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Abstract: Linking functional trait space and environmental conditions can help to understand how
species fill the functional trait space when species increase along environmental gradients. Here, we
examined the variations in functional richness (FRic) and their correlations with key environmental
variables in forest communities along latitudinal, longitudinal, and elevational gradients, by mea-
suring seven functional traits of woody plants in 250 forest plots of 0.04 ha across five locations in
the subtropical evergreen broadleaved forests (SEBLF) of China. On this basis, we explored whether
environmental filtering constrained the functional volume by using a null model approach. Results
showed that FRic decreased with increasing elevation and latitude, while it increased with increasing
longitude, mirroring the geographical gradients in species richness. FRic was significantly related
to precipitation of driest quarter, soil pH, and total phosphorus. Negative SES.FRic was prevalent
(83.2% of the communities) in most SEBLF communities and was negatively related to mean diurnal
range. Our study suggested that the geographical variation in the functional space occupied by
SEBLF communities was affected mainly by climate and soil conditions. The results of the null model
revealed that niche packing was dominant in SEBLF communities, highlighting the importance of

environmental filtering in defining functional volume within SEBLF communities.
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1. Introduction

Exploring and understanding spatial patterns of biodiversity is central to understand-
ing mechanisms of species coexistence and community assembly processes in natural
ecosystems [1,2]. Geographical gradients in species diversity are of widespread concern,
and species richness in most plants and animals is generally explained by declining from
the tropics to the poles and from low to high elevations [3,4]. Despite the generality of
these patterns, it has been recognized that considering species diversity alone (e.g., species
richness or taxonomic diversity) is not sufficient to understand the underlying processes
that influence communities along geographical gradients [5-7]. Species richness does not
explain fully the community structure as the differences among species in their evolutionary
history and ecological roles are ignored [6,8]. Thus, recent research argued that the study
of biodiversity theories should move beyond species diversity, especially focusing more
explicitly on the functional aspects of diversity [5]. Functional diversity can not only mirror
species richness along geographical gradients [9] but also complement species richness in
explaining species coexistence and ecological processes [10].
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Functional trait values of species within communities are a reflection of the ability of
species to respond to their environment [11]. Therefore, the location occupied by a species
within a multidimensional trait space can also shift across geographical and environmental
gradients [12]. Climate is one of the most important drivers shaping the functional structure
of forest ecosystems [13]. Specifically, climate harshness and seasonality were proven to
be key factors controlling the variation in functional volume in subtropical forests [14].
Researchers predicted that environments that are more abiotically benign will allow the
invasion and success of peripheral phenotypes, resulting in a large morphological volume,
whereas harsher environments will limit the invasion and success of peripheral pheno-
types, resulting in a small morphological volume [15]. For instance, abundant and evenly
distributed precipitation and stable temperatures allow communities to contain a large
number of species, while species that occur in those regions of drought and temperature
instability are strongly limited [14,16]. Soil fertility is another important factor shaping
the functional diversity of plant ecosystems [17]. Changes in soil resource availability can
directly affect the size of the niche space occupied by species [18].

Studies argued that changes in the functional trait space along an environmental
gradient in terms of species richness could be associated with the patterns of functional
space occupancy [10]. As species richness increases, communities would change either
by tighter packing of species into the niche space (niche packing) or by occupying unex-
ploited portions of the niche space (niche expansion) to accommodate more species in a
given environmental condition [19,20]. Niche space characterizes the phenotypic space
occupied by a set of species, which can be quantified by assessing the multidimensional
trait space [21]. Comparing changes in the occupancy of the multidimensional trait space
across communities can allow inferences regarding the association of niche expansion
and packing with environments [12]. To test the two patterns of functional trait space,
it is necessary to use a functional diversity index that can directly measure the volume
and occupancy pattern of the niche space by species and quantify the diversity in trait
combinations in the research of biodiversity and community assembly [22]. Functional
richness (FRic) is measured as the volume of the minimum convex hull that includes all
the species of the community and represents the amount of functional space filled by the
community, which has been recognized as the best candidate for this research [23]. It has
been widely used in many recent papers to explore the patterns of niche space in different
biological groups [12,19,24]. In addition, previous studies also showed that FRic was useful
for tracking diversity variations along environmental gradients [25]. Therefore, FRic has
reasonable power to detect the changes in the occupancy of the multidimensional trait
space under different environmental conditions and reveal how species pack and fill the
trait space [5].

Niche packing and expansion are not mutually exclusive and may occur simultane-
ously [12]. However, the relative importance of the two patterns remains unknown [19].
Quantifying the volume, packing, and expansion of functional trait space and their rela-
tive importance enables us to understand the ecological processes structuring functional
diversity and ecological strategies [5,26]. In the absence of niche-based processes, the
trait composition of a local assemblage is predicted to be a random subset of a shared
regional species pool [5,12]. Therefore, comparing the observed value of FRic to a random
expectation—that is, computing a standardized effect size (SES.FRic) [15]—allows us to
understand whether niche-based processes occur in a given location [12]. Environmental
filtering theory predicts that although FRic can also increase with species richness in more
stressful environments, FRic will be smaller than the null expectation (negative SES.FRic),
revealed by niche packing [5,27]. Conversely, competitive exclusion theory predicts that
new species are most likely to fill an expanded variety of niche space; thus, FRic should
always be larger than a sampling expectation (positive SES.FRic), revealed by niche expan-
sion [5,28]. Determining which pattern of functional space occupancy is dominant in a
given location helps us to understand the relative importance of environmental filtering
and biotic competition. Substantial evidence showed that environmental filtering, driven
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by a set of environmental variables, is more important than biotic competition in shaping
plant diversity [29,30]. Therefore, we expected that the pattern of niche packing would be
dominant within the forest communities.

The subtropical evergreen broadleaved forest (SEBLF) is one of the main vegetation
types around the world and is widely distributed in China [31,32]. The subtropical region
in China hosts unique and rich biodiversity and encompasses different environmental
gradients in topography and climate, providing a natural setting for studying patterns of
biodiversity change along geographical gradients. While trait-environment relationships
have been already explored in some separate sites of subtropical forest ecosystems [33],
few studies have been carried out in detecting the patterns of functional trait space (niche
packing/expansion) along geographical and environmental gradients. Here, we used
a large trait and spatial distributional data set of SEBLF communities to describe the
geographical patterns of functional richness, species richness, and their correlations with
key environmental factors in the subtropical region of China. Specifically, to test whether
niche packing is dominant in the SEBLF of China, we used a null model to test whether
the environmental filtering constrained the functional trait space, thereby increasing the
packing of species within the SEBLF communities.

2. Materials and Methods
2.1. Study Area

This study was conducted in the 250 permanent forest plots with an area of 0.04 ha
(20 m x 20 m) (latitude: 27.58°-30.18° N, longitude: 102.95°-120.00° E; elevation: 200-1948 m)
across five locations (Figure S1) in the natural old-growth subtropical evergreen broadleaved
forests of China (SEBLF). Locations were selected at random within the study areas and
represented an unbiased, representative sample of natural old-growth vegetation. The
study areas have a subtropical monsoon climate, with a mean annual temperature of
15.0 °C and mean precipitation of 1391.1 mm. The plots have a rough terrain, with the
slope ranging from 4° to 42°. The floristic composition of these plots is characteristic of
evergreen broadleaved forests, with Symplocos anomala (Symplocaceae), Camellia fraternal
(Theaceae), Loropetalum chinense (Hamamelidaceae), Eurya muricata (Theaceae), Symplocos
lucida (Symplocaceae), and Cyclobalanopsis glauca (Fagaceae) being the dominant canopy
species. All plots were established and investigated according to the standard of the Center
for Tropical Forest Science (CTFS) [34] during the summer of 2018 and 2019. For woody
plant species, all individuals with a diameter at breast height >1 cm were tagged, mapped,
and identified to species level with the help of local botanists. The abundances of species
were determined by calculating the number of individuals of a certain species in each
plot. In total, 292 woody plant species (48,680 individuals) belonging to 59 families and
134 genera were collected.

2.2. Trait Data

We selected seven functional traits that represent the variation in plant form and
function. These traits included specific leaf area (SLA, cm? g~ 1), leaf nitrogen concentration
(LNC, g kg’l), leaf phosphorus concentration (LPC, g kg’l), wood density (WD, g cm ™),
leaf dry matter content (LDMC, g g~ !), maximum plant height (Hmax, m), and seed mass
(SM, g). Selected traits correlate well with ecological characteristics and are good predictors
of resource utilization, tolerance to drought, and mechanical damage [29]. Except for SM,
all functional traits were measured according to standardized measurement protocols [35].
SM was compiled from multiple sources and databases, including FOC (http://www.
efloras.org/ (accessed on 20 June 2021)), Seeds of Woody Plants in China [36], the TRY
Plant Trait Database (https:/ /www.try-db.org/de/ (accessed on 20 June 2021)) from the
KEW Seed Information Database [37] and PLANTS Database [38], and the BIEN trait
database (accessed using the BIEN package [39] in R). In each 20 m x 20 m plot, ten
individuals of every species were sampled. For those species with less than ten individuals,
we added additional individuals of the same species from surrounding areas. A detailed
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description of the measurement methods for these functional traits can be found in our
previous works [40]. The mean functional trait values for each species were applied to
all individuals.

2.3. Functional and Species Richness Calculation

Finding a suitable measure of functional space to appropriately quantify the diversity
in trait combinations is challenging [22]. Here, we considered functional richness (FRic) as
the best candidate measure for our research purposes [23]. FRic measures the extent of the
functional volume of an assemblage as the smallest possible multidimensional convex hull
volume that contains all species in an assemblage [22,41]. We quantified FRic using the
package ‘FD’ in the program R [42]. To compare the geographical variation between FRic
and species diversity and explore the patterns of FRic related to species richness, we also
quantified species richness (SR). Species richness in each plot was estimated as the number
of species.

There are numerical dependencies between functional and species richness. Functional
richness is expected to be positively correlated with species richness. We thus accounted
for such variations by computing a null model in which species identities (and therefore
trait values) were shuffled 999 times while maintaining species richness and occupancy
within each assemblage, and we recalculated the functional richness for each assemblage
for each iteration. This generated a null distribution of 999 values for functional richness
in each assemblage [15,24]. The observed values and this null distribution were used to
calculate a standardized effect size for functional richness (SES.FRic) = [Observed FRic—
mean expected FRic]/SD expected FRic. The SES.FRic shows how many SDs the observed
FRic is above or below the mean expected value from the null models [15,43]. The direc-
tion of SES.FRic (higher or lower than the expected null) was correlated with different
deterministic processes of community assembly. Negative SES.FRic indicates that the
observed functional volume is less than expected by chance, resulting from environmental
filtering. Conversely, positive SES.FRic indicates that the observed functional volume is
larger than expected given the species richness, resulting from biotic competition [15]. If
we predicted that the environmental filtering led to the dominance of niche packing in
SEBLF communities, this could be supported by the following two observations. First,
the proportions of communities with negative SES.FRic would be higher than those with
positive SES.FRic. Second, and more importantly, differences between the observed and
simulated FRic, measured as the mean of the associated SES.FRic across all communities,
would be significantly lower than the expectation of zero when using a two-tailed Student’s
t-test [44,45]. Additionally, the magnitude of SES.FRic was interpreted as the strength of
the signal of deterministic processes on the assemblages [15]. More negative SES values
indicate stronger environmental filtering [46,47].

2.4. Environmental Variables

To estimate the influences of environmental variables on community-level functional
richness, we collected 19 climatic and 7 edaphic variables to represent environmental
conditions. A detailed description of the data collection and measurement methods for
these environmental variables can be found in our previous works [40]. We performed
correlations to assess possible multicollinearity and variable redundancy among the envi-
ronmental variables. Pearson’s correlation values (R < 0.8) between explanatory variables
were used as a cutoff criterion to retain variables that were more relevant to the FRic
(Table 1). Final models were run with precipitation of driest quarter (PDQ), precipitation of
wettest quarter (PWQ), mean diurnal range (MDR), mean temperature of driest quarter
(TDQ), soil pH (SpH), and soil total phosphorus (STP).
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Table 1. Correlations between environmental variables. Significance levels: *, p < 0.05; **, p < 0.01;
*** p <0.001.

Variables MDR TDQ PDQ PWQ STP
TDQ —0.42 ***
PDQ 0.22 *** 0.70 ***
PWQ 0.26 *** 0.25 *** 0.53 ***
STP 0.16 * —0.72 *** —0.70 *** —0.18 **
SpH 0.04 0.15* 0.19 ** 0.57 *** 0.11

Abbreviations: mean temperature of driest quarter (TDQ), precipitation of driest quarter (PDQ), precipitation of
wettest quarter (PWQ), mean diurnal range (MDR), soil pH (SpH), soil total phosphorus (STP).

2.5. Data Analysis

To assess geographical variation in functional volume and species richness, linear
mixed models (LMMs) were used to test shifts in FRic, SES.FRic, and SR along latitude,
longitude, and elevation. We also used the LMMs to test the effects of climate and soil
on FRic, SES.FRic, and SR. LMMs were conducted using FRic, SES.FRic, and SR as the
response variables, and the three geographical variables and the six climatic and edaphic
variables as fixed predictors. The site was included as a random effect, given that we
could not exclude the potential role of unmeasured, spatially autocorrelated environmental
factors in our analysis. Linear mixed models were built using the “Ime4” package [48]
as implemented in the R statistical software [42]. The proportion of variance explained
by the LMMs was assessed using the marginal R?m (variance explained by the fixed
predictors) and the conditional R?c (variance explained by both the fixed and random
effects) [49]. The direction and magnitude of selected predictors were assessed from the
sign and values of standardized coefficients. The parameter estimates, t-statistics, and p
values were obtained using Satterthwaite’s method for denominator degrees of freedom in
the “ImerTest” package [50]. The spatial autocorrelations in model residuals were tested
using Moran’s I, which was conducted using the “spdep” package [51,52].

Finally, we performed hierarchical partitioning (HP) to determine the relative im-
portance and independent contribution of each explanatory factor to FRic SES.FRic, and
SR [53], as the multicollinearity between the factors in linear mixed models could not be
completely excluded (VIFs of all variables < 10) despite it being controlled in the previous
analysis [54]. HP can solve the multicollinearity problems effectively by averaging the
contributions of an independent variable in models.

In order to fit assumptions about the uniformity of data and the homoscedasticity of
errors, all functional traits (and thus functional richness) and environmental variables, and
species richness, were log-transformed prior to analysis.

3. Results
3.1. Geographical Patterns of Functional and Species Richness in the Subtropical Evergreen
Broadleaved Forests

We observed significant geographical patterns in FRic and SR (Table 2, Figure 1)
along the gradients of latitude, longitude, and elevation. FRic was higher along increasing
longitude and lower along increasing latitude and elevation, mirroring the geographical
gradients in species richness (Figure 1A-C,G-I). Apparently, the patterns of SR along
latitude and elevation were not significant, although they had similar trends to the FRic
(Figure 1G,I). SESE.FRic was overall negative, with values of SES.FRic in most communities
below null expectations, although they did not shift significantly along geographical
gradients (Figure 1D,E).
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Table 2. Summary of the mixed linear models analyzing the effects of geographic gradients on
the functional richness (FRic), standardized effect of the functional richness (SES.FRic), and (log-
transformed) species richness [log(SR)]. The marginal (R2m) and conditional (R2c) coefficients of
determination are presented. Values in bold indicate p values < 0.05.

Model Factors Latitude Longitude  Elevation AIC R?m R2c
FRic —2.47 0.070 —0.002 1358.14 0.37 0.41
SES.FRic —0.15 —0.004 —0.0002 247.10 0.09 0.58
SR —0.05 0.020 —0.0001 —15.45 0.10 0.48
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Figure 1. (A-I) Shifts in the functional richness (FRic), standardized effect of the functional richness
(SES.FRic), and (log-transformed) species richness [log(SR)] along geographical gradients. (A-C) FRic,
(D-F) SES.FRic, as well as (G-I) log(SR) across latitude, elevation, and longitude. The significance was
tested by mixed linear models (see Table 2 for details on the models). Red lines represent significant

linear regressions.
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3.2. Correlations of Functional and Species Richness with Environmental Variables

Linear mixed effects models showed significant correlations of FRic, SESE.FRic, and
SR with environmental factors (Table 3). The total percentage of variance explained by
the LMM was higher (R? conditional = 0.50, 0.50, 0.47, respectively), while the variance
explained by fixed predictors taken separately was relatively lower (R? marginal = 0.27,
0.50, 0.12, respectively). This indicated an important contribution of the random factor
(i.e., the variability sources related to specific characteristics of sites) that was not reflected
by fixed predictors. Results showed that FRic was significantly and positively correlated
with precipitation of driest quarter (PDQ), soil pH (SpH), and soil total phosphorus (STP).
Similarly, SES.FRic showed significant and positive associations with PDQ and SpH, but a
negative association with mean diurnal range (MDR). SR was significantly and positively
related to PDQ and MDR.

Table 3. Summary of the mixed linear models analyzing the effects of environmental variables on
the functional richness (FRic), standardized effect of the functional richness (SES.FRic), and (log-
transformed) species richness [log(SR)]. Estimate values are the standardized regression coefficients
of predictors. The marginal (R?m) and conditional (R%c) coefficients of determination are presented.
Values in bold indicate p values < 0.05.

PDQ TDQ MDR SpH STP AIC R’m R2c Moran’s I
FRic 3.40 -0.97 0.10 —0.98 0.81 0.86 24294 0.27 0.5 0.19
SES.Fric 0.17 -0.01 0.06 —0.28 0.15 0.06 1352.73 0.50 0.5 0.04
SR 248 —-0.33 —1.08 1.78 0.01 —0.19 1537.93 0.12 0.47 0.18

Abbreviations: precipitation of driest quarter (PDQ), precipitation of wettest quarter (PWQ), mean temperature of
driest quarter (TDQ), mean diurnal range (MDR), soil pH (SpH), soil total phosphorus (STP), variance explained
by the fixed effects (R*m), variance explained by both fixed and random effects (R%c), Akaike Information Criterion
(AIC), and Moran’s I of linear mixed effects models (Moran's I).

The analysis of hierarchical variation partitioning showed that PDQ and MDR ex-
plained most of the variance in the Fric, SES.Fric, and SR (Figure 2). Results indicated the
most important effects of PDQ and MDR on the variation in functional trait space and
species richness in subtropical forest communities.

3.3. The Assembly Mechanisms of Forest Communities along Geographical Gradients

FRic was positively related to species richness and the relationship was always stronger
with increasing species richness (Figure 3A; p < 0.01). However, the FRic was significantly
different from the null random expectation after controlling species richness within each
plot, indicating that the SEBLF community assembly was primarily governed by determin-
istic processes based on the FRic. Specifically, observed FRic in 83.2% of communities was
lower than expected given species richness (i.e., negative SES.FRic, Figure 3B). Consistent
with the prevalence of lower than expected FRic in each forest community, when FRic was
evaluated as the mean of SES.FRic across all communities, we also found a significant and
negative SES.FRic (Figure 3C). The result indicated that the average FRic was also lower
than expected by chance across the study sites.
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Figure 2. (A-C) Summary of hierarchical partitioning results for functional richness (FRic), the
standardized effect of the functional richness (SES.FRic), and (log-transformed) species richness
[log(SR)]. Each bar is the percentage of the variance obtained by a separate HP analysis for (A) FRic,
(B) SES.FRic, and (C) log(SR) by using consistent environmental variables. Abbreviations: precipi-
tation of driest quarter (PDQ), precipitation of wettest quarter (PWQ), mean diurnal range (MDR),
mean temperature of driest quarter (TDQ), soil pH (SpH), soil total phosphorus (STP).
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Figure 3. (A) Correlations between functional diversity (FRic) and (log-transformed) species richness
[log(SR)]. (B) The relative prevalence of negative SES.FRic versus positive SES.FRic in forest commu-
nities, evaluated based on standardized effect size of the FRic. (C) Mean (mean £95% confidence
interval) of standardized effect size of the FRic across all communities (n = 250). ***, p < 0.001.

4. Discussion

We showed significant and similar geographical patterns of functional space and
species richness from lower to higher latitudes, longitudes, and elevations, with FRic de-
creasing with increasing latitude and elevation and increasing with increasing longitude
(Table 2, Figure 1). This was consistent with previous studies in which the geographical
gradients in niche breadth mirrored the species richness [55]. In general, geographical
gradients (latitude, longitude, and elevation) can affect functional space only indirectly
through species richness; thus, a geographical pattern of functional space would be ob-
served only when there is a geographical pattern of species richness and an effect of species



Forests 2022, 13, 1206

10 of 14

richness on functional space [55]. However, it was notable that the functional volume (FRic)
and species richness did not shift consistently and significantly along these geographical
gradients. For instance, functional richness did not shift significantly as the species richness
increased with increasing longitude. This means that the geographical variation in niche
space might not mirror the geographical gradients in plant species richness completely. The
results also indicated that there may be some limiting factors that restricted the expansion
of niche space when the number of species increased. Therefore, the direct influences of
environmental factors on functional volume should be considered in accounting for the
geographical variation in functional trait space, given that the geographical gradients were
closely related to environmental factors and strongly reflected resource use by plant species
in our study areas [56,57].

Results showed that the geographical patterns of FRic were significantly and positively
linked to precipitation of the driest quarter (PDQ), soil pH (SpH), and soil total phosphorus
(STP). These results were consistent with previous studies wherein areas where functional
volume was greater (i.e., lower elevations and latitudes) were significantly characterized by
high amounts of rainfall during the driest quarter and higher soil nutrient content [58—60].
This suggested that precipitation and soil resources were closely related to the expansion
of the niche space of subtropical forests. Greater availability of water and soil nutrients
might create a wider niche space, allowing plant individuals with a larger range of viable
functional strategies to coexist [58]. Significantly, PDQ outperformed other environmental
variables that were not excessively co-linear with it, in accounting for the geographical
variation in functional volume. The result was in line with a previous study conducted
on BCl in Central Panama, which was dominated by evergreen tropical forests [61]. The
significant effects of soil pH and phosphorus on the niche space occupied by plant species
could be a result of the poor and acidic soil in subtropical regions of China [60,62,63].

Importantly, consistent with our expectation, the observed FRic was generally smaller
than expected after controlling species richness, as indicated by the negative standardized
effect sizes [24]. The results indicated that niche packing appeared to be prevalent and
dominant in most forest assemblages across the entire study site. This implied that as
species richness increased, new species were not preferentially added in unfilled portions
of the trait space to expand the functional volume [5,19]. Instead, species tended to
enter into the interior of the existing functional space, causing tighter packing of species
(niche packing), since the increase in functional trait space was constrained within the
SEBLF communities [19,20,64]. For instance, species richness increased significantly with
increasing mean diurnal range (MDR), while FRic decreased (although not significant). The
results suggested that the species with convergent trait combinations would increase with
the increases in MDR, therefore increasing the overlap of niche space (niche packing) [12].
Presumably, the patterns of this species coexistence in our study were determined primarily
by environmental filtering [65].

Similarly, we also found significant patterns of negative SES.FRic (niche packing) along
environmental gradients, as indicated by significant associations between SES.FRic and
environmental variables. The positive correlation of SES.FRic with PDQ and SpH provided
evidence that the niche volume appeared to increase (i.e., niche packing decreased) [5] with
increasing rainfall and soil pH. In contrast, a negative relationship between SES.FRic and
mean diurnal range (MDR) was found, which indicated that temperature variability was
the key factor in the prevalent pattern of niche packing. The result was in line with many
previous studies. For instance, Thakur et al. reported that “temperature filtering” can result
in a narrow niche [66]. Specifically, SES.FRic generally changed more quickly with the
mean diurnal range (MDR) compared to other environmental variables. This result implied
that the relative role of environmental filtering changed faster across MDR gradients in the
subtropics, with stronger relevance in the assembly of communities with larger temperature
fluctuations [40,67,68]. Less change for niche packing along gradients of precipitation and
soil suggested that environmental filters are relatively homogeneous across water and
soil conditions in subtropical forests, regardless of their importance [69]. Therefore, our
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results suggested that even if both niche patterns might accompany the increase in species
richness, the niche expansion was insulfficient to become the dominant pattern at the upper
end of the precipitation and soil pH gradients. Instead, the temperature variability might
play a stronger role in niche pattering than the actual increase in resources of water and soil
nutrients, leading to more frequent niche packing in SEBLF communities [12]. Together,
our study results suggested that climate and soil significantly affected the variation in
functional volume along geographical gradients. The increase in functional trait space was
constrained within the SEBLF communities. Environmental filtering, especially associated
with temperature variability, probably defined the functional volume and caused the tighter
packing of species into the niche space (niche packing).

A previous conceptual framework proposed that species first pass through an en-
vironmental filter at a regional scale, which constrains their functional trait space and
thereby increases the packing of species. Next, the species pass through a biotic filter
within a limited functional volume, which maximizes the possible functional diversity
by competition or facilitation [24]. However, the importance of biotic interactions was
not tested in our study. Many studies revealed that biotic interactions triggering niche
partitioning in resource use [70,71] could explain the niche packing within a functional
volume. Additionally, although the approach of the null model comparing the expected
and observed patterns of functional diversity was widely used in many studies, it has fallen
short in delivering generalizable conclusions [72]. For instance, clustering of species in
functional traits could also emerge from hierarchical competition [73], in addition to envi-
ronmental filtering. Therefore, it is necessary to build more mechanistic, dynamic models
of community assembly to contrast the different ecological theories and processes [72,74,75]
in future research.
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www.mdpi.com/article/10.3390/f13081206/s1, Figure S1: Geographical distribution of the 250 plots.
Plots were taken from five forest sites in subtropical China. At each site, 50 plots with an area of
20 m x 20 m were randomly established.

Author Contributions: R.Z. conceived this project. C.H. and Y.X. conducted the field investigation
and collected the data. C.H. performed the statistical analyses and wrote the first draft with Y.X. All
the authors contributed to improving the quality of the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(41701055) and the Fundamental Research Funds for the Central Non-Profit Research Institution of
the Chinese Academy of Forestry (CAFYBB2020ZA002-2).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The climatic data used are available at https:/ /www.worldclim.org/
(accessed on 20 June 2021) and other data about functional traits and local soil variables are available
upon request from the authors.

Acknowledgments: We thank the graduate students from Sichuan Agricultural University, Anhui
Agricultural University, and Hangzhou Normal University for their help in field sampling measure-
ments, as well as the local staff who aided the field investigation work.

Conflicts of Interest: The authors declare no conflict of interest.

Swenson, N.G.; Weiser, M.D. Plant geography upon the basis of functional traits: An example from eastern North American trees.
Ecology 2010, 91, 2234-2241. [CrossRef] [PubMed]
Hillebrand, H. On the generality of the latitudinal diversity gradient. Am. Nat. 2004, 163, 192-211. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/f13081206/s1
https://www.mdpi.com/article/10.3390/f13081206/s1
https://www.worldclim.org/
http://doi.org/10.1111/j.1466-8238.2011.00727.x
http://doi.org/10.1890/09-1743.1
http://www.ncbi.nlm.nih.gov/pubmed/20836445
http://doi.org/10.1086/381004
http://www.ncbi.nlm.nih.gov/pubmed/14970922

Forests 2022, 13, 1206 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rahbek, C. The elevational gradient of species richness: A uniform pattern? Ecography 1995, 18, 200-205. [CrossRef]

Lamanna, C.; Blonder, B.; Violle, C.; Kraft, N.J.; Sandel, B.; Simova, I; Donoghue, J.C., 2nd; Svenning, J.C.; McGill, B.J;
Boyle, B.; et al. Functional trait space and the latitudinal diversity gradient. Proc. Natl. Acad. Sci. USA 2014, 111, 13745-13750.
[CrossRef] [PubMed]

Bassler, C.; Cadotte, M.W.; Beudert, B.; Heibl, C.; Blaschke, M.; Bradtka, ].H.; Langbehn, T.; Werth, S.; Miiller, J. Contrasting
patterns of lichen functional diversity and species richness across an elevation gradient. Ecography 2016, 39, 689-698. [CrossRef]
Mittelbach, G.G.; Schemske, D.W.; Cornell, H.V.; Allen, A.P.; Brown, ].M.; Bush, M.B.; Harrison, S.P.; Hurlbert, A.H.; Knowlton, N.;
Lessios, H.A. Evolution and the latitudinal diversity gradient: Speciation, extinction and biogeography. Ecol. Lett. 2007, 10,
315-331. [CrossRef] [PubMed]

Devictor, V.; Mouillot, D.; Meynard, C.; Jiguet, F.,; Thuiller, W.; Mouquet, N. Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: The need for integrative conservation strategies in a changing world. Ecol. Lett. 2010, 13,
1030-1040. [CrossRef]

Stuart-Smith, R.D.; Bates, A.E.; Lefcheck, ].S.; Duffy, ].E.; Baker, S.C.; Thomson, R.J.; Stuart-Smith, J.F,; Hill, N.A.; Kininmonth, S.J.;
Airoldi, L. Integrating abundance and functional traits reveals new global hotspots of fish diversity. Nature 2013, 501, 539-542.
[CrossRef] [PubMed]

MacArthur, R.H. Patterns of species diversity. Biol. Rev. 1965, 40, 510-533. [CrossRef]

Violle, C.; Jiang, L. Towards a trait-based quantification of species niche. J. Plant Ecol. 2009, 2, 87-93. [CrossRef]

Pellissier, V.; Barnagaud, J.-Y.; Kissling, W.D.; Sekercioglu, C.; Svenning, ].-C. Niche packing and expansion account for species
richness-productivity relationships in global bird assemblages. Glob. Ecol. Biogeogr. 2018, 27, 604-615. [CrossRef]

Huang, J.; Yu, H.; Guan, X.; Wang, G.; Guo, R. Accelerated dryland expansion under climate change. Nat. Clim. Chang. 2016, 6,
166-171. [CrossRef]

Shiono, T.; Kusumoto, B.; Maeshiro, R.; Fujii, S.-J.; Gotzenberger, L.; de Bello, F,; Kubota, Y.; Linder, P. Climatic drivers of trait
assembly in woody plants in Japan. J. Biogeogr. 2015, 42, 1176-1186. [CrossRef]

Swenson, N. Functional and Phylogenetic Ecology in R; Springer: New York, NY, USA, 2014.

Ochoa-Ochoa, L.M.; Mejia-Dominguez, N.R.; Velasco, J.A.; Marske, K.A ; Rahbek, C.; Schrodt, F. Amphibian functional diversity is
related to high annual precipitation and low precipitation seasonality in the New World. Glob. Ecol. Biogeogr. 2019, 28, 1219-1229.
[CrossRef]

Ceulemans, T.; Merckx, R.; Hens, M.; Honnay, O. Plant species loss from European semi-natural grasslands following nutrient
enrichment—Is it nitrogen or is it phosphorus? Glob. Ecol. Biogeogr. 2013, 22, 73-82. [CrossRef]

Mahdi, A.; Law, R.; Willis, A. Large niche overlaps among coexisting plant species in a limestone grassland community. J. Ecol.
1989, 77, 386—400. [CrossRef]

Pigot, A.L.; Trisos, C.H.; Tobias, J.A. Functional traits reveal the expansion and packing of ecological niche space underlying an
elevational diversity gradient in passerine birds. Proc. R. Soc. B Biol. Sci. 2016, 283, 20152013. [CrossRef] [PubMed]

Van de Perre, F; Willig, M.R.; Presley, S.J.; Mukinzi, 1.].-C.; Gambalemoke, M.S.; Leirs, H.; Verheyen, E. Functional volumes, niche
packing and species richness: Biogeographic legacies in the Congo Basin. R. Soc. Open Sci. 2020, 7, 191582. [CrossRef]

Mason, N.W.H.; Mouillot, D.; Lee, W.G.; Wilson, J.B. Functional richness, functional evenness and functional divergence: The
primary components of functional diversity. Orkos 2005, 111, 112-118. [CrossRef]

Mouchet, M.A.; Villéger, S.; Mason, N.W.H.; Mouillot, D. Functional diversity measures: An overview of their redundancy and
their ability to discriminate community assembly rules. Funct. Ecol. 2010, 24, 867-876. [CrossRef]

Villéger, S.; Mason, N.; Mouillot, D. New multidimensional functional diversity indices for a multifaceted framework in functional
ecology. Ecology 2008, 89, 2290-2301. [CrossRef] [PubMed]

Swenson, N.G.; Weiser, M.D. On the packing and filling of functional space in eastern North American tree assemblages. Ecography
2014, 37, 1056-1062. [CrossRef]

Brown, L.E.; Khamis, K.; Wilkes, M.; Blaen, P,; Brittain, J.E.; Carrivick, J.L.; Fell, S.; Friberg, N.; Fiireder, L.; Gislason, G.M.
Functional diversity and community assembly of river invertebrates show globally consistent responses to decreasing glacier
cover. Nat. Ecol. Evol. 2018, 2, 325-333. [CrossRef] [PubMed]

Mouillot, D.; Stubbs, W.; Faure, M.; Dumay, O.; Tomasini, J.A.; Wilson, ].B.; Chi, T.D. Niche overlap estimates based on quantitative
functional traits: A new family of non-parametric indices. Oecologia 2005, 145, 345-353. [CrossRef]

Kraft, N.J.; Adler, P.B.; Godoy, O.; James, E.C.; Fuller, S.; Levine, ] M. Community assembly, coexistence and the environmental
filtering metaphor. Funct. Ecol. 2015, 29, 592-599. [CrossRef]

Hardin, G. The Competitive Exclusion Principle: An idea that took a century to be born has implications in ecology, economics,
and genetics. Science 1960, 131, 1292-1297. [CrossRef] [PubMed]

Craven, D.; Hall, ].S.; Berlyn, G.P.; Ashton, M.S.; van Breugel, M. Environmental filtering limits functional diversity during
succession in a seasonally wet tropical secondary forest. J. Veg. Sci. 2018, 29, 511-520. [CrossRef]

Laliberté, E.; Zemunik, G.; Turner, B.L. Environmental filtering explains variation in plant diversity along resource gradients.
Science 2014, 345, 1602-1605. [CrossRef]

Yu, G; Chen, Z.; Piao, S.; Peng, C.; Ciais, P; Wang, Q.; Li, X.; Zhu, X. High carbon dioxide uptake by subtropical forest ecosystems
in the East Asian monsoon region. Proc. Natl. Acad. Sci. USA 2014, 111, 4910-4915. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1600-0587.1995.tb00341.x
http://doi.org/10.1073/pnas.1317722111
http://www.ncbi.nlm.nih.gov/pubmed/25225365
http://doi.org/10.1111/ecog.01789
http://doi.org/10.1111/j.1461-0248.2007.01020.x
http://www.ncbi.nlm.nih.gov/pubmed/17355570
http://doi.org/10.1111/j.1461-0248.2010.01493.x
http://doi.org/10.1038/nature12529
http://www.ncbi.nlm.nih.gov/pubmed/24067714
http://doi.org/10.1111/j.1469-185X.1965.tb00815.x
http://doi.org/10.1093/jpe/rtp007
http://doi.org/10.1111/geb.12723
http://doi.org/10.1038/nclimate2837
http://doi.org/10.1111/jbi.12503
http://doi.org/10.1111/geb.12926
http://doi.org/10.1111/j.1466-8238.2012.00771.x
http://doi.org/10.2307/2260757
http://doi.org/10.1098/rspb.2015.2013
http://www.ncbi.nlm.nih.gov/pubmed/26740616
http://doi.org/10.1098/rsos.191582
http://doi.org/10.1111/j.0030-1299.2005.13886.x
http://doi.org/10.1111/j.1365-2435.2010.01695.x
http://doi.org/10.1890/07-1206.1
http://www.ncbi.nlm.nih.gov/pubmed/18724739
http://doi.org/10.1111/ecog.00763
http://doi.org/10.1038/s41559-017-0426-x
http://www.ncbi.nlm.nih.gov/pubmed/29255301
http://doi.org/10.1007/s00442-005-0151-z
http://doi.org/10.1111/1365-2435.12345
http://doi.org/10.1126/science.131.3409.1292
http://www.ncbi.nlm.nih.gov/pubmed/14399717
http://doi.org/10.1111/jvs.12632
http://doi.org/10.1126/science.1256330
http://doi.org/10.1073/pnas.1317065111
http://www.ncbi.nlm.nih.gov/pubmed/24639529

Forests 2022, 13, 1206 13 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

Shi, W.; Wang, Y.Q.; Xiang, W.S.; Li, X.K.; Cao, K.F. Environmental filtering and dispersal limitation jointly shaped the taxonomic
and phylogenetic beta diversity of natural forests in southern China. Ecol. Evol. 2021, 11, 8783-8794. [CrossRef]

Krober, W.; Bohnke, M.; Welk, E.; Wirth, C.; Bruelheide, H. Leaf trait-environment relationships in a subtropical broadleaved
forest in South-East China. PLoS ONE 2012, 7, €35742. [CrossRef] [PubMed]

Condit, R. Tropical Forest Census Plots: Methods and Results from Barro Colorado Island, Panama and a Comparison with Other Plots;
Springer Science & Business Media: Berlin, Germany, 1998.

Perez-Harguindeguy, N.; Diaz, S.; Garnier, E.; Lavorel, S.; Poorter, H.; Jaureguiberry, P.; Bret-Harte, M.S.; Cornwell, WK
Craine, ].M.; Gurvich, D.E. New handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 2013,
61, 167-234. [CrossRef]

Chen, Y.; Huang, P. Seeds of woody plants in China; China Forestry Publishing House: Beijing, China, 2000.

Gardens, R.B.; Kew, U. Seed Information Database (SID). Version 7.1, Kew Publishing, Royal Botanic Gardens, Kew:
London, UK, 2014.

USDA. The PLANTS Database; National Plant Data Team: Greensboro, NC, USA, 2018; pp. 24901-27401. Available online:
http:/ /plants.usda.gov (accessed on 2 November 2019).

Maitner, B.S.; Boyle, B.; Casler, N.; Condit, R.; Donoghue, J.; Durdn, S.M.; Guaderrama, D.; Hinchliff, C.E.; Jergensen, PM.;
Kraft, N.J.; et al. The bien r package: A tool to access the Botanical Information and Ecology Network (BIEN) database. Methods
Ecol. Evol. 2018, 9, 373-379. [CrossRef]

Huang, C.; Xu, Y.; Zang, R. Variation patterns of functional trait moments along geographical gadients and their environmental
determinants in the subtropical evergreen broadleaved forests. Front. Plant Sci. 2021, 12, 686965. [CrossRef] [PubMed]
Laliberté, E.; Legendre, P. A distance-based framework for measuring functional diversity from multiple traits. Ecology 2010, 91,
299-305. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2013.
Andrew, S.C.; Mokany, K.; Falster, D.S.; Wenk, E.; Wright, L].; Merow, C.; Adams, V.; Gallagher, R.V. Functional diversity of the
Australian flora: Strong links to species richness and climate. J. Veg. Sci. 2021, 32, €13018. [CrossRef]

Yang, J.; Zhang, G.; Ci, X.; Swenson, N.G.; Cao, M.; Sha, L.; Lj, J.; Baskin, C.C,; Slik, J.E; Lin, L. Functional and phylogenetic
assembly in a Chinese tropical tree community across size classes, spatial scales and habitats. Funct. Ecol. 2014, 28, 520-529.
[CrossRef]

Luo, W,; Lan, R.; Chen, D.; Zhang, B.; Xi, N.; Li, Y;; Fang, S.; Valverde-Barrantes, O.].; Eissenstat, D.M.; Chu, C.; et al. Limiting
similarity shapes the functional and phylogenetic structure of root neighborhoods in a subtropical forest. New Phytol. 2020, 229,
1078-1090. [CrossRef] [PubMed]

Bernard-Verdier, M.; Navas, M.L.; Vellend, M.; Violle, C.; Fayolle, A.; Garnier, E. Community assembly along a soil depth gradient:
Contrasting patterns of plant trait convergence and divergence in a M editerranean rangeland. J. Ecol. 2012, 100, 1422-1433.
[CrossRef]

Lhotsky, B.; Kovéacs, B.; Onodi, G.; Csecserits, A.; Rédei, T, Lengyel, A.; Kertész, M.; Botta-Dukat, Z. Changes in assembly rules
along a stress gradient from open dry grasslands to wetlands. J. Ecol. 2016, 104, 507-517. [CrossRef]

Bates, D.; Mchler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 2014, 67, 1-51.
Nakagawa, S.; Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.
Methods Ecol. Evol. 2013, 4, 133-142. [CrossRef]

Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. ImerTest package: Tests in linear mixed effects models. J. Stat. Softw. 2017, 82,
1-26. [CrossRef]

Ehbrecht, M.; Seidel, D.; Annighofer, P.; Kreft, H.; Kohler, M.; Zemp, D.C.; Puettmann, K.; Nilus, R.; Babweteera, F.; Willim, K; et al.
Global patterns and climatic controls of forest structural complexity. Nat. Commun. 2021, 12, 519. [CrossRef] [PubMed]

Asner, G.P; Martin, R.E.; Anderson, C.B.; Kryston, K.; Vaughn, N.; Knapp, D.E.; Bentley, L.P.; Shenkin, A.; Salinas, N.;
Sinca, F; et al. Scale dependence of canopy trait distributions along a tropical forest elevation gradient. New Phytol. 2017, 214,
973-988. [CrossRef]

Walsh, C.; MacNally, R. Hierarchical Partitioning; (Part of Documentation for R: A Language and Environment for Statistical
Computing); R Foundation for Statistical Computing: Vienna, Austria, 2013; pp. 1-4.

Nally, R.M. Multiple regression and inference in ecology and conservation biology: Further comments on identifying important
predictor variables. Biodivers. Conserv. 2002, 11, 1397-1401. [CrossRef]

Véazquez, D.P; Stevens, R.D. The latitudinal gradient in niche breadth: Concepts and evidence. Am. Nat. 2004, 164, E1-E19.
[CrossRef] [PubMed]

MacArthur, R.H. Geographical Ecology: Patterns in the Distribution of Species; Princeton University Press: Princeton, NJ, USA, 1984.
Liu, S.; Yan, Z.; Chen, Y.; Zhang, M.; Chen, J.; Han, W.; Kerkhoff, A. Foliar pH, an emerging plant functional trait: Biogeography
and variability across northern China. Glob. Ecol. Biogeogr. 2019, 28, 386-397. [CrossRef]

Gherardi, L.A.; Sala, O.E. Enhanced interannual precipitation variability increases plant functional diversity that in turn
ameliorates negative impact on productivity. Ecol. Lett. 2015, 18, 1293-1300. [CrossRef] [PubMed]

Knapp, A.K;; Fay, PA,; Blair, ] M.; Collins, S.L.; Smith, M.D.; Carlisle, ].D.; Harper, C.W.; Danner, B.T.; Lett, M.S.; McCarron, J.K.
Rainfall variability, carbon cycling and plant species diversity in a mesic grassland. Science 2002, 298, 2202-2205. [CrossRef]
[PubMed]


http://doi.org/10.1002/ece3.7711
http://doi.org/10.1371/journal.pone.0035742
http://www.ncbi.nlm.nih.gov/pubmed/22539999
http://doi.org/10.1071/BT12225
http://plants.usda.gov
http://doi.org/10.1111/2041-210X.12861
http://doi.org/10.3389/fpls.2021.686965
http://www.ncbi.nlm.nih.gov/pubmed/34322143
http://doi.org/10.1890/08-2244.1
http://www.ncbi.nlm.nih.gov/pubmed/20380219
http://doi.org/10.1111/jvs.13018
http://doi.org/10.1111/1365-2435.12176
http://doi.org/10.1111/nph.16920
http://www.ncbi.nlm.nih.gov/pubmed/32924174
http://doi.org/10.1111/1365-2745.12003
http://doi.org/10.1111/1365-2745.12532
http://doi.org/10.1111/j.2041-210x.2012.00261.x
http://doi.org/10.18637/jss.v082.i13
http://doi.org/10.1038/s41467-020-20767-z
http://www.ncbi.nlm.nih.gov/pubmed/33483481
http://doi.org/10.1111/nph.14068
http://doi.org/10.1023/A:1016250716679
http://doi.org/10.1086/421445
http://www.ncbi.nlm.nih.gov/pubmed/15266376
http://doi.org/10.1111/geb.12860
http://doi.org/10.1111/ele.12523
http://www.ncbi.nlm.nih.gov/pubmed/26437913
http://doi.org/10.1126/science.1076347
http://www.ncbi.nlm.nih.gov/pubmed/12481139

Forests 2022, 13, 1206 14 of 14

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Han, W,; Chen, Y.; Zhao, EJ.; Tang, L.; Jiang, R.; Zhang, F. Floral, climatic and soil pH controls on leaf ash content in China’s
terrestrial plants. Glob. Ecol. Biogeogr. 2012, 21, 376-382. [CrossRef]

Powell, T.L.; Koven, C.D.; Johnson, D.J.; Faybishenko, B.; Fisher, R.A.; Knox, R.G.; McDowell, N.G.; Condit, R.; Hubbell, S.P;
Wright, S.J. Variation in hydroclimate sustains tropical forest biomass and promotes functional diversity. New Phytol. 2018, 219,
932-946. [CrossRef] [PubMed]

Foulds, W. Nutrient Concentrations of Foliage and Soil in South-Western Australia. New Phytol. 1993, 125, 529-546. [CrossRef]
Wang, T.; Yang, Y.; Wenhong, M.A; Ecology, D.O. Storage, patterns and environmental controls of soil phosphorus in China. Acta
Sci. Nat. Univ. Pekin. 2008, 44, 945-952.

Cornwell, WK.; Schwilk, D.W.; Ackerly, D.D. A trait-based test for habitat filtering: Convex hull volume. Ecology 2006, 87,
1465-1471. [CrossRef]

Hoiss, B.; Krauss, ]J.; Potts, S.G.; Roberts, S.; Steffan-Dewenter, I. Altitude acts as an environmental filter on phylogenetic
composition, traits and diversity in bee communities. Proc. R. Soc. B Biol. Sci. 2012, 279, 4447-4456. [CrossRef] [PubMed]
Thakur, D.; Chawla, A. Functional diversity along elevational gradients in the high altitude vegetation of the western Himalaya.
Biodivers. Conserv. 2019, 28, 1977-1996. [CrossRef]

Enquist, B.J.; Norberg, J.; Bonser, S.P; Violle, C.; Savage, V.M. Scaling from traits to ecosystems: Developing a general Trait Driver
Theory via integrating trait-based and metabolic scaling theories. Adv. Ecol. Res. 2015, 52, 249-318.

Wieczynski, D.J.; Boyle, B.; Buzzard, V.; Duran, S.M.; Henderson, A.N.; Hulshof, C.M.; Kerkhoff, A.J.; McCarthy, M.C,;
Michaletz, S.T.; Swenson, N.G.; et al. Climate shapes and shifts functional biodiversity in forests worldwide. Proc. Natl.
Acad. Sci. USA 2019, 116, 587-592. [CrossRef] [PubMed]

Montafio-Centellas, F.A.; McCain, C.; Loiselle, B.A.; Grytnes, J.A. Using functional and phylogenetic diversity to infer avian
community assembly along elevational gradients. Glob. Ecol. Biogeogr. 2019, 29, 232-245. [CrossRef]

Evans, K.L.; Warren, PH.; Gaston, K.J. Species—energy relationships at the macroecological scale: A review of the mechanisms.
Biol. Rev. 2005, 80, 1-25. [CrossRef] [PubMed]

Mason, N-W.H,; Irz, P,; Lanoiselee, C.; Mouillot, D.; Argillier, C. Evidence That Niche Specialization Explains Species-Energy
Relationships in Lake Fish Communities. J. Anim. Ecol. 2008, 77, 285-296. [CrossRef] [PubMed]

Miinkemiiller, T.; Gallien, L.; Pollock, L.]J.; Barros, C.; Carboni, M.; Chalmandrier, L.; Mazel, F.; Mokany, K.; Roquet, C.; Smy¢ka, J.
Dos and don’ts when inferring assembly rules from diversity patterns. Glob. Ecol. Biogeogr. 2020, 29, 1212-1229. [CrossRef]
Mayfield, M.M.; Levine, ]. M. Opposing effects of competitive exclusion on the phylogenetic structure of communities. Ecol. Lett.
2010, 13, 1085-1093. [CrossRef] [PubMed]

Connolly, S.R; Keith, S.A.; Colwell, R K.; Rahbek, C. Process, mechanism, and modeling in macroecology. Trends Ecol. Evol. 2017,
32, 835-844. [CrossRef] [PubMed]

Pontarp, M.; Brannstrom, A Petchey, O.L. Inferring community assembly processes from macroscopic patterns using dynamic
eco-evolutionary models and Approximate Bayesian Computation (ABC). Methods Ecol. Evol. 2019, 10, 450-460. [CrossRef]


http://doi.org/10.1111/j.1466-8238.2011.00677.x
http://doi.org/10.1111/nph.15271
http://www.ncbi.nlm.nih.gov/pubmed/29923303
http://doi.org/10.1111/j.1469-8137.1993.tb03901.x
http://doi.org/10.1890/0012-9658(2006)87[1465:ATTFHF]2.0.CO;2
http://doi.org/10.1098/rspb.2012.1581
http://www.ncbi.nlm.nih.gov/pubmed/22933374
http://doi.org/10.1007/s10531-019-01728-5
http://doi.org/10.1073/pnas.1813723116
http://www.ncbi.nlm.nih.gov/pubmed/30584087
http://doi.org/10.1111/geb.13021
http://doi.org/10.1017/S1464793104006517
http://www.ncbi.nlm.nih.gov/pubmed/15727036
http://doi.org/10.1111/j.1365-2656.2007.01350.x
http://www.ncbi.nlm.nih.gov/pubmed/18179548
http://doi.org/10.1111/geb.13098
http://doi.org/10.1111/j.1461-0248.2010.01509.x
http://www.ncbi.nlm.nih.gov/pubmed/20576030
http://doi.org/10.1016/j.tree.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28919203
http://doi.org/10.1111/2041-210X.13129

	Introduction 
	Materials and Methods 
	Study Area 
	Trait Data 
	Functional and Species Richness Calculation 
	Environmental Variables 
	Data Analysis 

	Results 
	Geographical Patterns of Functional and Species Richness in the Subtropical Evergreen Broadleaved Forests 
	Correlations of Functional and Species Richness with Environmental Variables 
	The Assembly Mechanisms of Forest Communities along Geographical Gradients 

	Discussion 
	References

