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Abstract: Explaining community assembly mechanisms along elevational gradients dominated by
deterministic processes or stochastic processes is a pressing challenge. Many studies suggest that
phylogenetic and functional diversity are significant indicators of the process. In this study, we
analyzed the structure and beta diversity of phylogenetic and functional traits along an elevational
gradient and discussed the effects of environmental and spatial factors. We found that the phyloge-
netic and functional traits showed inconsistent changes, and their variations were closely related to
the abiotic environment. The results suggested that the community assembly of woody plants was
obviously affected by the combined effect of deterministic processes and the stochastic hypothesis
(primarily by the latter). Phylogenetic and functional traits had a certain relationship but changed
according to different rules. These results enhance our understanding of the assembly mechanism of
forest communities by considering both phylogenetic and functional traits.
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1. Introduction

The assembly mechanism of plant communities has always been an important topic
in ecological research [1]. Understanding what drives the variation in a community can
provide insights into the mechanisms of community assembly [2]. There are two main
hypotheses used to explain the mechanism of community assembly: the deterministic
hypothesis based on niche theory and the stochastic hypothesis based on neutral theory.
The deterministic hypothesis states that the restriction of environmental conditions and
the interaction between organisms will screen the species entering the community and
result in a stable community. The main drivers of this hypothesis are habitat filtering and
competitive exclusion [3]. In contrast, the stochastic hypothesis states that the probability
of entering a community is equal among all species; niche differences and competition do
not affect species coexistence, community assembly is a random ecological drift process
of equivalent individuals, and the main drivers are dispersion limitation and random
effect [4,5]. Both hypotheses could solve some problems; however, some existing phenom-
ena remain unexplained [6]. Therefore, it is generally believed that the two hypotheses
should be incorporated to explain the mechanism of community assembly [7,8]. Some
studies found that both hypotheses reflected different aspects of community construction,
and the more important hypothesis may depend on the current environmental condi-
tions [9]. For example, the deterministic hypothesis may play a greater role in adverse
environments [10].

Forests 2021, 12, 591. https:/ /doi.org/10.3390/£12050591

https:/ /www.mdpi.com/journal/forests


https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-8769-5436
https://doi.org/10.3390/f12050591
https://doi.org/10.3390/f12050591
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12050591
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f12050591?type=check_update&version=2

Forests 2021, 12, 591

20f16

Due to the prominent impact of temperature, both elevational gradients and latitudi-
nal gradients are important factors that affect species assembly in communities, and these
gradients could affect some temperature-related variables, such as species distribution,
diversity, phenotypes, and growing season duration [11,12]. Ecologists have found that
the change in community composition along an elevational gradient could better verify
the ecological hypothesis of community construction than the change along a latitudinal
gradient [13,14]. There have been many studies on the relationships of community phy-
logeny from the perspective of elevational gradients, which include research studies in
botany [15-17], zoology [18-20], and microbiology [21,22]. Current research has shown
that the process of community assembly is the result of a combination of deterministic
and stochastic processes [23]: the transformation mechanism of phylogeny and functional
traits is related to the elevational gradient [24] and phylogenetic clustering becomes more
obvious with increasing elevation [25]. However, the phylogenetic structure of soil bacteria
and plants presents an opposite pattern along the elevational gradient when plants and
microorganisms are compared to each other [26].

Furthermore, a major goal of trait-based ecology is to use simple measurements of
traits to create and inform predictive models of community assembly [27]. Variations in
plant functional traits along elevational gradients, whether caused by phenotypic plasticity
or genetic divergence, may influence how communities and ecosystems respond to global
change [12]. For example, to cope with abiotic gradients across elevations, plants in
disparate taxa have evolved parallel morphological and physiological traits at high and
low elevations [28]. Furthermore, as a result of the diversity of functional traits in a limited
environment, which could increase the complementarity of the niche through the effective
utilization of resources by different species [29], the relationship between functional trait
diversity and ecosystem function was closer than that of species diversity [30]. Another
study indicated that easily measured traits can provide ecologically relevant information
on the life history strategies of plants and their contributions to ecosystem functioning [31].
Plants are sensitive to climate change, and their functional traits influence their abilities to
live in specific habitats. A study showed that the change trends of different traits along an
elevation gradient were different, which revealed that trait variation occurred in response
to environmental drivers and change [32].

Recently, phylogenetic and functional trait studies have improved our understanding
of the ecological and evolutionary mechanisms of community assembly [33,34]. Phy-
logenetic diversity reflects the biogeographical history and evolutionary process of the
community, while functional diversity provides a way to infer current ecological process
information by morphological, physiological, and ecological characteristics [35]. However,
phylogeny and functional traits do not necessarily present similar information and pat-
terns [36,37], and the similarity is decided by the intensity of the phylogenetic signal of
functional traits, which in turn depends on the ecological processes of species diversity
and niche evolution [38,39]. Therefore, the joint analysis of phylogeny and functional
traits could reveal the impact of community evolution history (phylogenetic diversity)
and specific phenotypic traits (functional diversity) simultaneously on the current com-
munity ecological process [40,41]. Phylogenetic diversity and functional trait diversity
have contributed to revealing the ecological processes responsible for evolution and func-
tional assembly [42]. A study confirmed that the diversity of species functional traits at
different sites is closely related to phylogenetic variation [43]. Another study confirmed
that the phylogenetic diversity—area relationship (PDAR) and functional diversity—area
relationship (FDAR) were highly correlated with the species—area relationship (SAR),
which suggested that the species interactions were often influenced by phylogenetic and
functional similarities [44].

Woody plants are the main component of forest communities and represent most
of the biomass and productivity. As the most important link in the construction of for-
est communities in mountainous areas, studying the phylogeny and functional traits of
woody plants is advantageous for understanding the discrepancies in community assem-
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bly mechanisms along elevational gradients. To date, many studies have shown that the
deterministic process dominates community assembly along elevational gradients, and
the change patterns of phylogenetic and functional traits are also different [23,45,46]. In
this study, based on elevational gradient transect data and other scholars’ conclusions, we
propose theoretical expectations: the changes in phylogenetic and functional traits along
the elevational gradient are consistent in mountain forest communities, the changes in
abiotic environmental gradients have certain effects on the beta diversity of phylogenetic
and functional traits, and the combined effect of deterministic processes and stochastic
hypotheses guide community assembly.

To test these hypotheses, we analyzed the structure and beta diversity of phyloge-
netic and functional traits, tested the phylogenetic signals of functional traits, and dis-
cussed the interpretive ability of environmental factors to explain the phylogenetic and
functional traits.

2. Materials and Methods
2.1. Study Site

Donglingshan Mountain is an extension of the Xiaowutaishan Mountains and belongs
to the broader Taihangshan Mountains, and is located 100 km northwest of Beijing city,
China. The study area, the Beijing Forest Ecosystem Research Station of the Chinese
Academy of Sciences, is located at 40°00'—40°03' N and 115°26-115°30" E. The soil type of
the area is brown soil classified as Eutric cambisol. The area has a typical warm temperate
continental monsoon climate with an average annual precipitation of 500-650 mm. The
mean annual temperature is 5-10 °C. The elevation of most of the area is more than 1000 m
above sea level, and the elevation of the highest peak is 2303 m.

The zonal vegetation of the Donglingshan Mountain region is a highly heteroge-
neous warm temperate-zone deciduous broad-leaved forest, including mainly oaks (Quer-
cus L. spp.), mixed species (e.g., Tilia L. spp., Ulmus L. spp., Acer L. spp., Juglans mand-
shurica Maxim., and Fraxinus rhynchophylla Hance), birches (Betula L. spp.), and poplar
(Populus davidiana Dode). There are also some conifers and shrubs (e.g., Prunus L. spp. and
Vitex nequndo var. heterophylla (Franch.) Rehd.).

2.2. Data Collection

We chose the well-developed Quercus wutaishanica Blume. forest on the west slope, and
ten transects were established according to the elevational gradient. Several 10 m x 10 m
quadrats were separated along each transect, with a total of 119 quadrats (Appendix A).
The coordinates, elevation, slope exposition, and slope were recorded, and standard plant
community surveys were carried out. We investigated the species identity, diameter at
breast height (DBH), and height of all tree species, divided the quadrat into four 5m x 5m
quadrats, and investigated the species identity, quantity, height, and coverage of all shrub
species. Additionally, soil samples were collected by a 5 cm diameter earth drill, and five
sites were selected randomly from each 10 m x 10 m quadrat to collect the surface soil
(0-10 cm); these were mixed into one composite sample and used for soil physiochemical
property analysis after passing through a 2 mm diameter soil sieve and being placed
indoors to naturally air dry [47]. Soil temperature and moisture were measured by a
soil moisture tester (TDR 350, Spectrum); soil pH was measured by a pH meter (PB-10,
Sartorius); soil total carbon, organic carbon, and total nitrogen content were determined
by an element analyzer (Vario EL III, Elementar); and soil total phosphorus content was
determined by a continuous flow analyzer (SKALAR SAN++, SKALAR) [48].

Leaves of all mature woody plants were collected in August 2019. We collected
leaves from each species. At least five individuals in each 10 m x 10 m quadrat and
10-20 intact, mature, and healthy leaves were collected on the dayside near the canopy
for each individual, and the functional properties were determined after returning to the
laboratory. We selected 13 traits that reflect the characteristics of plants: leaf area (LA),
specific leaf area (SLA), leaf length (LL), leaf width (LW), leaf thickness (LT), and leaf
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dry matter content (LDMC) were selected for the chemical properties of leaves; leaf total
carbon content (LTC), leaf total nitrogen content (LTN), leaf total phosphorus content
(LTP), leaf total potassium content (LTK), the ratio of carbon to nitrogen of a leaf (L C/N),
and the ratio of nitrogen to phosphorus of a leaf (L N/P) were selected for the physical
properties of leaves; finally, the relative content of chlorophyll (RCC) was selected for
the photosynthetic capacity of a leaf (Appendix B). LL, LW, and LT were measured by a
Vernier caliper (DL 3941, Deli, Ningbo, China); LA was collected by a CanoScan LiDE 220
scanner (Canon, Tokyo, Japan) and measured by Image] 1.49v software (Wayne Rasband,
National Institutes of Health, Stapleton, NY, USA); the relative chlorophyll content was
measured by a SPAD-502plus chlorophyll meter (KONICA MINOLTA, Tokyo, Japan); leaf
fresh weight was measured by an electronic balance; leaf dry weight was also measured by
an electronic balance after drying in an oven at 80 °C for 48 h; and LTC, LTN, LTP, and LTK
were measured by a J200 LIBS laser spectral element analyzer (ASI, Sacramento, CA, USA).

2.3. Phylogenetic Tree

According to the investigation, 30 species of woody plants were recorded in 10 tran-
sects, and there were 15 tree species, such as Quercus wutaishanica Blume, Fraxinus chinensis
Roxb., and Acer mono Maxim. The shrub species included Spiraea trilobata L., Abelia biflora
Turcz., Rhododendron micranthum Turcz., and 12 other species (Appendix C). We counted
the family and genus information of all woody plants, and a phylogenetic tree of woody
plants was reconstructed by using phylomatic (V3) software based on the Zanne 2014 phy-
logenetic hypothesis (Appendix E) [49]. Quercus wutaishanica Blume and Spiraea trilobata L.
were the absolute dominant species in the tree layer and shrub layer, respectively, and the
two populations had high abundances and were present in each transect.

2.4. Data Analysis

To test the correlation between functional traits and species evolutionary history, phy-
logenetic signals of functional traits were calculated by Blomberg’s K method [50]. If the
P value was not significant, there was no phylogenetic signal. Significant values lower than
0.8 indicate a low /weak phylogenetic signal, values within 0.8-1.1 indicate the trait follows
a Brownian motion, and values > 1.1 indicate a strong phylogenetic signal. Phylogenetic
and functional trait structures were calculated by the mean phylogenetic distance between
species (MPD) and the mean nearest taxon distance (MNTD). Phylogenetic and functional
trait beta diversities were calculated by the mean pairwise distance (Dpw) and the nearest
neighbor distance (Dnn), respectively. We transformed the empirical value to a standard-
ized effect size (SES value) by subtracting the mean of the null distribution and dividing
by the standard deviation of the null distribution, and species richness was considered in
the calculation process [51,52]. The null model “richness” was used, and the analysis was
completed in R 4.0.3 [53]. Structure overdispersion occurred if the SES value > 0, clustering
occurred if the SES value < 0, the structure was completely random if the SES value =0,
and the SES value was significant when it was greater than 1.96 or less than —1.96.

Environmental factors and spatial factors were investigated as variables for redun-
dancy analysis (RDA) of the structure of phylogenetic and functional traits. Elevation, slope
exposition, slope, soil temperature, soil moisture content, soil pH, soil total carbon content,
soil total nitrogen content, soil total phosphorus content, soil organic carbon content, ratio
of soil carbon to nitrogen, and the ratio of soil nitrogen to phosphorus were chosen as
environmental factors. Six principal coordinates of neighboring matrices (PCNM) spatial
variables were generated according to the PCNM based on the longitude and latitude of
transects and used as spatial factors. Monte Carlo permutation (1 = 999) and forward
selection were used to screen the significant environmental factors and spatial factors
(p < 0.05) as explanatory variables. Then, we carried out RDA and adopted the adjusted
R? value. Variation partitioning was used to understand the explanatory ability of each
factor to the structure of phylogeny and functional traits. Multiple regressions on distance
matrices (MRM) analysis was used to test the effects of environmental factor distance and
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spatial factor distance on phylogenetic and functional trait beta diversity. MRM entails a
multiple regression of a response distance matrix on two or more environmental, spatial, or
other explanatory distance matrices, each unfolded into a distance vector. The significance
of an MRM model and its regression coefficients are tested by permuting matrices while
holding the explanatory matrices constant [54]. Phylogenetic Dpw and Dnn indices were
analyzed as response matrices, while environmental factor and spatial factor matrices
were regarded as explanatory distance matrices. Furthermore, phylogenetic Dpw and Dnn
indices were added as explanatory distance matrices when functional traits’ Dpw and Dnn
indices were analyzed. MRM analysis could test the correlation between response matrices
and explanatory distance matrices, and the Bray—Curtis distance was used as the matrix
distance index.

Data calculation was carried out in R 4.0.3 software, and the packages used included
“Plantist” [55], “Picante”, “SoDA”, “packfor”, “spacemakeR”, “PCNM”, “vegan”, and
“ecodist”. R 4.0.3, iTOL v6, SigmaPlot 10.0, and Adobe Illustrator CC 2018 software were
used to draw figures.

3. Results
3.1. Phylogenetic Signal

We analyzed the phylogenetic signal intensity of functional traits by using Blomberg’s
K index (Table 1). The results showed that LTC, LTN, LTP, and L C/N and L N/P had
significant p values, but Blomberg’s K values were lower than 0.8, which meant that they
showed weak phylogenetic signals. Meanwhile, no phylogenetic signals were detected
from other traits. Therefore, we found that the accumulation of nutrient elements in leaves
had a more obvious phylogenetic signal than other functional traits.

Table 1. Phylogenetic signal intensity of functional traits.

Traits Blomberg’s K PIC.variance.obs PIC.variance.rnd.mean p Value
LC/N 0.603 0.000 0.000 0.050 *
LN/P 0.700 0.001 0.001 0.009 **
LTC 0.703 0.000 0.000 0.012*
LTN 0.621 0.000 0.000 0.031 %
LTP 0.702 0.000 0.000 0.015*
LTK 0.553 0.000 0.000 0.078
Lw 0.496 0.002 0.002 0.181
LL 0.497 0.001 0.002 0.201
LT 0.348 0.000 0.000 0.560
RCC 0.529 0.000 0.000 0.109
LA 0.479 0.004 0.006 0.256
SLA 0.464 0.000 0.000 0.235
LDMC 0.357 0.000 0.000 0.503

Note: * p < 0.05, ** p < 0.01, others p > 0.05.

3.2. Phylogenetic and Functional Trait Structures along Elevational Gradients

We found that the phylogenetic SES.MPD showed a trend of lower elevations greater
than zero and higher elevations less than zero (Figure 1a), and this was also found for the
phylogenetic SES.MNTD (Figure 1b), but the SES values were significant at high elevations
only (<—1.96). This result suggested that the phylogenetic structure of woody plants
changed from a stochastic process to clustering with increasing elevation. However, the
trait SES.MPD showed a unimodal curve pattern that changed from less than zero to
greater than zero and then back to less than zero (Figure 1c), and the trait SES.MNTD
was significant (<—1.96) at most elevations (Figure 1d); the trend was different from that
of the phylogenetic structure. This result suggested that the functional trait structures
of woody plants were stochastic, and the trait distributions of relative species showed
obvious clustering.
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Figure 1. Phylogenetic and functional trait structure along an elevational gradient: (a) phylogenetic
SES.MPD, (b) phylogenetic SES.MNTD, (c) trait SES.MPD, and (d) trait SES.MNTD.

3.3. Phylogenetic and Functional Trait Beta Diversity along an Elevational Gradient

The phylogenetic SES.Dpw of woody plants at adjacent elevations showed a trend
of lower elevations greater than zero and higher elevations lower than zero (Figure 2a),
while the beta diversity of the functional traits showed the opposite trend (Figure 2c), and
only few SES values were significant (>1.96 or <—1.96). The phylogenetic SES.Dnn showed
that the extent of evolution was lower than the expected value of a random process and
showed random changes along the elevational gradient, and similar results were found for
the functional trait SES.Dnn (Figure 2b,d).
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Figure 2. Phylogenetic and functional trait beta diversity along an elevational gradient: (a) phyloge-
netic SES.Dpw, (b) phylogenetic SES.Dnn, (c) trait SES.Dpw, and (d) trait SES.Dnn.
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3.4. Environmental Interpretation of Phylogenetic and Functional Traits

Significant environmental factors were selected as variables through forward selection
(Appendix D). The results showed that environmental factors and spatial factors explained
5.4% and 4.5% of the variation in the phylogenetic SES.MPD, respectively. The interaction
between the environmental and spatial factors explained 35.6% of the variation, and the
unexplained part remained at 54.5% (Figure 3a). Additionally, both the single interpreta-
tion rate and the common interpretation rate were low for the phylogenetic SES.MNTD
(residual = 0.723) (Figure 3b).

Phylogenetic SES.MPD Phylogenetic SES.MNTD

Environment Environment

0.054 0.070

a Residuals = 0.545 b Residuals = 0.723

Traits SES.MPD Traits SES.MNTD

Environment Environment

0.043

0.141

0.086
Phylogeny Phylogeny

C Residuals = 0.776 d Residuals = 0.505

Figure 3. Variation partitioning of phylogenetic and functional trait structures: (a) interpretation
rate of environmental factors and spatial factors to phylogenetic SES.MPD; (b) interpretation rate
of environmental factors and spatial factors to phylogenetic SES.MNTD; (c) interpretation rate of
environmental factors, spatial factors, and phylogenetic factors to trait SES.MPD; and (d) interpre-
tation rate of environmental factors, spatial factors, and phylogenetic factors for trait SES.MNTD.
The values represent the independent and common interpretation rate of each factor; null means no
explanation and residuals represent the unexplained parts.

To explore the impact of phylogeny on functional traits, we added the phylogenetic
structure into the functional traits’ RDA as an explanatory variable. The screening method
for significant variables was the same as that described above (Appendix D). The results
showed that environmental factors explained 4.3% of the variation in the functional traits’
SES.MPD, while the spatial factors explained 11.6% of the variation alone. However, the
individual explanatory ability of phylogenetic factors was relatively low. The interaction
of the three factors explained 5.8% of the variation, and the unexplained part remained at
77.6% (Figure 3c). The functional traits’ SES.MNTD and environmental factors explained
14.1% alone, and the interpretation rates of the spatial and phylogenetic factors were similar
(9.3% and 8.6%, respectively). The interaction of the three factors explained 15.8% of the
variation, and the unexplained part remained at 50.5% (Figure 3d).

We used MRM to test the correlation between the phylogenetic and functional trait
distance matrices. The results showed that the spatial and environmental factor distances
were both extremely significantly correlated with the phylogenetic beta diversity distance,
but the spatial factor distance had a greater influence. The interaction of the two factors also
significantly affected the phylogenetic beta diversity between transects. Similarly, to test
the impact of phylogeny on functional traits, we added phylogenetic beta diversity to the
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MRM analysis of functional traits as a factor. The results suggested that the phylogenetic
beta diversity distance was extremely significantly correlated with the functional trait
beta diversity distance. The spatial factor distance had a significant correlation with the
beta diversity distance of functional traits, while the environmental factor distance had no
significant correlation. Their impact on the beta diversity of functional traits also decreased
progressively. Furthermore, the interaction of the three factors significantly affected the
beta diversity of the functional traits between transects (Table 2).

Table 2. MRM of beta diversity of phylogenetic and functional traits.

Index Factors R? P
Environment 0.0942 0.046 *
Phylogenetic Dpw Space 0.3965 0.001 ***
Interaction 0.3967 0.002 **
Environment 0.0149 0.430
Phylogenetic Dnn Space 0.3567 0.001 ***
Interaction 0.3995 0.003 **
Environment 0.0079 0.646
. o Space 0.1133 0.007 **
Functional traits” Dpw Phylogenetic 3 diversity 0.4336 0.017 *
Interaction 0.4820 0.024 *
Environment 0 0.995
F ional traits’ D Space 0.2901 0.001 **
unctional traits' Dnn - ppvj50enetic f diversity 0.7410 0.001 **
Interaction 0.7689 0.001 **

Note: * p < 0.05, ** p < 0.01, *** p < 0.005, others p > 0.05.

4. Discussion

Phylogenetics could reflect the complex adaptive strategies or some unmeasured
conservative functional traits of species, which are closely related to community assembly
mechanisms. Therefore, the method combined with the analysis of phylogenetic and func-
tional traits has become an effective research tool that can be used to evaluate the ecological
process of community assembly [36,46,56]. Furthermore, this method could complement
studies on the relationships between conventional forest stand attributes and structural
indices in order to help resolve this issue, which is of high practical importance for forest
managers [57,58]. In this study, we analyzed the phylogenetic and functional traits of
30 woody plants along an elevational gradient on Mt. Dongling. The lowest elevation we
selected represents the typical low-elevation forest vegetation in this area, while the highest
elevation is near the tree line; thus, this elevational gradient is ideal for investigating
the phylogenetic patterns and functional traits of woody plant assemblages in the study
area [5]. We tested the mechanism of community assembly by the changes in phylogenetic
and functional traits along the elevational gradient. The main results showed that the phy-
logenetic and functional traits exhibited general random component and less nonrandom
component transformation along the elevational gradient, indicating that the stochastic
hypothesis played the more important role in controlling community transformation.

The effects of elevation on phylogenetic and functional traits have been proven in
many studies. In general, the structure of phylogenetic and functional traits changed regu-
larly along the elevational gradient, including consistent and inconsistent changes [46,59].
Many studies found that competitive exclusion leads to the overdispersion of phylogenetic
(functional) structure, while environmental filtering leads to clustering [60-62]. Some stud-
ies have suggested that the relative importance of competitive exclusion in high elevational
areas is greater than that of environmental filtering [63,64], but our research showed the
opposite result. We found that the significant phylogenetic SES values (less than —1.96)
appeared in the high-elevation area; they showed that the woody plants were clustered and
indicated that the environmental filtering significantly affected the distribution of woody
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plants. The clustering of relative species at high elevations also confirmed this conclusion.
However, the traits” SES values showed considerable randomness, which suggested that the
change in elevation in this area did not cause significant differences in the functional traits
of woody species, perhaps because the change in elevation was not correlated with great
changes to the environment or because the degree of environmental change has not high
enough to cause a different response among woody species. In addition, functional traits’
SES.MNTD values were less than zero and greater than —1.96 along most of the elevational
gradient, indicating that the response of the traits of relative species to environmental
changes were similar, and the change in elevation had no obvious effect on the traits of
relative species.

The beta diversity also differed between phylogenetic and functional traits. Most
SES values of structure and beta diversity were not significant (between —1.96 and 1.96),
indicating that only a few elevations had deterministic processes, and there were many
random effects in the community assembly of this region. Although most of the SES
values were not significant (indicating the dominant role of randomness), the SES.Dpw
showed a completely opposite change trend, and the SES.Dnn showed a similar trend;
furthermore, the results were not consistent with our hypotheses. Several studies suggested
that the changes between phylogenetic and functional traits were relatively independent,
but others showed a high correlation [65,66]. A study also suggested that the beta diversity
of functional traits increases with elevation [52]. It is worth noting that the beta diversity
was significant in both some low-elevation and high-elevation regions. Combined with the
overall trend, we considered that elevation gradient had a certain impact on phylogenetic
and functional traits, which led to the opposite changes, but most of the changes did
not reach a significant degree of difference. Furthermore, the SES.Dnn showed a similar
negative curve, which indicated that the variation along the elevation gradient had few
impacts on the phylogenetic and functional traits of relative species. This is also consistent
with the results of structure analysis. One study indicated that phylogenetic diversity may
be used as a crude surrogate measure of functional diversity [67], but we concluded that
phylogenetic diversity should not be used as a surrogate of functional diversity since the
change trends in functional traits differed with phylogeny.

Stronger environmental filtering leads to phylogenetic clustering that is easier than
competition exclusion when functional traits with significant phylogenetic signals par-
ticipate in the community assembly process [63]. Another study demonstrated that the
competition pressure of species was a crucial factor driving and regulating the distribu-
tion of biomass [68]. We detected the phylogenetic signals of 13 kinds of leaf functional
traits, and the elemental contents showed some weak phylogenetic signals. The signals
of elemental contents were relatively significant, which was similar to the results of other
studies [46,67,69]. Combined with the changes in phylogenetic and functional traits along
the elevational gradient, the results also verified our study. The accumulation of nutrient
elements in plant leaves more easily showed obvious signals of phylogeny than other
functional traits, which indicated that the influences of phylogeny on the functional traits
of woody plant leaves might originate from changing the accumulation of nutrient sub-
stances. In addition, the insensitivity of functional traits to phylogenetic signals shown in
our results might be related to the selection of traits directly.

The change in species along the environmental gradient was not only due to diffusion
limitations but also due to the underlying environmental gradient that plays a pivotal role in
species replacement and community assembly [52,70,71]. Several studies have confirmed
that an important part of the abiotic environment cannot always be clearly quantified
due to strong spatial autocorrelation [15,34,72]. To verify the effect of the deterministic
process, we screened and analyzed the interpretive abilities of environmental factors to
phylogenetic and functional traits. The mountainous environment provided a natural
laboratory for exploring the relationship among environmental variables, spatial variables,
and elevational gradient diversity [73]. Our studies indicated that both environmental
and spatial variables could explain phylogenetic and functional traits to a certain extent,
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which also verified our hypothesis, but phylogeny had a low explanation rate for the
functional trait structure. One study showed that spatial and environmental variables
determined the structure of community functional traits, while phylogenetic information
had little influence [74]; the results were consistent with ours. Furthermore, we found
that the trait variation of relative species was related to environmental conditions, spatial
changes, and phylogenetic structure of species through the high explanation rate for the
SES.MNTD. In general, the variation in phylogenetic and functional trait structure was
clearly related to the abiotic environment, which also strengthened the support of our
hypothesis. Additionally, abiotic environmental filtering could not explain the community
assembly process entirely. We suggested that the phylogeny showed a lesser impact on
functional traits, and the high residuals in variation partitioning might also confirm the
existence of environmental factors and random effects that have not been considered.

It has been found that the interaction between abiotic environmental gradients domi-
nates the variation in beta diversity in phylogenetic and functional traits [24]. Different
species have their own distribution range along the elevational gradient, and spatial lo-
cation, seed diffusion, environmental conditions, and other factors limit the expansion of
species in the new environment [75,76]. Plants at different elevations will be affected by
their own genes and spatial conditions, and with changes in their surroundings, they will
experience corresponding changes in functional traits to adapt to the current habitats. The
results of MRM analysis also showed that there were close correlations among environmen-
tal variables, spatial variables, and phylogenetic and functional traits, which confirmed
our hypothesis. However, how phylogeny affects functional traits remains to be further
analyzed from the perspective of molecular biology.

5. Conclusions

In this study, we used the structure and beta diversity of phylogenetic and functional
traits to test the hypotheses of their relationship. The results suggested that the change
patterns of phylogenetic and functional traits varied due to the different main drivers of
community evolution, but strong random effects were found at most elevational gradients,
and the combined effect of deterministic processes and stochastic hypotheses (with the
primary role of stochastic processes) guided community assembly along the elevational
gradient. Additionally, the weak phylogenetic signals indicated the slight effect of phy-
logeny on the selected functional traits along the elevational gradient. The variation in
phylogenetic and functional trait structure had a certain correlation to the abiotic environ-
ment, but abiotic environment filtering could not explain the community assembly process
entirely. Elevation gradient had a certain impact on phylogenetic and functional traits, but
most of the changes did not reach a significant degree of difference. Our study emphasized
the importance of joint research on phylogenetic and functional traits when exploring the
complex mechanisms driving community assembly.
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Appendix A

Table A1l. Transect information.

Transect  Elevation Range  Transect Width  Transect Length ~ Number of Quadrats
T1 1020-1055 m 10 m 80 m 8
T2 1060-1160 m 10 m 180 m 18
T3 1170-1240 m 10 m 90 m 9
T4 1250-1320 m 10 m 130 m 13
T5 1330-1395 m 10 m 110 m 11
T6 1400-1480 m 10 m 140 m 14
T7 1490-1540 m 10 m 80 m 8
T8 1546-1600 m 10 m 100 m 10
T9 1610-1670 m 10 m 110 m 11
T10 1676-1770 m 10 m 170 m 17
Appendix B
Table A2. Selection of leaf functional traits.
Category Functional Traits Performance Unit

Leaf total carbon content

Related to the cost of leaf construction,
reflecting the growth and development

mg/g

(LTO) of plants
Leaf total nitrogen content Related to the metabol.lsm and energy
flow of leaves, reflecting the growth mg/g
(LTN)
and development of plants
Related to the metabolism and energy
Chemical properties Leaf total p}}(i;p;orus content flow of leaves, reflecting the growth mg/g
of leaf and development of plants
Leaf total potassium content Related to the metabol.lsm and energy
(LTK) flow of leaves, reflecting the growth mg/g
and development of plants
Ratio of carbon to nitrogen of leaf Reflects the utilization efficiency and }
(LC/N) restriction of plant nutrients
Ratio of nitrogen to phosphorus of leaf Reflects the utilization efficiency and )
(LN/P) restriction of plant nutrients
Leaf area (LA) Access to light resources and water om?
use capacity
i p Indicates plant’s input-output tradeoff 2
Specific leaf area (SLA) and leaf life cycle cm</g
Leaf length (LL) Access to light resour.cées and water m
Physical properties A ; l'ulrsf capacity dwat
of leaf Leaf width (LW) ccess to light resources and water om
use capacity
Leaf thickness (LT) Closely related. to defense, degradation, mm
and nutrient cycle of leaves
Represents the ability to obtain
Leaf dry matter content (LDMC) resources, affecting the mechanical mg
strength and flammability
Photosynthetic capacity of leaf Chlorophyll content (RCC) Reflects the photosynthetic capacity mg/g

of plants
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Appendix C

Table A3. The appearance of woody plants in each transect.

Species Family Transects
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Tree

Quercus wutaishanica Blume Fagaceae | | | | | | | | | |
Fraxinus chinensis Roxb. Oleaceae | | | | | | | | O O
Acer mono Maxim. Aceraceae g g | | | | | d | |
Syringa oblata Lindl. Oleaceae | | g | | 0 | | O O
Ullmus ”(ig’eﬁg;”;\]vaféi]”p o Ulmaceae mE ® 0 O O O ® ® =m =
Ulmus macrocarpa Hance Ulmaceae | n | D u IZI | | | D
Betula dahurica Pall. Betulaceae | | | | O | | | | |

Syringa reticulata var. amurensis
(Ruyprefht)l’.S.Green & M.C.Chang Oleaceae = = = = = = = . " =
Juglans mandshurica Maxim. Juglandaceae O O | O | O O O O O
Ulmus laciniata (Trautv.) Mayr Ulmaceae ] ] ] (] ] g (] (] ] O
Tilia mongolica Maxim. Tiliaceae g O | O O g g d O O
Amygdalus davidiana (Carr.) C. de Vos Rosaceae | | | O | | O O a O
Populus davidiana Dode Salicaceae O u n O O | O O O O
Ulmus pumila L. Ulmaceae g O | 0 O | O d O O
Tilia amurensis Rupr. Tiliaceae | O O | | d 0 g O 0

Shrub

Spiraea trilobata L. Rosaceae | | | | | | | | | |
Spiraea pubescens Turcz. Rosaceae | | 0 0 | d | | | |
Abelia biflora Turcz. Caprifoliacecae W u n | u | | O O O
Deutzia parviflora Bge. Saxifragaceae W | | | | g | d | |
Lespedeza bicolor Turcz. Leguminosae W u | | n O | | | |
Ostryopsis davidiana Decaisne Betulaceae O u O O O O O O O O
Lonicera chrysantha Turcz. Caprifoliaceae [ 0 g 0 g g 0 | 0 0
Corylus mandshurica Maxim. Betulaceae g d g 0 O | 0 | | |
Rubus crataegifolius Bge. Rosaceae O O O O u n O O O O
Leptopus chinensis (Bunge) Pojark. Euphorbiaceae [ O g 0 0 g | O 0 0
Philadelphus pekinensis Rupr. Saxifragaceae W O O O | O O O O O
Euonymus alatus (Thunb.) Sieb. Celastraceae (] ] g (] ] g ] O ] O
Syringa villosa Vahl Oleaceae | O g | O g 0 O 0 0
Rhamnus globosa Bunge Rhamnaceae | O O O O O | | | |
Rhododendron micranthum Turcz. Ericaceae | n g | | g g g g g
Number of Species 17 15 14 12 17 10 14 13 12 10

Note: “W” indicates that the species is distributed in the transect; “[1” indicates that the species is not distributed in the transect.
Appendix D

Table A4. Forward selection results of environmental factors and spatial factors.

Index Factors Variables Adj.R? p
Elevation
Phylogenetic SES.MPD Environment Soil Temperature 0.396 0.001 ***
Soil pH
Space PCNM1 0.404 0.001 ***
Elevati
Phylogenetic Environment oevaton 0.223 0.001 ***
SES MNTD Soil Temperature
) Space PCNM1 0.174 0.001 ***
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Table A4. Cont.

Index Factors Variables Adj.R? j4

Environment Elevation 0.081 0.005 **
. Space PCNM1 0.064 0.006 **
Traits SES.MPD Phylosen SES.MPD 0.061 0.004 **
ylogeny SES.MNTD 0.101 0.022*

Elevation
Environment Soil moisture content 0.312 0.033 *

. Soil C/N
Traits SES. MNTD Space PCNM1 0.040 0.017 *
Phvlogen SES.MPD 0.074 0.031 *
ylogeny SES.MNTD 0.053 0.040 *

Note: * p < 0.05, ** p < 0.01, ** p < 0.005, others p > 0.05.

Appendix E

Colored ranges
W Fagakes
W Evicales
7] saxifragales
W Dwsacales
B Favales
B Mapighiies
Celastates
I mamaies
| sapindales
B Lemicies

W rosaes

Figure A1. Phylogenetic tree of 30 woody plants. The classification of species was based on the APG
IV system; different colors represent different orders.
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