the rank larger than 195 was
considered to be significant.

3. Results

In total, 3732 and 3698 tree individuals of 61 and 52 species were recorded in P1 and
P2, respectively. Both plots shared 47 identical species, and the most abundant species were
Ormosia balansae (Fabaceae), Garuga pierrei and Bursera tonkinensis (Burseraceae), Tarrietia
javanica (Malvaceae), Paviesia annamensis (Sapindaceae), and Litsea glutinosa (Lauraceae)
(Appendix A).

3.1. Community Properties

The null hypothesis of homoscedasticity of variances was rejected for Species richness,
Abundance, Total basal area, Canopy cover, Elevation, Aspect, and AGB (p < 0.05, Levene
test, Table 2), and therefore the effect of site/plot on these parameters was tested by
applying of non-parametric U test. The structural traits Abundance and Canopy cover were
found to be higher in P1 compared to P2, whereas Total basal area, AGB, and Elevation
showed the opposite (Table 2). Species richness and Aspect did not vary significantly
between plots. In the case of the other tested parameters (Simpson, Shannon, Evenness, and
Slope), the null hypothesis of homoscedasticity of variances was accepted and consequently,
we were allowed to apply the Scheffe post hoc test. For all three diversity indices (Simpson,
Shannon, and Evenness), but also for slope, the mean values of P2 were significantly higher
than those of P1 (p < 0.05, Scheffe test, Table 2).

Table 2. Basic description of the two study plots.

Characteristics
(Mean ± SD) P1 P2

p-Value for the Test

Levene’s Post Hoc Scheffe Mann–Whitney

Elevation (m) 134.30 ± 6.32 a 160.67 ± 11.09 b <0.001 <0.001
Slope (◦) 20.22 ± 6.61 a 26.6 ± 7.54 b 0.203 <0.001

Aspect (◦) 87.51 ± 55.46 a 91.08 ± 47.96 a <0.001 0.413
Species richness 11.39 ± 2.38 a 11.48 ± 2.68 a 0.013 0.533

Abundance 19.67 ± 5.19 a 18.69 ± 6.35 b 0.018 0.025
Canopy cover (%) 83.38 ± 4.52 a 81.01 ± 7.37 b <0.001 <0.001

Shannon index 2.22 ± 0.36 a 2.29 ± 0.29 b 0.605 0.035
Simpson index 0.87 ± 0.04 a 0.88 ± 0.03 b 0.258 0.024
Evenness index 0.85 ± 0.07 a 0.88 ± 0.06 b 0.391 0.002

Total basal area (m2) 0.24 ± 0.15 a 0.32 ± 0.18 b <0.001 <0.001
AGB (Mg) 1559.27 ± 1406.18 a 2152.42 ± 1545.60 b 0.005 <0.001

Values for a parameter marked by different letters differ significantly (p < 0.05). SD- standard deviation

3.2. Effects of Topography on Community Properties

The NMDS ordination (Figure 3) showed that community compositions in the two
study plots were significantly influenced by topographical variables (details in Appendix B).
In P1 (Figure 3a), the NMDS plot indicated three topographical variables, including slope
(R2 = 0.05, p = 0.006), elevation (R2 = 0.06, p = 0.004), and aspect (R2 = 0.03, p = 0.04),
significantly affecting community composition. The two topographical variables, elevation
and slope, appeared to be positively associated with Abundance (R2 = 0.20, p = 0.001) and
Shannon index (R2 = 0.12, p = 0.001), while Aspect was positively associated with Evenness
(R2 = 0.27, p = 0.001). Other properties including AGB, Basal area, and Canopy cover were
not significantly associated with any topographical variable (p > 0.05).
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Interestingly, in P2 (Figure 3b), Slope (R2 = 0.11, p = 0.001) showed a strong correlation
with Evenness (R2 = 0.07, p = 0.001). Although Aspect (R2 = 0.0007, p = 0.93) significantly af-
fected Community composition, this topographical variable did not show any relationship
with the examined community properties. Similarly to P1, AGB, Basal area, and Canopy
cover did not have any links with topographical variables.

3.3. Overall Species–Species Associations

In total, 420 species pairs of 20 most abundant species with more than 50 individuals
in P1 and P2 (Appendix A) were analyzed. The associations of the same heterospecific
pairs were influenced by environmental heterogeneity. For example, Tarrietia javanica
and Mallotus paniculatus showed spatial segregation in P1 (Figure 4c), which means that
individuals of M. paniculatus occurred consistently less around individuals of T. javanica
at spatial scales of 0–10 m, however, these two species showed partial overlap in P2
(Figure 4f). Individuals of M. paniculatus occurred more often within neighborhoods (up
to 10 m distance) of T. javanica, while a notable proportion of T. javanica on average has
less individuals of M. paniculatus as their neighbors. Additionally, T. javanica and Bursera
tonkinensis were spatially mixed in P1 (Figure 4e). Individuals of B. tonkinensis were
observed around individuals of T. javanica more than expected, at a 0–10 m distance, while
they were independently distributed in P2 (Figure 4h), which means that the individuals
of the species were not spatially associated.

The overall interspecific interactions of tree species up to scales of 50 m showed that
independence patterns were the most dominant association type of tree species and were
similar in both study plots, >50% in P1 and 49% in P2, of species pairs (Figure 5). Significant
patterns increased with increasing distances up to 10 m, then declined and disappeared
at distances larger than 30 m in P1 and 40 m in P2 (Figure 5). Partial overlapping and
segregation were the dominant association types in P1, while they were shuffled in P2. In
addition, we observed less spatial mixing of tree species in P1 compared to P2, although
clustering of species (type IV) was not significantly different in both plots.
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paniculatus in P1 changed to partial overlapping in P2. (g) Partial overlapping: T. javanica vs. P. annamensis in P1 turned to
independence in P2. (h) Independence: T. javanica vs. B. tonkinensis in P2 that were mixed in P1. In panels (c–h), black dots
are the focal species (=i, i.e., T. javanica) and red dots are secondary species (=j).
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Figure 5. The overall interspecific associations of 20 species and their spatial scale-dependences in P1 (a) and P2 (b).

The results showed that species segregations were higher in proportion and peaked
at 10 m, with 119 species pairs (28%) in P1 compared to 65 species pairs (15%) in P2.
Partial overlap of species association increased, and the highest proportion was observed at
neighborhoods of 13 m with 82 pairs (19%), then decreased. Partial overlap in P2 (127 pairs,
30%) was at higher proportion and lasted to larger spatial scales, up to 40 m compared to
30 m in P1. Species mixing was found at a lower proportion of 0.14 in P1 (61 pairs, 14%)
and decreased to low proportions at spatial scales of 30 m, while it peaked at a proportion
of 0.18 (75 pairs, 17%) and remained stable up to large scales of 50 m in P2. No associations
(type IV) were dominant at very low proportions up to large scales of 50 m in both study
plots (Figure 5). In general, environmental heterogeneity in P2 could increase extreme
cases of partial overlap, decrease segregation, and retain the spatial patterns at larger scales
compared to that in P1.

4. Discussion

Our results showed significant effects of topographic heterogeneity on community
composition and species associations. Species diversity and community structure strongly
correlated with the topographic variables, i.e., Elevation, Slope, and Aspect. Interspecific
associations such as spatial segregation, partial overlap, and mixing were dominant inter-
action types at small spatial scales up to 30 m, while the effects of habitat heterogeneity
occurred at larger scales.

4.1. Topographical Effects on Community Properties

The association of plant species and their habitats have long been investigated by
correlating indices of local properties and habitat variables [6,17,36,37]. Species–habitat
associations at large scales caused by biophysical gradients have been observed in tropical
forests such as altitudinal zones [38], meso-scales of 1–50 ha [6,36], and landscape scales [39],
while investigations at small scales have recently been receiving attention [40,41]. Our
analyses using 10 × 10 m quadrats for measures of topographic variables and individual
tree locations show that microhabitat differentiation and microhabitat–species association
also exist at this fine scale.

A better understanding of the relationship between spatial changes in environmental
conditions and the underlying physiological processes may be explored by comparison of
demographic rates according to habitat characteristics [42]. However, the degree to which
variation in species spatial distribution is explained by topographic variation is negligible.
For example, Guo et al. [41] found 16.7% of the total variance in species abundance
combining with seven topographical variables including elevation, slope, convexity, slope,
rock-bareness rate, topographical wetness index, and altitude above channel at a spatial
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scale of 10 × 10 m in a 15 ha study area in tropical karst seasonal rainforests, China. The
authors emphasized the overall strong evidence of topography on spatial species patterns
and a negligible effect of spatially independent habitat. In another 20 ha study area within
tropical rainforests in Xishuangbanna, China, Lan et al. [43] also found strong evidence for
the effects of topographic variables on species distribution; however, topographic variables
explained a small proportion of the observed variation. Moreover, Liu et al. [44] explored
significant changes of species composition and mixture along the topographical gradient
within the similar forests.

4.2. Overall Species–Species Associations

The most significant interactions between tree species occurred in their neighborhood
spatial scales, as spacing between heterospecifics was closely related to coexistence mech-
anisms [22,23,45]. In our study, approximately 50% of species pairs showed significant
interactions: the percentage of species pairs having significant interactions increased with
increasing spatial scales up to 10–15 m, then declined and disappeared at larger scales
of 30–40 m. Segregation and partial overlap were the dominant association types and
decreased with increasing distances up to 30–50 m in our study plots.

In a 25 ha study area in tropical dipterocarp forests of Sri Lanka, Wiegand et al. [14]
found that a significant neighborhood of plant interactions occurred within small spatial
scales (i.e., 2–4 m) and disappeared within scales of 15–20 m from the focal plant individuals.
Moreover, among interspecific associations of 46 species, approximately 50.2% showed
segregation, 5.4% mixing, and 34% partial overlap. Wang et al. [46] analyzed 15 common
species associations in a 25 ha temperate forest of Changbaishan, China, and found 54.8% of
segregation in small scales up to 15 m, 20% of partial overlap, and 6.2% of mixing. Positive
associations were rare in local neighborhoods and only 8% of species pairs co-occurred
at large spatial scales. In addition, Velázquez et al. [47] explored that almost 50% of the
64 species pairs showed no significant associations and strong positive spatial patterns
occurred in spatial scales of 5 and 30 m and negative patterns in a 5 m neighborhood
within a 50 ha study plot in tropical forests at Barro Colorado Island. These studies lend
support for the significant effects of environmental heterogeneity on species interaction
and suggest that the tendency of species segregation may be a supplementary effect of
processes promoting species coexistence [14], evidences of competitive interaction among
species [46,48], or topographic habitat preference-related species associations at small and
large scales [47]. Wiegand et al. [4] examined the independence of tree species associations
from three large study plots in tropical forests with high biodiversity at Barro Colorado
Island (Panama), tropical dipterocarp forests at Sinharaja (Sri Lanka), and temperate forests
at Changbaishan (China). The authors found no significant heterospecific association that
was increased with species richness; however, segregation and small-scale interaction of
heterospecifics were decreased with species richness. They suggested that independence
may be the dominant association type in communities with high biodiversity. Our findings
are in line with those mentioned above as well as other studies (e.g., Nguyen et al. [26],
Zhou et al. [48]) using the approach of classification scheme for association patterns of
tree species.

In this study, we found that partial overlapping and segregation dominate the entire
species association at small spatial scales. The spatial segregation is hypothesized as a
mechanism that reduces the possibility of encounters shaping highly diverse communi-
ties and facilitates species coexistence [49], which is maintained by the balanced extent
of intra- and inter-specific competitions [22,23]. If aggregated patterns of conspecifics
cause segregation of other species from clusters, it can be inferred that the intraspecific
competition is more important than the interspecific competition, resulting in enhancement
of species coexistence [4,49]. Moreover, the species herd protection hypothesizes that
interspecific neighborhood can promote co-existence of species by biological mechanisms
such as preventing biotic plant pests to be transmitted, therefore increasing positive inter-
actions between species [7,50]. Spatial segregation may also be a result of environmental
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heterogeneity in which a negative association of species individuals can be observed if
the two species show dissimilarity in habitat preferences [4]. Zhou et al. [48] argued that
interspecific spatial patterns generate spatial segregation and partial overlap under habitat
heterogeneity, in addition, frequently negative associations might be a result of resource
competition. Our results suggest that aggregation of conspecifics may not be strong enough
to shape local dominance and provide evidence of the reduction of species richness ac-
cording to aggregation of conspecifics and segregation of heterospecifics that comply with
previous studies in species-rich communities [4,23,45,51].

5. Conclusions

Our analyses revealed that environmental heterogeneity remained the important
driver in maintaining species associations in species-rich forest communities. Spatial
segregation, partial overlap, and mixing were displayed at different frequencies and spatial
scales smaller than 30 m of species associations. Here, topographical variables such
as Elevation, Slope, and Aspect were the main drivers of habitat heterogeneity. These
findings remain for future research to explore the above- and below-ground factors to aid
understanding of the underlying processes which structure species patterns, particularly
for purposes of sustainable forest management with appropriate silvicultural interventions.
Based on our results, we can identify topographically heterogeneous parts of tropical
forest stands and concentrate management activities (e.g., thinning) to these areas to
prevent species’ natural removal, facilitate natural regeneration of focal species, maintain
species composition, and/or increase diversity. Though widely applied in forest ecology
studies, the approach of spatial point pattern analysis is often costly and time-consuming
because of a prerequisite for the stem-mapped data, especially in large plots. However,
the applied approach used in this study may be an important scientific tool for decision-
makers involved in forest management planning in a sustainable way, even in the case of
heterogeneous, tropical, species-rich forests.
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Appendix A

Table A1. Characteristics of Most Abundant Species in P1 and P2.

No Tree Species
P1 P2

Shade Tolerance
N DBH (cm) IVI (%) N DBH (cm) IVI (%)

1 Garuga pierrei 282 10.08 ± 10.89 8.98 232 11.30 ± 13.26 7.72 Tolerant
2 Tarrietia javanica 383 5.62 ± 6.39 7.28 330 4.52 ± 3.58 5.14 Intolerant
3 Ormosia balansae 138 17.05 ± 12.97 7.26 187 14.75 ± 10.81 6.60 Intolerant
4 Bursera tonkinensis 384 6.15 ± 4.16 6.72 253 6.67 ± 4.12 4.41 Medium
5 Paviesia annamensis 240 9.18 ± 7.64 6.02 239 6.94 ± 4.86 4.32 Intolerant
6 Litsea glutinosa 229 8.06 ± 6.21 4.96 264 8.26 ± 6.70 5.49 Intolerant
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Table A1. Cont.

No Tree Species
P1 P2

Shade Tolerance
N DBH (cm) IVI (%) N DBH (cm) IVI (%)

7 Castanopsis indica 168 10.21 ± 8.27 4.65 - - Intolerant
8 Polyalthia nemoralis 303 5.02 ± 1.77 4.58 244 5.53 ± 1.88 3.78 Intolerant
9 Syzygium wightianum 179 9.36 ± 7.04 4.40 81 11.56 ± 8.17 1.54 Intolerant

10 Erythrophfloeum fordii 63 18.52 ± 15.35 3.96 - - - Medium
11 Mallotus kurzii 265 4.01 ± 0.98 3.76 114 3.71 ± 0.73 1.63 Intolerant
12 Amoora dasyclada 148 7.99 ± 6.73 3.28 96 8.89 ± 6.93 2.08 Medium
13 Cinnamomun bejolghota 100 10.71 ± 9.25 3.00 267 13.01 ± 10.59 8.51 Intolerant
14 Gironniera Subaequalis 92 9.71 ± 6.65 2.27 137 11.19 ± 9.28 3.73 Medium
15 Endosperrmun sinensis 54 11.77 ± 13.18 2.14 83 21.67 ± 13.33 4.63 Intolerant
16 Garcinia oblongifolia 121 6.23 ± 4.08 2.11 67 6.22 ± 3.48 1.11 Tolerant
17 Canarium album - - - 155 11.03 ± 6.04 3.68 Intolerant
18 Koilodepas hainanense 104 5.83 ± 2.61 1.68 80 8.41 ± 4.52 1.54 Tolerant
19 Cassine glauca 74 8.41 ± 5.51 1.59 89 8.69 ± 7.66 1.97 Tolerant
20 Litsea vang 71 6.54 ± 3.30 1.27 76 8.72 ± 4.67 1.5 Intolerant
21 Symplocos laurina 55 9.31 ± 5.61 1.25 145 11.81 ± 6.86 3.71 Intolerant
22 Engelhardtia roxburghiana - - 63 28.78 ± 11.91 4.84 Tolerant

N—Number of individuals, IVI—Important Value Index, (relative abundance + relative basal area)/2, expressed as percentage proportion.
DBH—Diameter at Breast Height (mean ± standard deviation).

Appendix B

Table A2. NMDS Ordination of the Compositional Structures with Topography in P1 and P2.

Properties
Plot P1 Plot P2

NMDS1 NMDS2 r2 Pr (>r) NMDS1 NMDS2 r2 Pr (>r)

Richness −0.84966 −0.52733 0.0412 0.016 −0.95625 −0.29256 0.0775 0.001

Abundance 0.08552 −0.99634 0.2051 0.001 −0.82451 −0.56584 0.1677 0.001

Canopy cover −0.57273 −0.81974 0.0292 0.051 −0.8942 −0.44766 0.017 0.171

Basal area 0.01327 −0.99991 0.0204 0.159 −0.33053 0.9438 0.0047 0.678

Simpson −0.95727 0.28919 0.1998 0.001 −0.82216 −0.56926 0.0379 0.025

Shannon −0.97059 −0.24074 0.1194 0.001 −0.76235 −0.64716 0.0444 0.009

Evenness −0.65468 0.7559 0.2773 0.001 0.80735 0.59007 0.0731 0.001

AGB −0.76702 −0.64163 0.0121 0.315 0.21548 0.97651 0.0085 0.457

Elevation −0.25379 −0.96726 0.0634 0.004 0.96418 −0.26524 0.2172 0.001

Slope −0.81517 −0.57922 0.0572 0.006 0.80928 0.58743 0.1188 0.001

Aspect −0.24281 0.97007 0.033 0.04 −0.10431 0.99454 0.0007 0.927

NMDS1 and NMDS2: Non-metric multidimensional scaling axes, r: proportion, Pr: significance.
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