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Abstract

Understanding the diversity patterns within a region is helpful for the implementation of
conservation management. Xishuangbanna, located in southwestern China, is notable for
its diverse plant species and belongs to a tropical–subtropical transition area. This study
investigated the biodiversity patterns for four types of primary forests in Xishuangbanna,
namely tropical rainforests, tropical monsoon forests, tropical low-montane evergreen
broadleaf forests, and tropical seasonal moist forests. The difference in the forests alongside
a set of environments was assessed using non-metric dimensional scaling and partial least-
squares discriminant analysis. And, we calculated and compared four diversity metrics for
each forest, including species richness, phylogenetic diversity, standardized phylogenetic
diversity, and standardized mean phylogenetic distance, and calculated their correlation
with 22 environments using multiple stepwise regressions. The results showed that tropical
rainforests had the highest biodiversity on account of species richness (with an average of
about 40 species) and phylogenetic diversity (with an average of about 3000). Although
the values of standardized mean phylogenetic distance were lower than zero for all forests,
the tropical seasonal moist forests ranked first. Not only species composition and environ-
ments’ differences, especially the temperature seasonality, minimum temperature of the
coldest month, latitude, and precipitation of the driest quarter, primarily influenced the for-
est groupings. The variance in species richness (R2 = 0.57) and phylogenetic diversity
(R2 = 0.54) was best explained by a model integrating forest type, soil, climate, and
geographic factors. In contrast, the variance in standardized phylogenetic diversity
(R2 = 0.48) and standardized mean phylogenetic distance (R2 = 0.39) was primarily in-
fluenced by soil and climate factors. We suggest that tropical rainforests and tropical
seasonal moist forests should be conservation priorities in conservation management. This
study provides insights into community assembly mechanisms and the enhancement of
biodiversity conservation management in transitional areas.

Keywords: phylogenetic diversity; species richness; biodiversity conservation;
vegetation types; environment filtering; niche conservatism; tropical–subtropical transition
area; Xishuangbanna
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1. Introduction
Biodiversity is vital and provides various ecosystem services and resources to hu-

man society, with plants playing an irreplaceable role [1,2]. Intensifying human impacts
and unprecedented environmental changes are increasingly threatening biodiversity. The
rate of biodiversity loss is currently higher than that at any time in human history [3,4].
To avoid further biodiversity loss, recognizing and protecting priority areas are regarded as
useful measures in biodiversity conservation with limited resources [5,6]. Understanding
biodiversity patterns is helpful for policymakers and managers to carry out biodiver-
sity conservation [7]. Traditional biodiversity assessment strategies primarily consider
species-level diversity; however, recently, phylogenetic-based diversity measures have
been suggested to assess biodiversity in the context of evolutionary history [8–10]. Phylo-
genetic structures can also provide valuable insights into the ecological processes shaping
community assembly [11–14]. Understanding different dimensional biodiversity patterns
and their environmental influences plays an important role in biodiversity studies [15,16].

Forest types are often used as units for studying the diversity patterns and selecting
priority areas in conservation management because of their value in ecological processes,
ecosystem services, and resilience, especially in regions where species data are scarce [17,18].
The difference in the phylogenetic-based diversity across communities is suggested to be
investigated to comprehensively understand the biodiversity patterns and provide a basis
for the management of forest ecosystems, including conservation, restoration, and sus-
tainable use [19,20]. The communities showing obvious differences in phylogenetic-based
diversity are often recognized as important conservation priority units in conservation
planning and management. For example, Li et al. [21] explored biodiversity variations
across six vegetation communities in southeastern Tibet, China, and found that evergreen
broadleaf forests have the highest species richness and diverse phylogenetic lineages, mak-
ing them a key priority for maximizing biodiversity conservation. A study on Mount Kenya
observed differences in biodiversity across vegetation zones, suggesting that conservation
should prioritize communities with high phylogenetic diversity and species richness [22].
One study found that there were great differences in tree phylogenetic diversity among
the vegetation types in South America and highlighted the importance of conservation of
different vegetation types [23]. Therefore, analyzing the variation in the biodiversity of
forest types is crucial to further implementing protection measures.

A transition zone usually preserves species with various adaptations and hosts com-
plex biological interactions [24,25]. Therefore, transition areas are of increasing interest
to ecologists and conservationists, and they can be regarded as hotspots for conservation
priorities as they may enhance conservation sustainability [26,27]. Globally, vegetation
flora and forest types have undergone significant changes along the latitude gradient, while
typical tropical forests usually occur around the equator, and then extend between the
Tropic of Cancer and the Tropic of Capricorn [28]. The tropical forests in Xishuangbanna
occur around the Tropic of Cancer; thus, the location is recognized at the northern edge of
the tropical zone [29]. Xishuangbanna lies within one of the most important biodiversity
hotspots: its forest represents one of the tropical–subtropical forest transitions in East Asia,
and it hosts various forest types and numerous important plant species [30]. Although
Xishuangbanna is located on the northern edge of tropical Southeast Asia, cold air from the
north is blocked by the Hengduan Mountains. Fog often supplements moisture from pre-
cipitation and maintains areal warming, thus supporting tropical climatic conditions [31].
Forest diversification is associated with local climatic diversity, which supports the rich
biodiversity at this latitude [29]. The mechanisms underlying the biodiversity patterns
of different communities in these transition areas are suggested to be comprehensively
understood for conservation management.
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In this study, we analyzed the differences in species- and phylogenetic-based diversity
across different forest types in Xishuangbanna. We addressed the following questions:
(1) What is the difference in the species-based and phylogenetic-based diversity among
distinct forests in Xishuangbanna? (2) Which forest should be a conservation priority in
Xishuangbanna? Understanding biodiversity patterns informs the development of effective
management and conservation strategies for forest communities.

2. Materials and Methods
2.1. Study Objects

We targeted the tropical forest vegetation of Xishuangbanna, a hotspot for biodiversity
conservation in the tropical area of southwestern China. Tropical rainforests (TRs), tropical
monsoon forests (TMFs) on river banks, tropical low-montane evergreen broadleaf forests
(TLEBFs) on mountain slopes, and tropical seasonal moist forests (TSMFs) over limestone
are the four main primary forest types in Xishuangbanna [31,32].

According to a flora investigation in the Xishuangbanna region [31–33], we conducted
our study by tracking the species composition of forest sample plots [31]. However, it is
necessary to clarify that the species composition lists recorded in our study were merely
composed of woody plants, as we believe that focusing on woody plants is achievable and
sufficient to explain the diversity and community structure of forests. Gymnosperms were
excluded from our study. We collected species composition data from 47 square sample
plots in total [31], as follows: 29 plots for TRs, 7 plots for TSMFs, 6 plots for TMFs, and
5 plots for TLEBFs (the longitude, latitude, elevation, and plot size are shown in Table S1,
species composition information is shown in Table S2, and a distribution map is visualized
in Figure 1). To compare the disparity among the four forest types in a straightforward
manner and avoid the quantitative influence of plots, we utilized bootstrap sampling in
our further analysis.

Figure 1. (a) Map of the study area, and photos of the landscape of forest types: (b) tropical monsoon
forests (TMF), (c) tropical seasonal moist forests (TSMF), (d) tropical rainforest (TR), and (e) tropical
low-montane evergreen broadleaf forests (TLEBF). Photographs in panels (b–e) were provided by
Hua Zhu.

2.2. Environment Data Source and Pre-Treatment

We extracted contemporary climate data from WorldClim version 1.4 (http://www.
worldclim.org/, accessed on 22 July 2024) with a spatial resolution of 30 arc-seconds.

http://www.worldclim.org/
http://www.worldclim.org/
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To further test the effects of climatic stability, we extracted the mean temperature and
precipitation during the last glacial maximum (LGM) from a paleoclimatic dataset (http:
//www.paleoclim.org/, accessed on 24 July 2024). We then calculated the climatic anoma-
lies as the difference between the present and LGM (MATano = MATpresent − MATLGM;
APano = APpresent − APLGM) [34]. The elevation, slope, and aspect of the slope were
extracted from digital elevation model data obtained from the Geospatial Data Cloud
(http://www.gscloud.cn, accessed on 22 July 2024) at a 90 m resolution. The soil organic
matter variables were extracted from a dataset of soil properties for land surface mod-
eling over China (http://data.tpdc.ac.cn, accessed on 1 September 2024) with a 30-arc-
second resolution. We used the human footprint index as a measure of human impact,
which was obtained from the Global Human Footprint Dataset version 2 (1995–2004;
https://earthdata.nasa.gov, accessed on 13 September 2024) with a 30-arc-second resolu-
tion. All environmental data from each forest plot were extracted using Spatial Analyst
Tool in ArcGIS 10.7.

To minimize the influence of multicollinearity and overfitting of models, we per-
formed a correlation coefficient analysis for all 62 environmental variables (Supplementary
Materials, Tables S3–S6). When Pearson’s |r| was >0.70, one of the two variables was
excluded [35,36]. Table 1 lists 22 environmental variables that were retained for further
analysis, including contemporary climate, paleoclimate, human impact, soil, and geograph-
ical variables.

Table 1. Environmental variables for analysis.

Abbr. Variables Unit

Bio4 Temperature Seasonality (Standard Deviation × 100) %
Bio6 Min Temperature of Coldest Month °C
Bio13 Precipitation of Wettest Month mm
Bio14 Precipitation of Driest Month mm
Bio15 Precipitation Seasonality (Coefficient of Variation) %
Bio17 Precipitation of Driest Quarter mm
Bio18 Precipitation of Warmest Quarter mm
MAPano Annual Precipitation Anomaly since LGM mm
MATano Annual Mean Temperature Anomaly since LGM ◦C
Lon Longitude ◦

Lat Latitude ◦

TK Soil Total Potassium g/100 g
TN Soil Total Nitrogen g/100 g
AN Soil Available Nitrogen mg/kg
AP Soil Available Phosphorus mg/kg
H+ Soil Exchangeable Hydrogen Ion me/100 g
Mg2+ Soil Exchangeable Magnesium Ion me/100 g
Al3+ Soil Exchangeable Aluminum Ion me/100 g
K+ Soil Exchangeable Potassium Ion me/100 g
PH PH Soil PH (H2O) pH units
HFI Human Footprint Index -
ELE Elevation m

2.3. Data Analysis
2.3.1. Difference in Biodiversity Across Forest Types

For diversity of forest types, we calculated four diversity metrics including species-
and phylogenetic-based metrics, such as species richness (SR), phylogenetic diversity (PD),
standardized phylogenetic diversity (PDses), and standardized mean phylogenetic distance
(ses.MPD). Species richness was calculated as the total number of species in each unit,
which is the simplest and most commonly used measure of species-based diversity.

http://www.paleoclim.org/
http://www.paleoclim.org/
http://www.gscloud.cn
http://data.tpdc.ac.cn
https://earthdata.nasa.gov
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For the phylogenetic-based metric analysis, we reconstructed the phylogenetic tree for
angiosperm plants in Xishuangbanna (a total of 3963 species) using the V.phylomaker R
package 4.4.0 and selecting the Scenario 3 tree (see the tree file in Supplement Materials,
“File S1-tree.tre”) [37]; the tree can over all the species involved in this study. The calculation
of biodiversity metrics below was performed with the “picante” package in R 4.1.1 [38].
PD was calculated as the sum of the phylogenetic branch lengths connecting all species
in each unit [10]. As PD was highly correlated with SR (R2 > 0.90 and p < 0.05 in this
study), we calculated the standardized PD (PDses) by comparing the observed PD with the
expected PD under null models to avoid the impact of SR [39]. The ses.MPD was calculated
as the standardized effect size of the mean phylogenetic distance, which estimates the
average phylogenetic relatedness between all pairs of species in each area [40]. Therefore,
ses.MPD can provide information about the phylogenetic structure of assemblages, with
ses.MPD < 0 indicating that the structure tends to be phylogenetically clustered and
ses.MPD > 0 indicating that the structure tends to be phylogenetically overdispersed [40].
Based on the above calculations, we obtained data on the diversity index of the 47 sample
plots for the four forest types (Table S1).

To investigate the differences in biodiversity across the four forest types and avoid
the quantitative influence of plots, we calculated the probability density distribution
and conducted an analysis of variance. Because of the disparity among forest plot num-
bers across the four forest types, we decided to use bootstrap sampling to carry out
data processing when we compared the biodiversity among the four primary forests.
The bootstrap sampling process was as follows: We used bootstrap sampling to randomly
select three sample plots from each forest type, and then calculated mean values of biodi-
versity indices for the three randomly selected samples according to Table S5. The process
was then repeated 1000 times; thus, we obtained probability density distribution for the
1000 means (of each random three samples) of forest biodiversity metrics. Finally, the prob-
ability density was mapped using the R package “ggplot2” [41], and then we compared the
diversity across four forest types.

To verify the credibility of bootstrap sampling results, we utilized the following data
processing method to calculate the diversity for the four forest types: The calculation for
the diversity metric utilized the species composition information simply for each forest
type regardless of whether the species actually existed in every plot sample (the validation
data are provided in Table S7).

2.3.2. Discriminant Analysis of Environmental Determinants

To further determine which factors may lead to disparities in the distribution patterns
of the four forest types, partial least-squares discriminant analysis (PLS-DA) was performed
to cluster, classify, and compare the environmental characteristics where the forest plots
were located [42]. Variable importance in the projection (VIP) was used to rank the contri-
bution of potential variables that were likely to result in the separation of forest types. This
analysis was performed using the R packages “mixOmics” and “RVAideMemoire” [43].

2.3.3. Difference in the Plant Species Composition Across Four Forest Types

To further explore the difference in the plant species composition across the forest
types, we used non-metric multidimensional scaling ordination (NMDS) to visualize
the clusters of sample plot grouping. We created the NMDS ordination using the Bray–
Curtis dissimilarity with the function “metaMDS” in the R package “vegan” [44]. Then,
we determined the plant species importance contributions for the dissimilarity among
groups using the function “simper” in “vegan”. To test for significant differences between
clusters, we conducted permutational multivariate analysis of variance (PERMANOVA)
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using the function “adonis2” in the R package “vegan” with the calculated Bray–Curtis
dissimilarity [44]. The quality of the NMDS ordination was evaluated based on the stress
coefficient (stress ≤ 0.2 indicates an acceptable fit, whereas stress > 0.2 indicates a relatively
poor fit) [45].

To assess the relationship between environment variables and the results of the NMDS
ordination, we projected the variables in Table 1 onto our NMDS ordination with the
function “envfit” in the R package “vegan”, but only significant environmental vectors
(p < 0.05) were plotted onto the NMDS ordination.

2.3.4. Influence of Environmental Variables on Diversity for Forests

We used the multiple stepwise regression analysis to explore the relationships between
environmental variables and biodiversity metrics (i.e., SR, PD, PDses, NRI) across four forest
types. Then, we calculated the relative importance of contemporary climate, paleoclimate,
human impact, soil, forest types, and geographical variables using hierarchical and vari-
ation partitioning for canonical analysis. The statistical analyses and visualization were
performed with the packages “MUMIN” [46], “rdacca.hp” [47], and “ggplot2” [41] in R.

3. Results
3.1. Differences in Biodiversity Across Four Forest Types

SR was ranked from high to low as follows: TR, TLEBF, TSMF, and TMR (Figure 2a).
The results from analysis of variance and multiple comparison showed that TR had
the highest SR and significant differences compared with the other three forest types
(ANOVA, η2 = 0.43, p < 0.05). No significant difference was observed in SR among the other
three forests (Figure 2a).

Figure 2. Probability density estimations of biodiversity by vegetation type using bootstrap sampling.
Red dots represent the median value of the probability density for 1000 measurements. Results
of ANOVA are listed above each panel, and η2 indicates the effect size. The different letters on
the right indicate significant differences at the p < 0.05 level. The x-axis in panels represents the
following: (a) SR—species richness; (b) PD—phylogenetic diversity; (c) PDses—standardized phylo-
genetic diversity; (d) ses.MPD—standardized mean phylogenetic distance. The y-axis represents the
following:TR—tropical rainforest; TSMF—tropical seasonal moist forest; TMF—tropical monsoon forest;
TLEBF—tropical lower-montane evergreen broadleaf forest.
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The ranking of PD was the same as that of SR: TR, TLEBF, TSMF, and TMR (Figure 2b).
TR had the highest PD, which was significantly different from that of the others, whereas
no significant difference was observed in PD among the other three forest types (ANOVA,
η2 = 0.43, p < 0.05, Figure 2b).

Regarding the two standardized phylogenetic-based metrics, the PDses was ranked
from high to low as follows: TSMF, TR, TMR, and TLEBF. There were no significant
differences among the forests (ANOVA, η2 = 0.14, p > 0.05). The PDses values of all four
forest types were negative, indicating that the observed PD values of the assemblages were,
on average, lower than the null expectation (Figure 2c).

The ses.MPD was ranked from high to low as follows: TR, TSMF, TMR, and TLEBF.
There were no significant differences among the forests (ANOVA, η2 = 0.07, p > 0.05). The
ses.MPD values were all negative, which indicated that the assemblages were, on average,
more phylogenetically clustered than the null expectation (Figure 2d).

Overall, TR had the highest value of SR and PD, while TR and/or TSMF had the highest
value regarding the standardized metrics such as PDses and ses.MPD. The validation data
(Table S7) revealed similar rank results as above, which were calculated by another method,
thus verifying the credibility of the bootstrap sampling results above.

3.2. Difference in Environmental Determinants Across Four Forest Types

We utilized the PLS-DA model and VIP method to distinguish different vegetation
types and identify their discriminant factors. However, no significant differences were
observed between the sample groups (Figure 3a), suggesting that the environmental vari-
ables could not clearly differentiate the four vegetation types. Seven factors had VIP
values greater than 1 in the PLS-DA procedure (Figure 3b), indicating that these seven
factors made the most significant contribution to the potential differences in distribution
across the four forest types. These factors included temperature (bio4—temperature sea-
sonality; bio6—minimum temperature of the coldest month), geography (ele—elevation;
lat—latitude; lon—longitude), precipitation (bio17—precipitation of the driest quarter),
and climate change since the LGM (MAPano—annual precipitation anomaly between the
present and LGM) (Figure 3b).

 

Figure 3. (a) Scatterplot for discriminant analysis of the forest plots. The 95% confidence intervals are
represented by ellipses. (b) VIP values showing the contribution of variables for potential difference
in the PLS-DA model.
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3.3. Difference in Community Composition

The NMDS provided an acceptable fit under a low stress value (stress = 0.1331). The
clusters are clearly separated in the NMDS ordination (Figure 4). Results showed that there
were significant differences in the composition between the four forest groups (supported
by PERMANOVA, R2 = 0.2675, p < 0.05, Figure 4). The SIMPER similarity analysis provided
the important contributions of species to the forest grouping (we can see the rank in
descending order in Table S8).

Figure 4. NMDS ordination of 47 forest plots, arrows indicate the variables which were significantly
correlated with the ordination plotted. TR—tropical rainforest; TSMF—tropical seasonal moist forest;
TMF—tropical monsoon forest; TLEBF—tropical lower-montane evergreen broadleaf forest.

NMDS ordinations were strongly associated with differences in environments
(R2 = 0.66, p < 0.05); significant impacts (all p < 0.05, Figure 4, Table S9) were shown
by the following: bio4—temperature seasonality (R2 = 0.36); bio6—minimum temperature
of the coldest month (R2 = 0.35); lat—latitude (R2 = 0.48); bio17—precipitation of the driest
quarter (R2 = 0.29). The bio6 (minimum temperature of the coldest month) and bio17
(precipitation of the driest quarter) have great relations with the species composition of TR
(Figure 4), while bio4 (temperature seasonality) and lat (latitude) have great relations with
the species composition of TSMF (Figure 4).

3.4. Factors Influencing the Diversity of Forests

The results showed that the diversity metrics for SR, PD, PDses, and ses.MPD were
significantly influenced by different environmental factors, including contemporary climate,
soil, forest types, and geographical variables (Figure 5).

The results in Section 3.1 showed that there were significant differences for the SR
and PD metrics across the forests (ANOVA, η2 = 0.43, p < 0.05). The results of multiple
regression showed that forest type (factor-TR) could explain relatively large parts of the
variance in regression for SR (47.4%) and PD (58.4%) (Figure 5a,b), which confirmed the
particularity of TR. Besides the forest types, soil factors could explain another 43.2% of the
variance of the total adjusted R2 (0.57) in the regression for SR (Figure 5a). In the regression
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for PD, climates could explain another 25.1% of the variance of the total adjusted R2 (0.54)
(Figure 5b,e); thereinto, temperature seasonality had the highest importance contribution
(7.45%), followed by precipitation of the driest quarter (5.3%), precipitation of the driest
quarter (4%), and precipitation seasonality (3.4%) (all p < 0.05, Figure 5b, Table S10).

 

Figure 5. Coefficient plots for multiple regressions between environmental variables and biodiversity
metrics: (a) species richness; (b) PD—phylogenetic diversity; (c) PDses—standardized phylogenetic
diversity; (d) ses.MPD—standardized mean phylogenetic distance; (e) variable important for variance
explained. The circle represents the coefficient estimates for each predictor, and horizontal lines show
their 95% confidence intervals. Asterisks above each circle denote significance levels of the factor.

Patterns of PDses were significantly related to the environmental factors (R2 = 0.48,
p < 0.05, Figure 5c). The soil factors contributed the most important proportion (72.7%),
then the climates (25.9%) (Figure 5e), including the min temperature of the coldest month
(9.4%), precipitation of the driest quarter (5.7%), precipitation of the wettest month (4.5%),
and temperature seasonality (4.3%) (all p < 0.05, Figure 5c, Table S10).

Patterns of ses.MPD were significantly related to the environmental factors (R2 = 0.39,
p < 0.05, Figure 5d). The climates contributed the most important proportion (85.3%)
(Figure 5e), including the precipitation of the driest month (14.7%) and precipitation of the
driest quarter (5.4%) (all p < 0.05, Figure 5d, Table S10).



Diversity 2025, 17, 833 10 of 17

Overall, in terms of the continuous environmental variables, results showed that
the soil factors played important roles in influencing the diversity of SR, PD, PDses, and
ses.MPD. Meanwhile, climate also had a considerable influence on the standardized metrics
(PDses and ses.MPD), especially the precipitation of the driest month/quarter.

4. Discussion
4.1. Distribution, Diversity and Environmental Influences of the Forest Types in Xishuangbanna

The results indicated that the temperature seasonality, minimum temperature of the
coldest month, latitude, and precipitation of the driest quarter all play significant roles in
influencing the forest groupings, which implies the importance of environmental filter-
ing. In particular, the pronounced influence of the minimum temperature of the coldest
month and precipitation of the driest quarter further indicates that the tolerance for cold-
ness and drought is greatly related to the species composition of TR, which is consistent
with the tropical niche conservatism hypothesis (TCH) [48,49]. Although TRs of Xishuang-
banna are located on such a northern-edge tropical area, actual observations have found
that they are mostly restricted to valley areas, which can form local microclimates that
effectively buffer extreme low temperatures and reduce water stress, enabling them to
maintain survival and development even in the marginal area [29]. The TR is doubtlessly
distributed in areas that have strong relationships with winter coldness and climatic stabil-
ity, which may promote the phylogenetic clustering trend of community structure (PDses < 0,
ses.MPD < 0), consistent with the tropical niche conservatism hypothesis (TCH) [49]. We
found that SR and PD for the TR showed the highest value among the four forest types; in
addition, the diversity for SR in Xishuangbanna was significantly positively related to the
existence of TR. Conventional wisdom states that conditions within a tropical climate, with
lush vegetation and high biomass, offer unparalleled levels of biodiversity and support
greater SR and PD of plant species than other climates [50].

Biodiversity is not evenly distributed within an area, which can be reflected in the
different diversities of forest communities. While forests serve as the natural units for
species distribution and assemblage, from another perspective, our study also showed that
forest type would be one of the important facets in understanding regional biodiversity
patterns and managing biodiversity conservation. The results showed that all the forests
have potential phylogenetic clustering and are assembled by closely related species, which
may be because these forests lie in the transitional zone.

Climate and soil factors accounted for a substantial proportion of the variance in
standardized phylogenetic-based diversity, indicating that local environmental hetero-
geneity leads to the differentiation of communities in this region. This pattern can be
explained by habitat filtering; habitat filters are abiotic constraints that allow the selec-
tion of specific species with suitable trait adaptations and their survival in a given local-
ity [51,52]. Habitat filtering reflects niche conservatism in lineages from an evolutionary
perspective, and closely related species may possess similar adaptations to environmental
challenges [23,51,52]. For example, TR has accumulated abundant species, which develop
under extreme tropical conditions in Xishuangbanna, but are still restricted by winter
coldness and climatic stability. The TSMF is restricted to limestone areas, where harsher
edaphic and microclimatic conditions impose a strong environmental filter. Species that
lack the trait adaptations necessary to persist in the harsher habitats may be filtered out by
the conditions on limestone mountains [53], leading to the observed phylogenetic clustering
trends of TSMF on average.
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4.2. Implications for Biodiversity Conservation in Xishuangbanna Area
4.2.1. Conservation Priority in Xishuangbanna

The Xishuangbanna Nature Reserve was established in 1958 and is one of the earliest
protected areas in China. Tropical forest ecosystems were regarded as one of the key
objects in biodiversity conservation initially, on account of the scarcity of tropical forests
in mainland China and the particularity of their location in the northern edge of the
tropical zone of Xishuangbanna [54]. Conservation assessments incorporating phylogenetic
information are helpful for obtaining more detailed biodiversity pattern information [55,56].
Existing reserves usually prioritize species-rich forests for conservation, and areas with
the highest phylogenetic and/or species diversity have recently been suggested as priority
conservation targets [56–59].

The distribution of forest types can serve as natural units and shortcuts for biodiversity
conservation. Indeed, the quantifiable value in our results confirms the particularity of TR
in the local area, which is specifically manifested in higher diversity either by species-based
or phylogenetic-based diversity indicators. According to the principle of conservation prior-
ity, TR deserves to be regarded as one of the most important priority objects for protection.
In addition, we found that TSMF, which also has a relatively higher phylogenetic-based bio-
diversity value, is another priority object in conservation management in Xishuangbanna.

4.2.2. TR and TSMF Under Climate Change in Xishuangbanna

Different species compositions of forests show different responses to environments in
the results; for example, TR grouping is much more sensitive to the minimum temperature
of the coldest month and precipitation of the driest quarter, while TMF and TSMF are much
more sensitive to the temperature seasonality and latitude; these climatic factors reflect the
influences of climatic stability on forest types. Additionally, we could see that soil factors
and precipitation disparity have great impacts on the diversity of PDses and ses.MPD
(Figures 4 and 5). Climate change always has a particularly strong influence on species
range shifts and changes in vegetation composition and structure [60]. Out of the tropics,
this hypothesis suggests that clades originate from the tropics, and the clades adapted to
present-day temperature and/or subtropical zones have higher climatic variability, broader
environmental tolerances, and larger geographic ranges [61]. The Climatic Variability
Hypothesis suggests that taxa from environmentally variable habitats should evolve wider
environmental tolerances and greater dispersal capacity, and consequently may be less
impacted by climatic change than taxa originating from relatively stable habitats [60,62].
This suggests that species with wide climatic niches and large range sizes may be less
affected by climatic change than those with narrower niches and smaller range sizes.

Both TR and TSMF survive in relatively stable habitats and/or narrower niches; thus,
we speculate that they will be greatly affected by environmental changes. For instance,
TR is mainly distributed in valley areas influenced by tropical climates, and TSMF is
located in karst hillsides. Species with different environmental amplitudes and species-
specific tolerances respond differently to climate gradients [62]. Therefore, species dispersal
capacity and niche adaptation should be considered in the face of climate change; for
example, dipterocarp species in TR usually survive in tropical forests and have poor long-
distance wind dispersal [63,64]. Results show that soil factors play very important parts
in influencing the diversity metrics of forests in Xishuangbanna. Edaphically extreme
habitats, such as the TSMF on limestone mountains in Xishuangbanna, should also be a
key focus. Such extreme edaphic sites display strong selective forces for many species and
are distributed by specialist edaphic species. Geographic isolation may lead to local species
having more unique evolutionary histories than those in other regions [53]. During the
migration process caused by climate change, only a few species from other regions can
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adapt to the karst habitat for survival and growth, and many edaphic specialists are less
adaptive when moving to the surrounding habitat [53].

Furthermore, the results showed that precipitation plays an important role in shaping
the distribution and diversity metrics of forest types in Xishuangbanna. Climate warming
is conducive to the accumulation of energy and heat in local areas. However, some studies
have shown that it is becoming much drier in the Xishuangbanna area during climate
change, which is a threat to local biodiversity [65,66]. Continued climate warming and more
frequent droughts will induce higher mortality rates and impede growth, thus reducing
forest productivity in Xishuangbanna [67]. In particular, it means that the TR and TSMF,
which have narrow environmental tolerances, would be highly vulnerable to the decrease
in moisture. The species to be migrated should also consider the biotic interactions, such as
the competitive relationships of the original species in the destination area.

In our opinion, we predict that TR and TSMF may suffer greatly from threats of climate
change due to their narrow tolerances in such special tropical–subtropical transitional areas.
Therefore, we suggest that TR and TSMF should be considered priorities for conservation
optimization in local areas in the face of climate change.

4.2.3. Conservation Suggestion

Biodiversity is threatened by snowballing due to ongoing global warming and human
activity. Since 2003, rubber and tea plantations have been the main sources of local economic
income, which lifts ethnic-minority farmers from poverty [68], but such matters may
increase the risk of local habitat loss. Although Xishuangbanna Nature Reserve plays an
important role in maintaining biodiversity, these economic crop plantations even covered
10% of the protected areas in 2010 [69,70]. The existing forest canopy has a considerable
effect on understory plant species and the growth and establishment of seedlings, which, in
turn, enhances forest regeneration [71,72]. Thus, the protection of existing vegetation is vital
for minimizing costs and improving the chances of successful natural restoration [71,73].

Therefore, we put forward our suggestions for conservation efforts in Xishuangbanna:
First, we suggest that policymakers and forest managers should prioritize TR and

TSMF for conservation efforts due to their high value of biodiversity as well as their higher
vulnerability to climate change. This does not mean ignoring the protection of other forest
types; other types are also indispensable in biodiversity conservation in Xishuangbanna,
as they all have considerable value in providing habitats for large mammals, including
elephants and other rare wildlife species [74,75].

Second, conservation managers can incorporate local cultural forests into habitat
corridors to enhance the connectivity of the scattered protected areas in Xishuangbanna.
Xishuangbanna is an area where multiple ethnic minorities coexist; cultural forests serve
as one of the inviolable religious beliefs in the local area, and these cultural forests are
important components of the existing forests in Xishuangbanna. To date, the cultural
forests in Xishuangbanna have been protected primarily by the community, but not by
government-led conservation [76]. We suggest that conservation management should be
set in accordance with local conditions, such as the landscape and culture.

Third, we believe that the government could strengthen its support for the local
tourism industry to enhance residents’ income. Due to the continuous low price of natural
rubber since 2010, as well as ecological environment protection by the government, the area
growth of rubber forest has gradually slowed down [77]. While the tourism industry in
Xishuangbanna has been developing year by year, the unique tropical landscape, ecological
environment, and biodiversity are the main reasons that attract tourists from all over China.
The development of tourism can not only enhance economic income but also serve as an
opportunity to conduct environmental education and strengthen the public’s awareness of
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protection. The locals realized that they could make profits without engaging in rubber
cultivation or destroying natural forests.

5. Conclusions
Natural forest units are convenient for implementing conservation management, but

the key point is to determine priorities in further efforts. Therefore, by comparing the
species- and phylogenetic-based biodiversity of the four primary forest types in Xishuang-
banna, we found differences in biodiversity patterns among different forests. Results
reveal that TR and TSMF are conservation priorities. TR has significantly higher SR and PD
compared to other forests, and TSMF has considerably higher PDses compared to others.
Crucially, through PLS-DA and NMDS analyses, results showed that the grouping for
species composition of forests was mainly influenced by key environmental factors, such
as temperature seasonality, minimum temperature of the coldest month, latitude, and
precipitation of the driest quarter. Meanwhile, under multiple analyses of diversity metrics
and environmental factors, results showed that contemporary climate, soil, forest types,
and geographical variables would have impacts on diversity, especially climate and soil for
standardized phylogenetic-based diversity, which implies the importance of environmental
filtering across the study area. Given the important influence of environments in shaping
forest communities and their biodiversity, the strategies for biodiversity conservation of the
forests across Xishuangbanna should also consider their vulnerability under a changing cli-
mate. This is particularly urgent for TR and TSMF, which are projected to face high threats
under climate warming. We suggest strengthening the protection of existing vegetation,
especially for TR and TSMF. Besides tough measures by setting reserves, we believe that
enhancing the responsibility and initiative of residents (by relating to their culture and
quality of life) could help comprehensive conservation.

However, there are some limitations to our study. Although we believe that focusing
on woody plants is achievable and sufficient to explain the diversity and community
structure of forests, it is better to supplement field investigations and add information on
herbaceous species to community assemblages in future research. In addition, this study
discusses species- and phylogenetic-based diversity, without evaluating the functional
traits of forests.
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