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Abstract: Studying community assembly has always been a central issue in ecological research and
is necessary for understanding mechanisms of species coexistence and biodiversity. Environmental
heterogeneity is a driver of biodiversity, but much remains to be learned about how evolutionary
processes are affected by environmental factors. We aimed to clarify the evolutionary processes
in different vegetation communities in the Huangshan Scenic Area, Anhui Province, China. We
constructed a phylogenetic tree of these communities based on a constraint tree and three DNA
barcode regions. Community I was characterized by a weakly overdispersed phylogenetic structure
for all three plant groups. The structure of Community II showed clustered for total plants and
shrubs, overdispersed for trees. However, the phylogenetic structure was clustered for total plants,
overdispersed for trees and shrubs in Community III. The main drivers of these patterns were spatial
and climatic factors. Phylogenetic α-diversity had a significant positive relationship with species
richness. The values of phylogenetic β-diversity reached their maximum at intermediate elevations
among three vegetation communities for total plants. The main factors that affected diversity patterns
were spatial variables, not climatic factors, indicating that environmental heterogeneity determined
the mechanisms of biodiversity and species coexistence in the community. Our results showed that
deterministic processes may control community assembly in three different vegetation regions.

Keywords: DNA barcode; community assembly; phylogenetic signal; environmental factors;
forest vegetation

1. Introduction

Mechanisms of species coexistence and biodiversity maintenance have been core topics
in community ecology research for several decades. Some researchers believe that species
are evolutionarily independent and ecologically equivalent; however, evolutionary history
is often ignored [1,2]. Recently, with advances in genetic information and computing, evolu-
tionary history is being combined with phylogenetics to better understand the community
assembly rules that underlie elevation-driven patterns [3]. Phylogeny based on community
ecology helps us to understand the mechanism of community assembly. The phylogenetic
structure of ecological communities can reveal the relative importance of different ecologi-
cal processes. Niche theory and neutral theory are two scientific models for investigating
species coexistence from different perspectives. The niche theory based on the deterministic
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process emphasizes the important roles of niche differentiation and environmental filtering
in structuring community species assemblages [4]. If niche differentiation is conserved,
then environmental filters (such as stressful habitats and climatic factors) should lead to
phylogenetic clustering of plants with similar ecological traits [5]. If competitive exclusion
arises from competition among species, then the phylogenetic assembly of a community
will be overdivergent [6]. In contrast to niche theory, Hubbell’s neutral theory is based
on a stochastic process; it holds that equal niches exist among different species, and the
number of coexisting species is constrained by random processes and spatial distance [7,8].
Researchers have found that evergreen broad-leaved forests show phylogenetically random
structures [9]. In fact, recent studies have found that community structure is determined
by the interaction between random drift and niche differentiation and have discussed the
relative importance of stochastic and deterministic effects on community assembly [10].

Many researchers have used a phylogenetic approach to investigate the predominant
processes that underlie community structure [6,8,9,11]. Community phylogenetic structure
is mainly reflected in two aspects: one is that measure the relatedness of species occurring
together in a community or sample, and the other is that measure the concordance of
phylogenetic and ecological dissimilarities among species [3]. A number of studies have
suggested that phylogenetic structure changes significantly with elevation [12,13]. Biodi-
versity varies greatly among different regions. Some studies have considered a connection
between α- and β-diversity at the level of phylogenetic structure [14,15]. Non-random pat-
terns of phylogenetic diversity may influence the spatial transformation of phylogeny and
provide additional information for explaining mechanisms of community assembly [16].
Measures of phylogenetic diversity can take Faith’s PD, which is the sum of lengths of
branches spanning that subset on the tree [17], and distance among species into account,
and provide a means of quantifying the phylogenetic community structure in space.

It is also important to compare different species types when evaluating community
assembly patterns. For example, trees and shrubs may exhibit different phylogenetic
structures due to differences in life history characteristics or resource absorption mecha-
nisms [18]. Of course, understanding factors that drive phylogenetic community structure
remains a major issue in ecology. Numerous studies have shown positive correlations
between the spatial distribution of biodiversity and driving factors such as climate and
topography [19,20]. For instance, mean winter temperature was the major factor that lim-
ited the phylogenetic distribution of shrubs in the Mongolian Plateau [8], and phylogenetic
structure was related to precipitation in northwestern South America [21]. Lower precipita-
tion may have caused the coexistence of closely related species. HyunghoKim [22] found
that topographic factors were the main factors controlling community diversity patterns.
However, the influence of spatial and topographic factors on phylogenetic diversity has
received much less attention.

In many regions, mountains exhibit ecological and biogeographic patterns and possess
many conservation resources. However, some studies have shown that 85.7% of the
world’s mountainous areas are affected by human activities, and biodiversity is facing
increasing human disturbance and threats [23]. At present, mountain forests remain the
least studied forest ecosystems [24]. Therefore, evaluating the phylogenetic diversity
of a community is crucial for maintaining ecosystem functions. The elevational is an
important environmental factor in the formation of mountain forests and dictates present-
day distributional patterns because it affects temperature and precipitation, as well as other
aspects of the ecosystem [25]. Although an increasing number of studies have focused on
large-scale elevational phylogenetic structures and patterns in ecology and biogeography,
fewer have addressed phylogenetic structures and patterns on smaller space scales [26].
Biodiversity patterns may vary with different vegetation types in small space and scale, and
it is clearly important to explore such small-scale patterns [27]. The Huangshan Mountains
in China are not only a priority core area of China’s biodiversity conservation but also one
of the world’s cultural and natural heritage sites [28]. However, to date, few studies have
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addressed the distribution pattern and phylogenetic community structure of plants in this
area.

Large forest dynamic monitoring plots are important platforms for biodiversity and
community studies. Harvard University and Duke University in the United States have
carried out long-term studies of forest dynamics to carry out scientific research in the
macroscopic field: plant functional shapes and species coexistence mechanisms, the rela-
tionship between plant spatial distribution patterns and habitat, forest ecosystem services
and restoration, and so forth [29,30]. At present, plant DNA barcoding requires such a
platform to study community assembly, and such a monitoring network provides a better
platform for data collection [31]. Here, we collected information from 176 species in three
permanent plots established at Mt. Huangshan in order to investigate small-scale space
patterns. We evaluated the relationships among phylogenetic structure, diversity, and
environmental variables associated, which have been strongly correlated with community
assembly in previous studies [32,33]. The study was designed to answer the following
scientific questions:

1. Did the phylogenetic structure of three community assembly differ between tree and
shrub plants, and how did phylogenetic diversity change in three vegetation regions?

2. How did environmental variables (space, topography, and climate) influence and
contribute to community diversity and community structure?

3. Did the phylogenetic diversity of the three plant groups deviate faster or slower than
predicted by the null model?

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

The study area is located in the Huangshan Scenic Area (referred to as Mt. Huangshan
in this article), Anhui Province, China (118◦11′ E, 30◦10′ N). The annual mean temperature
and precipitation in this area are 7.8 ◦C and 2394.5 mm, respectively. A rich diversity of trees
and shrubs are harbored in various unique vegetation types: evergreen broadleaf forest
dominated by Castanopsis eyrei, Eurya nitida, and Rhododendron ovatum; mixed evergreen and
deciduous broadleaf forest dominated by Quercus myrsinifolia, Lindera glauca, and Lindera
rubronervia; and mixed needleleaf and broadleaf forest dominated by Pinus taiwanensis,
Eurya nitida, and Symplocos anomala [28].

Three plots were established at Mt. Huangshan in 2014 according to international
protocols: Xiaolingjiao (here referred to as plot I and community I, 427–566 m), Guanpulou
(plot II and Community II, 729–783 m), and Yungusi (plot III and Community III, 846–899 m)
(Figure 1).Community I (10.24 hm2, 256 quadrats), Community II (1 hm2, 25 quadrats), and
Community III (1 hm2, 25 quadrats) representthree typical vegetation types: evergreen
broadleaf forest, mixed evergreen and deciduous broadleaf forest, and mixed needleleaf
and broadleaf forest, respectively. The plots were established by delimiting the boundary of
20 × 20 m large quadrats using a total station combined with a real-time dynamic control
system (real-time kinematic, RTK). To facilitate the investigation, each 20 × 20 m large
quadrat was subdivided into 16 small quadrats of 5 × 5 m. Within each 5 × 5 m quadrat,
trees and shrubs with a diameter at breast height (DBH) ≥ 1 cm were marked with metal
plates, and the plant species, DBH, height, crown diameter, under crown height, and spatial
coordinates were recorded.
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lines(846–899 m above sea level) and vegetation zone (h) of plot III. 

For delimitation of the Huangshan Mountain species pool, samples of all angio-
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cation in the field, all species were verified in the laboratory using Angiosperm Phylogeny 
Group IV [34] and Flora of China. 

2.2. Phylogenetic Tree Construction 
In the field of community ecology, most community studies lack DNA sequence data 
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DNA was extracted from silica-dried leaf materials from one to two tagged individuals of 
176 species using a plant DNA extraction kit (Beijing Tiangen Technology Company, Bei-
jing, China, DP305). The internal nuclear ITS2 gene and the plastid rbcL and matK genes 
were amplified by polymerase chain reaction (PCR) using standard forward and reverse 
primers for each species. The amplified ITS2, rbcL, and matK sequences were sequenced 
by the two-directional sequencing method at Sangon Biotech [36]. Each of the three mark-
ers was compared against the entire sequence database of NCBI using BLAST. Then, a 
multiple sequence alignment was performed in MEGA. In brief, we used the online phy-
logenetic database and toolkit Phylomatic (http://phylodiversity/net/phylomatic/, 28 May 
2021) to generate a constraint tree [37,38]. Then the DNA supermatrix and the constraint 
tree were run together using RAxML [39] on the CIPRES supercomputer cluster 
(www.phylo.org, accessed on 22 June 2021) to obtain the phylogenetic tree. 

  

Figure 1. Location and distribution of three surveyed communities, at Mt. Huangshan (b), Anhui
Province (a), East China. (c) Contour lines(427–566 m above sea level) and vegetation zone (d) of
plot I. (e) Contour lines(729–783 m above sea level) and vegetation zone (f) of plot II. (g) Contour
lines(846–899 m above sea level) and vegetation zone (h) of plot III.

For delimitation of the Huangshan Mountain species pool, samples of all angiosperms
and gymnosperm from the three plots were collected. After preliminary identification in
the field, all species were verified in the laboratory using Angiosperm Phylogeny Group
IV [34] and Flora of China.

2.2. Phylogenetic Tree Construction

In the field of community ecology, most community studies lack DNA sequence
data [35], and such phylogenetic trees are usually only resolved at the order and family lev-
els. Therefore, we conducted a phylogenetic tree with DNA sequences. A total of 176 species
representing 54 families and 110 genera were collected from three plots (Figure S1). Total
DNA was extracted from silica-dried leaf materials from one to two tagged individuals
of 176 species using a plant DNA extraction kit (Beijing Tiangen Technology Company,
Beijing, China, DP305). The internal nuclear ITS2 gene and the plastid rbcL and matK genes
were amplified by polymerase chain reaction (PCR) using standard forward and reverse
primers for each species. The amplified ITS2, rbcL, and matK sequences were sequenced by
the two-directional sequencing method at Sangon Biotech [36]. Each of the three markers
was compared against the entire sequence database of NCBI using BLAST. Then, a multiple
sequence alignment was performed in MEGA. In brief, we used the online phylogenetic
database and toolkit Phylomatic (http://phylodiversity/net/phylomatic/, accessed on
28 May 2021) to generate a constraint tree [37,38]. Then the DNA supermatrix and the
constraint tree were run together using RAxML [39] on the CIPRES supercomputer cluster
(www.phylo.org, accessed on 22 June 2021) to obtain the phylogenetic tree.

http://phylodiversity/net/phylomatic/
www.phylo.org
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2.3. Phylogenetic Community Structure

Phylogenetic structure was calculated using the net relatedness index (NRI) and
the nearest taxon index (NTI) to evaluate the differences between total plants, trees, and
shrubs. The net relatedness index (NRI) reflects the mean phylogenetic distance (MPD)
between any possible pair of species in the community; it describes the overall phylogenetic
structure of species formation in the community and is better able to detect phylogenetic
clustering [11]. The nearest taxon index (NTI) measures the mean nearest taxon distance
(MNTD) between any species and its closest relatives; it describes the pattern of community
phylogenetic relatedness index between closely related species and has more power to
detect phylogenetic overdispersion [40]. The NRI and NTI were calculated using the
following formulas:

NRI = −1× MPDsam −MPDrnd
sd (MPDrnd)

(1)

NTI = −1× MNTDsam −MNTDrnd
sd (MNTDrnd)

(2)

where MPDsam is the observed mean phylogenetic distance, and MNTDsam is the observed
mean nearest taxon distance between all possible pairs of taxa in each plot. MPDrnd and
MNTDrnd represent the mean MPD and mean MNTD of randomized assemblages, in
which species in a plot are selected randomly from the species pool 999 times to obtain
a distribution of MPD and MNTD for the random null model [16]. sd(MPDrnd) and
sd(MNTDrnd) are the standard deviations of MPDrnd and MNTDrnd. A positive NRI or
NTI means that the community is composed of closely related species and has a clustered
phylogenetic structure. By contrast, a negative NRI or NTI indicates that the species
in the community are more distantly related than expected, and the community has an
overdispersed phylogenetic structure [41,42].

2.4. Phylogenetic α- and β-Diversity

To quantify phylogenetic α-diversity, we calculated Faith’s phylogenetic diversity
(PD), which is the total length of the branches from the basal node to the tips in a subset
of a phylogenetic tree [17]. Species richness was measured as the number of species in a
quadrat. The null model analysis is an important research tool in community ecology [43].
In recent years, several methods for measuring phylogenetic β-diversity have emerged.
Here, we used the mean pairwise distance (D’pw) and the nearest neighbor distance (D’nn),
as D’ pw is more sensitive near the tips of the tree, whereas D’nn is sensitive to turnover
among nearest neighbor distances [35]. They were calculated as follows:

D′pw =
∑nk1

i=1 fimean(δik2) + ∑nk2
j=1 fjmean(δjk1)

nk1 + nk2
, (3)

D′nn =
∑nk1

i=1 fimin(δik2) + ∑nk2
j=1 fjmin(δjk1)

nk1 + nk2
, (4)

where mean(δik2) represents the average paired distance between species in community
k1 and all species in community k2; min(δik2) represents the nearest neighbor distance
between species i in community k1 and all species in community k2; mean(δjk1) represents
the mean pair distance between species j in community k2 and all species in community
k1; min(δjk1) represents the nearest neighbor distance between species j in community k2
and all species in community k1; fi is the relative abundance of species i in community
k1; and fj is the relative abundance of species j in community k1 [43,44], nk1 represents the
total number of species in community k1, nk2 represents the total number of species in
community k2.

Within an ecosystem framework, the mechanisms underlying phylogenetic diversity
can be analyzed by comparing observed data with a null model, where each species has an
equal probability of occurring within each plot. We further computed the standard effect
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sizes (S.E.S) of these measurements. Positive S.E.S values indicate that the observed PD is
higher than expected, whereas negative values indicate that it is lower.

2.5. Environmental Variables

We explored the relationship between three classes of environmental and species
diversity. First, we modeled the variation in phylogenetic structure in terms of spatial
vectors based on geographical coordinates using principal coordinates of neighbor matrices
(PCNMs). Thirty-two PCNM eigenfunction [40,45] vectors produced the latitude and
longitude of each quadrat using the function ‘PCNM’ from the R package ‘vegan’. Next,
four topographic attributes were computed in the field: elevation, aspect, slope, and
convexity [46]. Climate data, including 19 bioclimatic factors (Table S4), were downloaded
from the WorldClim global climate data set (http://www.worldclim.org, accessed on
13 August 2021) and extracted with DIVA-GIS software based on the latitude and longitude
of the study plots.

2.6. Data Analysis

All of the phylogenetic analyses were performed in R version 4.0.2. The ‘picante’
package was used to calculate phylogenetic structure indices (NRI and NTI), Faith’s phy-
logenetic diversity (PD), mean pairwise distance (D’pw and S.E.S.D’pw), and nearest
neighbor distance (D’nn and S.E.S.D’nn) [14,47].

To evaluate the relative importance of environmental factors for plant community
formation, we analyzed the relationships of phylogenetic structure with topographic fac-
tors, climatic data, and spatial variables by a forward variable selection.The variation
partitioning used the functions ‘varpart’ in a redundancy analysis (RDA) with 9999 permu-
tations. We also performed multiple regression on distance matrices (MRM) to evaluate the
relative contributions of environmental factors to patterns of phylogenetic diversity with
the ‘ecodist’ and ‘vegan’ packages in R [48].

3. Results
3.1. DNA Amplification, Sequencing, and Phylogenetic Tree Construction

More than half of the studied species were trees (69%, 40 families, 78 genera, and
122 species), and 31% (26 families, 38 genera, and 54 species) were shrubs. For the three
DNA barcoding loci, the percentages of PCR success for ITS2, rbcL, and matK were 97.72%,
97.15%, and 88.63%, respectively. Sequencing success was high for both rbcL (100%) and
ITS2 (97.09%), whereas matK (92.94%) had a lower overall success rate (Table S1). In
cases where we failed to obtain a sequence for a given species, the relevant sequence
was downloaded from GenBank; detailed information on such sequences is provided in
Table S2.

Based on the APG IV as the framework for the constraint tree, a community phylo-
genetic tree (Bar.cons) was constructed from the three DNA barcoding sequences by the
maximum likelihood (ML) method (Figure S2). Phylogenetic trees generated from the
three-sequence supermatrix data alone were called Bar.uncons. Total support (bootstrap or
ratchet) for nodes on the Bar.uncons tree was frequently strong (59.88%), but some nodes
received medium (13.77%), weak (15.57%), or different (10.78%) support values (Figure S3,
Table 1). The Bar.cons tree had a higher node support rate, and 78.23% of the strong ratchet
was resolved. By contrast, the phylogenetic tree formed by the APG IV classification had
no node support, and the terminal branches were generally multi-branched structures
(Figure S4). As a result, we selected the Bar.cons tree for analysis of the phylogenetic
structure of the Huangshan community.

http://www.worldclim.org


Forests 2022, 13, 133 7 of 16

Table 1. Statistical results of ratchet support values for all nodes of each phylogenetic tree constructed
with DNA sequence data.

Methods

Support Values (%)

Strong Ratchet
(≥85%)

Moderate Ratchet
(>75%–85%)

Weak Ratchet
(>50%–75%)

Weak Ratchet
(<50%)

APGIV - - - -
Barcode tree

without constraint 59.88(110) 13.77(23) 15.57(26) 10.78(18)

Barcode tree with
constraint 78.23(134) 4.7(10) 11.76(20) 5.29(9)

3.2. Phylogenetic Structure of Total, Tree, and Shrub Plants

When we examined differences between three vegetation communities, NRI and
NTI showed different patterns in total, tree, and shrub plants (Figure 2). For total plants,
both the NRI and NTI metrics were negative, indicating that there was no significant
overdispersion at Community I. Especially, NRI of Community II and III were positive,
indicating phylogenetic clustering for total plants. For tree plants, all of NRI and NTI
were negative, indicating phylogenetic overdispersion in three communities. For shrub
plants, the values of NRI and NTI were negative, showing phylogenetic overdispersion in
Community I and III, while NRI and NTI of Community II were positive values.
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Figure 2. Variation of the nearest taxa index (NTI) and net relatedness index (NRI) in three vegetation
communities for total plants, trees, and shrubs at Mt. Huangshan.

The phylogenetic indices (NRI and NTI) respond differently to environmental vari-
ables. These variables could explain more with NRI than NTI(AdjR2Cum) (Table 2 and
Table S3). These results showed that spatial factors had more influence on the phylogenetic
structure of the three plant groups than climatic and topographic factors. The climatic
factors with the greatest effect for shrubs were Bio1(annual mean temperature), Bio9(mean
temperature of driest quarter), whereas Bio10(mean temperature of warmest quarter) and
Bio15(precipitation seasonality) significantly affected the phylogenetic structure of total
plants. The topographic variables of elevation and aspect affected NRI. In addition, the
results of variation partitioning differed slightly from those of forward selection (Figure S5).
The spatial factors could explain the NTI of total plants in forward selection (Table S3),
whereas they could not explain variation partitioning.The pure effects of each environmen-
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tal factor were lower than those of combined factors. For example, the common explanatory
rate of the three vectors was 19% for total plants, whereas their pure effects were 2%, 1%,
and 3%. However, the combined effect of spatial and climatic factors was higher than that
of the other factors for shrub layers (38% for NRI and 29% for NTI).

Table 2. Spatial, climatic, and topographic variables, which were selected by the forward selection
procedure in the RDA, affected net relatedness index (NRI) of communities for total, trees, and
shrubs at three different communities. PCNMs(principal coordinates of neighbor matrices) represents
spatial predictors; Bio1(annual mean temperature), Bio10(mean temperature of warmest quarter),
Bio14(Precipitation of Driest Month), Bio15(precipitation seasonality); topographic factors include
elevation, aspect, slope, and convexity.

Factor Group Variables AdjR2Cum F p

Space Total PCNM1 0.21 81.56 0.001
PCNM3 0.22 6.21 0.012

PCNM30 0.24 5.25 0.024
PCNM28 0.25 4.29 0.034
PCNM16 0.26 4.24 0.038

Trees PCNM15 0.02 6.83 0.0071
PCNM29 0.03 5.39 0.0189
PCNM4 0.05 5.01 0.0261

PCNM27 0.06 4.11 0.0423
PCNM13 0.06 4.02 0.0413

Shrubs PCNM3 0.36 178.87 0.001
PCNM1 0.48 66.37 0.001
PCNM4 0.49 10.16 0.004

PCNM11 0.50 8.02 0.013
PCNM8 0.51 8.07 0.006
PCNM5 0.52 5.96 0.017

Climate Total Bio 15 0.21 78.59 0.0001
Bio 10 0.26 22.69 0.0001

Trees Bio 14 0.02 7.31 0.0077

Shrubs Bio 1 0.49 303.69 0.0001

Topography Total Elevation 0.17 63.10 0.0004
Aspect 0.20 11.19 0.0008

Trees Elevation 0.01 4.18 0.043

Shrubs Aspect 0.11 36.48 0.0004
Elevation 0.12 7.43 0.0078

3.3. Species Richness and Phylogenetic Diversity across Three Different Communities

Faith’s phylogenetic α-diversity (PD) was positively correlated with species richness
(Figure 3a,c,e), whereas PD had weak correlation coefficients with altitude for total plants
and trees (Figure 3b,d,f). As species richness increased, the measured values of PD were
lower than the expected value (S.E.S.PD), but the value of PD and the expected value
(S.E.S.PD) had little difference along species richness for tree plants, and the trend is
consistent. (Figure 3c). However, the extent of the deviation between PD and S.E.S.PD in
shrubs increased with increasing elevation (Figure 3e), indicating that these species were
more distantly related to their neighbors in the community construction mechanism.
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Figure 3. Relationships between phylogenetic α-diversity and species diversity and elevation.
(a) Faith’s phylogenetic α-diversity (PD) and phylogeneticα-diversity based on the null model
(S.E.S.PD) vs. species richness (SR) for totals; (b) PD and S.E.S.PD vs. elevation for totals; (c) PD and
S.E.S.PD vs. SR for trees; (d) PD and S.E.S.PD vs. elevation for trees; (e) PD and S.E.S.PD vs. SR for
shrubs; (f) PD and S.E.S.PD vs. elevation for shrubs.

Pairwise phylogenetic metrics D’pw exhibited that there was a peak value at Commu-
nity II for total and shrub plants (Figure 4a,e). The value of D’pw showed no statistically
significant pattern among the three communities for tree layers (Figure 4c). Phylogenetic
metrics based on D’nn showed a non-line pattern along altitude in total plants, trees, and
shrubs. Null model analysis using mean pairwise distance (S.E.S.D’pw) and nearest neigh-
bor distance (S.E.S.D’nn) showed a downward trend in the three plant groups. The negative
values of S.E.S.D’pw and S.E.S.D’nn in Figure 4b,d,f showed that observed phylogenetic
β-diversity was lower than expected for the three groups. However, at Community II, the
value of S.E.S.D’pw was positive, and that of S.E.S.D’nn was negative, meaning that the
phylogenetic β-diversity was unstable for total plants and shrubs.

D’nn was more strongly associated with environmental vectors than D’pw (Table 3).
The pure effect of climatic variables was greater than those of the two other habitat variables.
In addition, the pure explanatory rate of climatic factors was greater than 60% in the shrub
layer. Topographic factors explained only about 10% of the variation in D’pw and for
D’nn 20%. The MRM model explained up to 62% of the variation by combining spatial,
topographic, and climatic factors for total plants; it explained 31% of the variation for trees
and 62.4% for shrubs. Overall, the combined environmental factors explained a greater
proportion of the variation in phylogenetic structure than each pure effect.
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Table 3. Variation in phylogenetic β-diversity was analyzed in relation to spatial, climatic, and
topographic factors for total plants, trees, and shrubs using the multiple regression on distance matrix
(MRM) test.

Total Plants Tree Plants Shrub Plants

R2 p R2 p R2 p

D’pw Space 0.379 0.001 0.291 0.001 0.319 0.001
Topography 0.094 0.001 0.175 0.001 0.056 0.001

Climate 0.549 0.001 0.250 0.001 0.536 0.001

Space + Topography + Climate 0.629 0.001 0.311 0.001 0.624 0.001

D’nn Space 0.453 0.001 0.418 0.001 0.413 0.001
Topography 0.204 0.001 0.275 0.001 0.149 0.001

Climate 0.647 0.001 0.466 0.001 0.650 0.001

Space + Topography + Climate 0.672 0.001 0.490 0.001 0.677 0.001

4. Discussion

The present research aimed to analyze phylogenetic structure and α- and β-diversityin
the Huangshan Mountain (Anhui Province, China) in Community I (evergreen broadleaf
forest), Community II (mixed evergreen and deciduous broadleaf forest), and Community
III (mixed needleleaf and broadleaf forest) for total plants, trees, and shrubs. Here, we also
evaluated the relationship between environmental variables and the phylogenetic diversity
at a small spatial scale.

4.1. Assessment of DNA Barcodes for Community Construction

The ability to construct a well-resolved phylogenetic tree will assist with the devel-
opment of DNA barcode libraries. The Bar.uncons tree constructed from DNA barcode
sequences alone produced a better topology than that of APG IV [37]. However, in some



Forests 2022, 13, 133 11 of 16

families, such as Lauraceae, Styracaceae, Theaceae, and Hamamelidaceae, deeper topologi-
cal structures were still not well resolved. The use of the Bar.cons tree solved this problem,
increasing the high node support rate from 59.88% to 78.23% and also improving the other
three-node support rates. An equally important reason for using the three DNA barcodes
is to lessen the effect of idiosyncratic problems with the recovery of sequences for each
barcode locus. This three-barcode method not only retained the higher species resolution
of the terminal branches of the evolutionary tree but also resolved the phylogenetic rela-
tionships among families and species effectively, providing more accurate K2P distance
(kimura-2-parameter distance, the intraspecific and interspecific genetic distance of species)
for phylogenetic structure and diversity analysis [38].

4.2. Drivers of Phylogenetic Structure across Three Communities

Although most of these two indices showed negative values in three differentcom-
munities of Mt. Huangshan, the values of NRI in Community II and III were positive,
and this indicated that total plants have clustered phylogenetic structures and tend to be
phylogenetically clustered at higher elevations. The phenomenon of the inverse values of
NRI and NTI may be explained by the low diversity of gymnosperms in the regions, which
led to tree-wide phylogenetic clustering, whereas angiosperms had moderate diversity and
were evenly distributed among many nodes in the phylogenetic trees [49,50]. While, in tree
plants, the values of NRI and NTI were negative, indicating phylogenetic overdispersion.
The NRI and NTI index of Community I showed no significant overdispersion. This case
may also be caused by the combination of habitat filtering and competition exclusion. Their
ancestors may be phylogenetically different from each other, which would have led to the
nearly random phylogenetic patterns we find. The phylogenetic structure was more phylo-
genetically overdispersion at Community III, where it was mainly mixed needleleaf and
broadleaf forest by Pinus taiwanensis, and was in a certain stage of succession balance and
basically stable due to the influence of higher-elevation and climate. It is possible that some
plant species (such as Cyclobalanopsis myrsinifolia, Lindera rubronervia, Phoebe sheareri, and
Carpinus viminea) had already adapted to cold conditions and occupied higher-elevation
habitat assemblages. There would then inevitably be fierce interspecific competition for
limited resources, such that only species with different niches could remain in the commu-
nity [11]. Subsequently, the advantages of negative interactions, such as competition and
other density-dependent factors, can lead to a phylogenetic overdispersion because of the
exclusion of close relatives [51,52].

With the change of vegetation communities, the phylogenetic structure of trees and
shrubs showed different patterns. For shrub plants, there was a small peak value of NRI and
NTI in Community II and showed a clustered phylogenetic structure. Community II was
mainly mixed evergreen and deciduous broadleaf forest by Lindera rubronervia and Lindera
glauca, which occupied a larger niche width and formed a competitive pattern. Closely
related plants have similar characteristics that enable them to survive in harsh climates
with mid-elevation, which could be one of the possible reasons for phylogenetic clustering
in these regions. The filtering process of temperature or climate played a greater role in
the community structure of tree plants [1,53]. Hence, a transition from the phylogenetic
structure on Mt. Huangshan reflected the fact that community structure on small-scale
elevational gradients was dominated by deterministic processes.

We clearly demonstrated that shrub plant assembly was affected by a combination
of spatial, climatic, and topographic factors, whereas patterns of total plant and tree
assemblage were affectedmainly by spatial and topographic factors. These results are
supported by Huang [54]. Surprisingly, we found that the spatial distance was strongly
related to their phylogenetic structure. These quadrats used in our analyses are distributed
in the middle-higher altitude area where the difference of altitude is small. Thus, spatial
distance is linearly related to environmental distance in the study system, thereby making
it contribute to the phylogenetic structure. In addition, climatic factors (Bio 1, Bio 10, Bio 14,
Bio 15) were less correlated with NRI. Qian [1] also found that community structures were
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less sensitive to climate. However, the phylogenetic structure of shrub communities on the
Alexa Plateau, whichis an arid region, was affected by annual precipitation [55]. The NRI
of community structure in Qaidam Basin was independent of annual precipitation because
evaporation offset the impact of precipitation [56]. Therefore, phylogenetic clustering
may be more common in wetter habitats. Temperature was also a strong filter for the
survival of shrubs. The distribution of plants in Community II was greatly affected by
temperature, leading to a larger number of coexisting species and greater phylogenetic
clustering. Furthermore, topographic factors such as elevation and aspect played a greater
role in structuring species in the total plant and shrub layers. This contrasts with the work
of Zhou, who found that the community had climate-dominated niches [53]. Based on the
abundance of species in each quadrat, there were more plants in the low-slope quadrats
and fewer plants in the plots of the steeper quadrats, resulting in a different phylogenetic
structure for each quadrat in the whole community.

4.3. Patterns and Determinants of Phylogenetic α- and β-Diversity in Three Communities

In terms of plant diversity, species richness and Faith’s phylogenetic diversity PD
were highly correlated with each other for all plant groups, which was the same as that in
a previous study by Zhou et al. [53]. We first quantify the degree to which the observed
phylogenetic α-diversity differed from that expected given the observed α-diversity. Specif-
ically, three layers plants had lower than expected phylogenetic α-diversity (S.E.S.PD).
This pattern is consistent with previous studies of Yunlong Snow Mountain [44]. However,
the increasing difference between observed and expected PD in the shrub layer may be
related to both aboveground and belowground pressure. The phylogenetic β-diversity of
Community I was higher, which was mainly an evergreen broad-leaved forest dominated
by Castanopsis eyrei and Eurya nitida, and in which Castanopsis eyrei dominated and occu-
pied a larger space. There were more understory seedlings, and the forest was in the early
stage of secondary succession. Notably, Community II with mid-elevation hasthe highest
phylogenetic diversity and higher thanthe expected value based on the positive S.E.S.D’pw
for total and shrub plants, which might be due to more closely related species in our study.
Specifically, we should also be concerned about Community III, which had lower phylo-
genetic diversity than expected for all plants (Figure 4). In this region, some endangered
species are found to exist and need extensive protection because they are more likely to
become extinct [57].These results indicated that niche-based deterministic processes played
a more important role in tree community construction than neutral processes.

Although the present study has evaluated the role of environmental factors underlying
patterns of phylogenetic structure, additional research is needed to evaluate whether
the phylogenetic β-diversitywas related to their environmental factors. The key drivers
for these diversity patterns were climatic factors. Because of the high humidity and
precipitation in the subtropical monsoon climate zone of the Huangshan community, annual
precipitation and annual mean temperature caused changes in microhabitat conditions
such as soil moisture and light availability in the forest further increasing the spatial
structure of the community. Spatial distance resulted in differences in species dispersal
ability, which weakened interspecific competition to some extent and changed the spatial
pattern of community β-diversity [58]. Topographic factors explained the lowest amount of
phylogenetic β-diversity, perhaps due to the small size of the quadrats and the small change
in topographic factors. Many studies have shown that topography factors only explain
a small part of the variation in β-diversity [28,59]. Unmeasured spatially autocorrelated
environmental variables, such as vertical light gradients or fine-scale soil nutrient gradients,
may also influence phylogenetic diversity.

5. Conclusions

We analyzed the relationships of phylogenetic diversity and structure with three envi-
ronmental variables for total plants, trees, and shrubs on three different vegetation plots at
Mt. Huangshan and found the importance of the role of deterministic biotic interactions.
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We showed that (1) phylogenetic community structure was weak overdispersed at Commu-
nity I, clustered at Community II, overdispersed at Community III. It was regulated by the
positive effects of spatial and climatic factors across plant groups; (2) phylogenetic diversity
was the highest in Community II and was regulated by a combination of environmental
factors; (3) niche theory based on a deterministic process was dominant in driving phylo-
genetic patterns. These results provide new ideas for the niche and trait conservation of
different types of communities in Mt. Huangshan. Therefore, understanding the phyloge-
netic structure of an ecological community can help us understand the relative importance
of the different processes that make up the community.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13010133/s1, Figure S1: Total diversity of trees and shrubs from
three plots measured by species richness (176 species), family richness (54 families), and the percent-
age of species in each family. Else (11.93%) means an aggregation of plant families represented by a
single specie. The Angiospermae are classified based on APG IV (The Angiosperm Phylogeny Group,
2016), and the Gymnospermae are classified according to Flora of China; Figure S2: Community
phylogenetic tree of 176 species at Mt. Huangshan constructed using APG IV as a constraint tree
combined with a supermatrix of sequence data from three DNAbarcode loci (ITS2+ rbcL+ matK)
of the 176 species. The numbers on the nodes of the circular dendrogram represent the support
rate; Figure S3: Community phylogenetic tree of 176 species at Mt. Huangshan constructed with a
supermatrix of sequence data from three DNAbarcode loci (ITS2+ rbcL+ matK) of the 176 species. The
numbers on the nodes of the circular dendrogram represent the support rate; Figure S4: Community
phylogenetic tree was constructed based on APG IV; Figure S5. Partitioning of variationin nearest
taxa index (NTI) and net relatedness index (NRI) of different life forms; Table S1: PCR and sequencing
results for 176 species collected in three plots at Mt. Huangshan; Table S2: Sequence accession num-
bers and species information from GenBank; Table S3: Spatial, climatic and topographic variables,
which were selected by the forward selection procedure in the RDA, affected nerest taxon index
(NTI) of communities for total, trees and shrubs at three different communities. PCNMs (principal
coordinates of neighbor matrices) represents spatial predictors; Bio11 (Mean Temperature of Coldest
Quarter), Bio9 (Mean Temperature of Driest Quarter); topographic factors include elevation, aspect,
slope, and convexity. Table S4 Description of 19 bioclimatic variables.
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