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Abstract: Unravelling the patterns, potential processes and mechanisms underlying biodiversity
has always been a crucial issue in community ecology. It is also a necessary first step for any
conservation and restoration to better adapt fragile ecosystems to a changing climate. However, little
is known regarding the structure and maintenance of plant communities in typical high-altitude
wetlands. Here, we made a comprehensive analysis of the diversity and composition of wetland plant
communities based on the distribution of plants near the shorelines of 19 lakes across the Qinghai-
Tibetan Plateau. The latitude, mean annual temperature (MAT) and mean annual precipitation
(MAP), along with the edaphic properties, were the dominant predictors affecting the taxonomic and
phylogenetic a-diversity. Besides diversification, ecological drift, mixing with weak dispersal and
weak selection shaped the community composition of wetland plants in our study. The latitude and
MAP predictors, although modest, showed an impact on the community structure.

Keywords: taxonomic diversity; phylogenetic diversity; community structure; high-altitude wetland

1. Introduction

Biodiversity is the total diversity of life within a biological system, which includes
the variation among genes, species and functional traits [1,2]. Understanding the current
biodiversity helps us to predict its likely response to a changing environment, and in
addition, determine strategies for effective conservation and sustainable use [1,3]. Biodi-
versity is complex and multidimensional in nature, given it results from multiple levels of
community organization. The most widely used measure is taxonomic diversity, such as
species richness. When this index is used alone, however, it will miss some information for
diversity in the community [2]. Several studies have indicated that phylogenetic diversity
combines information from both ecology and evolutionary history, hence better represents
the ecological variation in functional traits [4-7]. Consequently, simultaneous consideration
of taxonomic (a surrogate for genetic), functional (based on ecological roles) and structural
(based on species abundance) diversity is necessarily required [2,5].

Although diversity patterns are increasingly well documented, determining the poten-
tial processes and mechanisms of their maintenance constitutes one of the most important
challenges to ecologists [1,8]. It has been generally accepted that the composition of local
plant communities arises from the combined effects of evolutionary and ecological pro-
cesses [9,10]. In general, the mechanisms that contribute to the composition and diversity
within species are referred to as evolutionary processes. They include four fundamental
classes: mutation, selection, gene flow, and genetic drift [11]. In contrast, the mechanisms
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governing the composition and diversity among species are ecological processes, including
diversification/speciation, selection, dispersal and ecological drift [12]. These four classes
unite deterministic (e.g., selection) and stochastic (e.g., drift) processes (diversification and
dispersal involve both) based on the niche and neutral perspectives [11,13], although is
also proposed in the microbial community, following from fundamental principles in the
community ecology. In fact, increasing numbers of researchers have provided evidence
that both deterministic and stochastic processes are supposed to jointly structure the com-
munity assembly. Consequently, the central debate has been transferred to the relative
contribution of the neutral and deterministic processes in community composition and
maintaining [14-16].

It is generally believed that the patterns of plant composition and diversity depend
on evolutionary, geospatial and ecological factors, as well as on human disturbance [17].
Over large areas, species richness and diversity are known to co-vary with climate, typi-
cally being lower at high latitudes and higher towards the equator [18,19]. This might be
because climate determines water availability, ambient energy levels, and habitat hetero-
geneity [20,21], which were reported as the most important predictors for vascular plant
richness at the global scale [22]. However, the mechanisms connecting these factors to
species composition and diversity are still debated [20,23]; this may reflect the observation
that the dependence of biodiversity on predictors is not always linear and the contribution
of some predictors varies by region [17,24]. Given the typically remote location and difficult
access of high-altitude wetlands, the aquatic plants there are seldom included in these
studies, and the few available often provide opposite trends [25]. For instance, Crow [26]
reported that aquatic plants in numerous tropical aquatic habitats in Costa Rica had a low
level of diversity, while a higher level was observed at warm temperature latitudes and a
surprisingly high level at cold temperature latitudes in North America. Even though our
understanding of the species composition and diversity patterns in the terrestrial ecosys-
tem is improving considerably, few studies are available for wetland plants, especially at
high altitudes.

The Qinghai-Tibetan Plateau (QTP) is the largest high-altitude wetland region on
the earth, and one of the most sensitive regions to changing environments [16,27]. Given
the rapid and continuous speciation and diversification of plants caused by relatively
rapid and uniform geological uplift, and a lesser influence by human activities, the QTP
is an appropriate and unique region to detect the potential processes and mechanisms
underlying biodiversity [28]. The aims of the present study were (1) to evaluate the relative
importance of geographical and environmental factors in taxonomic and phylogenetic
diversity of alpine wetlands, and (2) to reveal the potential process for the wetland plants
community assembly. We carried out a large-scale survey of the plant community com-
position and edaphic properties for 19 nature wetlands across the QTP and proposed to
test the following two hypotheses: (1) the patterns and the predictors of taxonomic and
phylogenetic diversity are consistent in different communities, and (2) both spatial and
environmental factors are collaboratively responsible for the community assembly. We
expected that a combination of taxonomic and phylogenetic information would give us
a more comprehensive understanding of the mechanisms underlying the structure and
maintenance of biodiversity, and further would facilitate the management and restoration
of the high-altitude wetland plant communities.

2. Materials and Methods
2.1. Vegetation Survey and Sample Collection

This study was conducted in the Qinghai-Tibetan Plateau in China, and the study area
extended northwest-southeast across the plateau. The average altitude of our study area is
higher than 4500 m above sea level, and the latitude lies between 28.18 and 33.58° N. The
mean annual temperature ranges from —3.09 to 3.66 °C, and the mean annual precipitation
from 45.49 to 314.15 mm. Most herbaceous plants sprout in May and senesce in September
on the QTP, and the plant coverage and biomass peak in late July and early August in
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the middle of the plant growing season [29]. Given the main objective of this study was
to reveal the overall pattern of diversity and community assembly, we selected 20 sites
from 19 lakeshores in our study area in early August of 2018 (Figure 1, Table S1). At each
site, a 25 m x 25 m plot on the lakeshore was selected based on information for the most
representative vegetative communities in the study site and the site’s accessibility. Three
subplots (1 m X 1 m) were randomly established within a plot, and all vascular plant
species were recorded. The species richness for each subplot was estimated as the total
number of recorded vascular plant species and the coverages were estimated visually [16].
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Figure 1. Location of the 20

sites on the Qinghai-Tibetan Plateau that were investigated and sampled in this study. The inset

map in the bottom right corner shows the study area on a map of China.

Surface soils (0-5 cm) on each lakeshore were sampled with a 5 cm diameter hand corer.
Three soil cores were randomly collected within each subplot. After removing the plant
residues and gravels, the nine soil samples from the three subplots were mixed to form a
composite sample, and then were stored at approximately 5 °C until laboratory analysis.

2.2. Measurements of Environmental Factors

At each sampling site, the longitude, latitude and elevation were recorded using
a global positioning system (Unistrong, Beijing, China). The mean annual temperature
(MAT), mean annual precipitation (MAP) and diurnal temperature range (DTR) at each site
were extracted, using the interpolation method [30], from the climate dataset of the Chi-
nese ecosystem research network (CERN, http://www.cern.ac.cn, accessed on 26 Septem-
ber 2019).
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The soil samples were shade dried until they had a constant weight, then were passed
through a 2 mm sieve, and the <2 mm fractions were stored until analysis. After soil solu-
tions (1:5 w/v soil to water ratio) were shaken well and left to stand for 30 min, the pH was
determined using a glass electrode with a pH probe (FE 20, Mettler Toledo, Switzerland).
The values of soil total carbon (TC), total organic carbon (TOC) and total nitrogen (TN)
were measured with an elemental analyser (Vario TOC cube, Hanau, Germany). Inorganic
carbon was removed by acidification with hydrochloric acid prior to TOC measurements.
Soil total phosphorus (TP) was measured by the molybdenum blue method with a spec-
trophotometer (Shimadzu, Tokyo, Japan) after digestion by perchloric acid and sulfuric
acid. The type of soil was determined by measuring the size of soil granules (using a
laser particle analyser, Mastersizer 2000), adopting the International Society of Soil Science
(ISSS) standard.

2.3. Data Analysis

All species we investigated were identified using the database The Plant List
(http:/ /www.theplantlist.org, accessed on 12 October 2018) and iPlant (http:/ /www.iplant.
cn, accessed on 12 October 2018), as well as the detailed descriptions in the Flora of China
(http:/ /www.efloras.org/flora_page.aspx?flora_id=2 accessed on 12 October 2018). The
species names were checked against The Plant List (http:/ /www.theplantlist.org, accessed
on 17 October 2018), and family and genus assignments were based on the Angiosperm
Phylogeny Group III classification (Angiosperm Phylogeny Group, 2009) [31]. Then, a phy-
logenetic tree was generated using Phylomatic v.3 (http://phylodiversity.net/phylomatic/,
accessed on 9 November 2018) [32]. Phylomatic matches taxa in the input list (with family
and genus information) to the most resolved positions possible in a mega-tree. Here, we
used the “zanne2014”, a mega-tree of angiosperms with calibrated branch lengths. [33].

Species alpha diversity for each site, expressed as plant richness and the Shannon—
Wiener index, was calculated with the vegan package. These diversity indices indicate both
abundance and evenness of the species present [34]. We used Faith’s phylogenetic diversity
(hereafter termed Faith’s PD or PD for short) to evaluate the total evolutionary history of the
species in an assemblage [35,36]; the root of the phylogenetic tree was not included when
measuring this. PD calculates the sum of the evolutionary distances among taxa in a commu-
nity [35] and represents the phylogenetic x-diversity. Also, we calculated the Net Relatedness
Index (NRI) and the Nearest Taxon Index (NTI), which compare the phylogenetic diversity in
the data set to a null model, to reveal either phylogenetic overdispersion (co-occurring species
more distantly related than expected by chance) or phylogenetic aggregation (co-occurred
species more closely related than expected by chance) [37-39]. Given the correlation between
the geospatial and the climatic factors, and the collinearity among particular environmental
variables, we used the varclus function with Hmisc package to estimate the redundancy of the
variables before analyses. The variables with higher correlation (Spearman’s p? > 0.8) were ex-
cluded [40]. Here, TOC was removed (Figure S1) and three groups of variables were retained:
(1) spatial variables (latitude and longitude), (2) edaphic properties (soil TC, TN, TP, pH and
soil types), and (3) climatic variables (MAT, MAP and DTR). To evaluate the contributions of
geographic and environmental variables to taxonomic and phylogenetic alpha diversity, we
used stepwise multiple regression to identify the most influential variables, and quantified
the relative effects of the parameter estimates for each variable that was included in the final
best-fitting model.

The community assembly processes for wetland plants in this study were estimated
based on a null model analysis, the Mantel test and variation partitioning analysis [13,41,42].
Briefly, the variation, or turnover, is first measured with null-model-based phylogenetic
and taxonomic beta diversity metrics (3-nearest taxon index:3NTI, 3-net relatedness index:
BNRI, and Bray-Curtis-based Raup-Crick index: RCpy,y) using the picante package of R.
Where the absolute BNTI or BNRI values are > 2, the deterministic processes structure
the community composition, with phylogenetically more similar (homogeneous selection,
BNTI or BNRTI values < —2), or phylogenetically less similar (heterogeneous selection,
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BNTI or BRTI values > +2). Subsequently, RCpyqy is used to further distinguish homogeniz-
ing dispersal (more similar in taxonomy, RCp;ay values < —0.95) and dispersal limitation
(less taxonomic similar, RCy.,y values > 0.95) with an absolute BNTI or BNRI values <2
(stochastic pattern). Whereas, if absolute BNTI or BNRI values are < 2, and absolute RCp,y
values are < 0.95, the community assembly was treated as an “undominated” pattern, that
is, no single process drove the variation in the community composition [42,43]. The Man-
tel test with 999 permutations was used to investigate the relationships between sample
ordination on taxonomic (Bray—Curtis distance) and geographic distance and environ-
mental similarity (Euclidean distance) [16]. The variation partitioning analysis (VPA) is
widely used in ecological research to evaluate the relative contribution of the pure effects
of geospatial variables (the effects of potential dispersal limitation) and the pure effects of
environmental factors (deterministic process) [44-46]. Non-metric multidimensional scal-
ing (NMDS) ordination was performed based on unweighted Unifrac distances by using
the GUniFrac and the vegan package to visualize the similarity of community structure
among study sites. All statistical analyses and graphs were performed using R (4.1.0).

3. Results
3.1. Wetland Plants of the Lakeshore across the QTP

In total, we observed 84 species of vascular plants in the 20 investigated sites, rep-
resenting 56 genera from 27 families (Figure 2A). In general, Cyperaceae was the most
common family in the sites, with the highest relative frequency of 17.6%, followed by
Poaceae with 13.8%, Asteraceae with 10.1%, and Polygonaceae with 8.5%, which together
accounted for half the total relative frequency of all plants. Including Rosaceae, Fabaceae,
Amaranthaceae, and Primulaceae, these eight families together comprised over 70% of the
accumulated relative frequency (Figure 2B). Considering the most species-rich families
represented, Asteraceae was dominant with 12 of the total plant species identified in our
study, followed by Poaceae with eight species and Fabaceae with six species. In addition,
most experimental plots in this study were dominated by Carex, Polygonum, Potentilla, and
Kobresia, which accounted approximately 1/3 of the accumulated relative frequency, with
each genus frequency over 10 (Figure 2B).

3.2. Geospatial and Environmental Drivers of the Taxonomic and Phylogenetic Alpha Diversity

In this study, species richness estimated per site ranged from 2 to 20 species, with
a mean of 9.6 = 0.97 (mean + SE). The final best-fitting model of stepwise multiple
regression explained a high proportion of the variance in taxonomic alpha diversity, the R
square values of richness, Shannon-Wiener and Pielou indices were 0.66, 0.82, and 0.84,
respectively. In general, the patterns of drivers of species richness and Shannon-Wiener
index were similar (Figure 3A,B): the geospatial variables explained approximately half of
the variance (47.2% and 46.3%, respectively), the climatic factors explained over 1/3 of the
variance (39.1% and 36.9%, respectively), and the edaphic variables were only responsible
for about 15% of the explained variables (13.7% and 16.8%, respectively). In contrast, the
evenness indicator, the Pielou index, presented another pattern: the climatic factors were
the main drivers, which contributed to 65.3% of the variance, the variables of geography
and soil explained 7.1% and 27.6%, respectively (Figure 3C). Specifically, latitude, MAT
and MAP were the crucial predictors for taxonomic alpha diversity, along with edaphic
nutrient, pH and soil types.
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Figure 2. The phylogenetic distribution of all plants in this study (A) and the dominant families (the accumulated relative
frequency is 50%) and genus (the accumulated relative frequency is approximately 1/3, (B)). The colour scheme used for
species in (A) matches taxa shown in (B).
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index (B), and Pielou’s evenness (C). For each of the three indices, the average parameter estimates (standardized regression
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MAT: mean annual temperature; MAP: mean annual precipitation; DTR: diurnal temperature range.

Pearson correlation and linear regression analyses revealed that PD is significantly
related to taxonomic richness, while there is still reasonable scatter (r = 0.979, p < 0.001;
Figure S1). Similarly, stepwise multiple regression revealed that large proportions of the
variation in phylogeneticx-diversity were explained by geospatial (43.6%) and climatic
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(42.0%) variables, while latitude, MAT, MAP, and the soil TP were significant predictors
(Figure 4A).

R?=0.740, p<0.01
100 longitude 2
latitude**

B3 spatial
w 75 vapriables 9 - .
g .
© soil TC =
g l-.
a
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o«
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Parameter estimates

Figure 4. Effect of geospatial and environmental predictors on the phylogenetic diversity (Faith’s
PD) (A, see Figure 3 for interpretation) and the Net Relatedness Index (NRI) and the Nearest Taxon
Index (NTI) values are expressed as boxplot (B). The p value of each predictor is given as: ** p < 0.01,
*p <0.05, - 0.05 < p <0.1. Significant differences between mean NRI and NTI values from zero are
indicated as: ** p <0.01, - 0.05<p <0.1.

We found the two phylogenetic relatedness indices, NRI and NTI, exhibited different
patterns. The mean values of the NRI and NTI were —0.483 and 0.355, respectively
(Figure 4B), which indicated the phylogenetic dispersion based on the mean pairwise
divergence time among co-occurring species, while the phylogenetic clustering was based
on the mean of the divergence times between each species and its closest co-occurring
relative. But neither of the absolute values of NRI and NTI was higher than 1.96, which
showed the tendency of clustering or divergence was not significant.

3.3. Potential Community Assembly Process of the Wetland Plants

To estimate the potential community assembly process for the wetland plants in the
Qinghai-Tibetan Plateau, we measured the phylogenetic and taxonomic 3-diversity metric.
We found both the means of absolute BNRI and absolute BNTI values in our study were
below 2, and the absolute RCy,,y value was < 0.95 (Figure 5A). These results suggested that
neither dispersal nor selection strongly drives the between-site community composition
differences. The Mantel test further validated this finding that neither taxonomic nor
phylogenetic 3-diversity were significantly correlated with either geographic distance or
environmental variables (Figure 5B and Figure S2). To make the drivers of community
species assembly more comparable, variation partitioning analysis was also employed.
The pure geospatial and environmental variables could only explain 17.2% and 13.2% of
taxonomic similarity, respectively (Figure 5C), while they explained 33.1% and 24.0% of
phylogenetic similarity, respectively (Figure S3). In total, the selection was too weak and
dispersal rates are not extreme enough for either process to drive the patterns of taxonomic
and phylogenetic similarity between sites. The NMDS of taxonomic composition did not
reveal a clear separation, but we found significant correlations between the second axis
of NMDS and latitude, as well as MAP (Table 1), which indicated that the geographic
and environmental variables, despite being modest, were playing a role in governing
community structure of the wetland plants.
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Figure 5. (A) BNRL BNTI, and RCp,y values are depicted in box plots. (B) Relationships between wet-

land plants communities (taxonomic Bray—Curtis similarity) and the Euclidean distance of geographic
distance, environmental factors. The Mantel test was used to examine the correlations between the
pairwise Bray—Curtis similarity and pairwise differences in geographic distance/environmental fac-
tors. (C) Variation partitioning showing the contribution of spatial factors (geo) and environmental
variables (env) to the variation of taxonomic beta-diversity.

Table 1. Spearman correlation coefficients between the geospatial /environmental predictors and the

first two axes of NMDS.
NMDS1 NMDS2
Adjust R? p Adjust R? p
lat —0.052 0.821 0.267 0.012
lon —0.046 0.682 0.139 0.059
TC —0.054 0.881 0.063 0.148
TN —0.041 0.618 —0.048 0.726
TP —0.024 0.466 —0.045 0.669
pH —0.044 0.664 0.045 0.186
Sty —0.045 0.678 —0.056 0.999
MAT —0.048 0.727 0.025 0.239
MAP 0.034 0.212 0.162 0.044
DTR —0.032 0.533 0.098 0.097

Note: significant relationships are presented in bold. Abbreviations: lat: latitude; lon: longitude; TC: total carbon
in soil; TN: total nitrogen in soil; TP: total phosphorus in soil; pH: pH value of soil; Sty: soil types; MAT: mean

annual temperature; MAP: mean annual precipitation; DTR: diurnal temperature range.

4. Discussion

Using the distribution of plants near the shoreline of 19 lakes, we drew a compre-
hensive picture of the abundance, diversity and composition of wetland plants on the
highest plateau on the Earth. The distributions of the submerged aquatic plants are very
limited in lakes of the QTP, partly because that most of the lakes on the QTP are deep-water
lakes, although the records are not complete. For instance, the maximal and mean depths
of Lake Bangongcuo in our study are 41.3 m and approximately 22 m, respectively. The
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vegetation included hygrophilous plants and non-obligate aquatic plants, such as some
species from Carex, Polygonum, Asteraceae and Poaceae, which spread along the shoreline of
lakes. Our results are consistent with the surveys of high-altitude wetlands of the Hindu
Kush-Himalayan (HKH) region of northern Pakistan [47], which also belongs to the HKH
mountain region of South Asia. In agreement with the pattern of vascular plants on the
QTP reported by Yan et al. [28], and given our investigation sites were located on the
northwest to the southeast part of the plateau as well as at high-latitude, we found that
the mean of species richness was only approximately ten. Besides, we observed a strong
correlation between species richness (SR) and phylogenetic diversity (Faith’s PD), which
is consistent with previous studies on woody plants in China [48], vascular plants in dry
sandy heathlands [49], and shrubs in Mediterranean-type regions [50]. This congruency
might be the product of evolution and ecological processes—the highly symmetrical phy-
logenies, lower species richness and high spatial autocorrelation all result in the strong
SR-PD correlation [51].

Intriguingly, the net relatedness index indicated that 13 of 20 communities had phy-
logenetic dispersion, while conversely, the nearest taxon index exhibited clustering at
13 sites in the 20 communities. The phylogenetic patterns at different depths of evolution
history might account for this inconsistency [52]. NRI represents an overall pattern of
structuring across the phylogenetic tree, while NTI is more focused on the tips of the
tree [53]. Consequently, NTI indicated greater power to test for even dispersal because of
less similarity. In the present study, the value of NTI on average had stronger genetical
clustering than NRI values, which is consistent with the coastal dune plant communities
across the globe [39], indicating the existence of recent diversification within regions. The
neotectonic movements and glaciation of the QTP have probably promoted the speciation
and diversification of original groups [54]. Meanwhile, a few closely-related lineages
remained due to having similar adaptative traits, such as cold-tolerance, leading to the
observed phylogenetic aggregation [55]. Additionally, the wetland plant communities
studied here were established along the shoreline of lakes, or at the land-water transitional
zone, and so might be structured by habitat filtering as well as competitive exclusion [37].

Quantifying stochasticity and determinism in governing community assembly is
important but difficult [56]. Here, the community assembly process of the wetland plants on
the QTP was clarified in three contexts: the null-model-based phylogenetic and taxonomic
diversity metrics [56], the correlations between taxonomic/phylogenetic diversity and
geospatial and environmental factors [46,57], and the components of geography and
environment contributed to the similarity of community structure among sites [58]. Based
on the performance of these three contexts, we inferred that stochastic and deterministic
processes only played modest roles in the community structure of wetland plants. It was
treated as an “undominated” fraction, which mostly consists of weak dispersal, weak
selection, diversification, and drift [42], but unfortunately, there are no solutions for further
partition at the moment, because these terms are generally not directly measurable in
community ecology [13].

It is generally accepted that dispersal is not an unambiguous stochastic or determinis-
tic process, because dispersal depends on both stochastic (e.g., the population size) and
deterministic factors (e.g., the new habitat conditions) [13,59,60]. The relatively low abun-
dance populations and harsh conditions on the QTP, thus, will have effects on dispersal to
some extent, which might result in a modest rate of dispersal. As to weakening the forces
of selection, the dormancy is a general factor (e.g., Nemergut et al., [61] mentioned this
for the microbial community). Also in plant communities, theoretically, the germination
of alpine species in the QTP should be restricted to a certain period to avoid hostile en-
vironmental conditions to increase chances of successful establishment and reproductive
growth [62], leading to weaker selection and higher stochastic colonization. Moreover, the
environmental heterogeneity always reduces the efficacy of selection, hence, expanding
the opportunities for co-occurrence of plants from different genera or families [57,63,64].
Although it is weak (r < 0.1), we observed a significant correlation between environmental
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similarity and geographic distance (Figure S4). Besides the limited force of selection, the
weak selection could also arise from the selective forces counteracting each other [13].
For instance, alpine species on the QTP have large and showy bracts for improving their
reproductive success and avoiding the stress of frequent violent winds, and small and
hairy floss-covered leaves for protection against excessive solar radiation and low tempera-
ture [65,66]. Theory in population genetics reveals that small populations in fragmental
ecosystems are most prone to diversification (e.g., the evolutionary process of produc-
ing new genetic variation) and ecological drift (e.g., the random changes governed by
demographic stochasticity) [67-69]. This might be the reason that variation partitioning
analysis provides limited inference—the ecological drift and diversification were treated
as parts of “residuals” (unexplained variation) relative to geospatial and environmental
components [68].

Importantly, although environmental and geospatial factors were supposed to play
modest roles in wetland plant community structure, both strongly drive the taxonomic
and phylogenetic x-diversity. The patterns of contribution for the species richness and
Shannon-Wiener index were a little different from that of Pielou’s evenness (Figure 3). This
distinction between the diversity indices might be caused by the different concerns of these
estimators. The Pielou’s evenness is independent of the number of species, but depends
solely on the distribution of individuals in the communities or habitats [70]. Overall,
latitude, MAT and MAP had the most crucial effects on species richness, evenness and
phylogenetic diversity (Figures 3 and 4A). The reduction in plant richness and diversity
indices with latitude corresponds to the pattern from previous research on the QTP [71],
however, the species numbers were far fewer than those on other mountainous regions of
the world [72]. This might be the consequence of the combined effects of low temperature
and precipitation intensity on the QTP [71]. Zhang et al. [73] also indicated that both MAT
and MAP influenced species richness and phylogenetic diversity of alpine steppe plants on
the QTP. In line with this, several studies found that precipitation was a primary contributor
to species richness [74,75]. Similarly, the research in the Tabu River basin of Inner Mongolia
has revealed that the heterogeneity of MAT and MAP were the strongest predictors of
alpha diversity patterns [76]. This might be due to the relatively dry and cold climate
characteristics and the vegetation dependence on water availability. A very recent study
from four lakes on the QTP indicated that the soil water content was the dominant factor
affecting the distributions of wetland herbs in the lake-terrestrial ecotone [77]. Another
study on five alpine wetlands on the QTP using remote sensing also proved that both
temperature and precipitation were the key factors influencing wetland vegetation in this
region [78]. In addition, the combined data for climate and vegetation confirmed that the
water resource of the lacustrine wetland (Mapam Yumco, also an investigated lake in our
study, site 13) was dependent on precipitation [78]. In line with this, we speculated that the
dependence of water availability was affected by MAP and MAT, because the precipitation
could contribute to increasing the soil water contents directly. Besides, the MAT and MAP
would drive the plant composition by influencing the fluvial dynamics, because the main
sources of water in the investigated lakes were surface runoff, rainfall-runoff, and glacier
runoff (Table S1). Even expanding to the global scale, the climatic variables related to water
availability indicated a tight synchronization with the richness of alpine ecosystems [79].
In addition, we found that some microenvironmental factors, such as soil nutrients and
edaphic properties, were also major determinants of plant diversity (Figures 3B,C and 4A),
which is consistent with other research [74,77,80]. Given the high altitude results in low
temperatures, the QTP is characterized as a fragile ecosystem under extreme conditions
with slow nutrient cycles and low utilization rates caused by the restricted activities of soil
microbiomes [81,82]. Hence, the growth and distribution of plants were to some extent
limited by nutrient availability.
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5. Conclusions

Unravelling the patterns, processes and mechanisms underlying diversity has been
received a large amount of attention in community ecology. However, there is limited
information regarding plant communities in high-altitude wetland ecosystems. This study
attempted to provide insights into the diversity and the community assemble process of
wetland plants on the QTP and reveal the predictors. Here, we showed that latitude and
MAP had a strong impact on both the taxonomic and the phylogenetic x-diversities in
the plants. Meanwhile, edaphic properties also showed promise for understanding the
sources of the x-diversity patterns. Our results highlight that the species and phylogenetic
similarity between sites were less geospatially and environmentally constrained. The
approach our study used provided a modest statistical estimation of the assembly process,
because of the indirect measurability of those “undominated” parties. In addition, a
large percentage of the variance remained unexplained, partly because other important
factors might have been excluded from our variables, but partly because ecological drift
was always mixed with weak dispersal and selection [13]. Further research should be
conducted to separate the effects of ecology drift and diversification in the “undominated”
fraction, given the complex, fragile but important ecosystem of the QTP.

Supplementary Materials: The following are available online https://www.mdpi.com/article/
10.3390/d13120685/s1, Figure S1. Cluster analysis of the measured geospatial and environmental
variables. The analysis was performed and plotted using varclus in Hmisc package. lon, longi-
tude; lat, latitude; TC, total carbon in soil; TOC, total organic carbon; TN, total nitrogen in soil; TP,
total phosphorus in soil; pH, pH value of soil; Sty, soil type; MAT, mean annual temperature; MAP,
mean annual precipitation; DTR, diurnal temperature range. Figure S2. Relationship between
the taxonomic diversity (species richness) and phylogenetic diversity (Faith’s PD). Figure S3.
Relationships between the phylogenetic Bray—Curtis similarity and the Euclidean distance of
geographic distance, environmental factors. A and B are based on NRI and BNTI, respectively.
Figure S4. Variation partitioning showing the contribution of geospatial factors (geo) and envi-
ronmental variables (env) to the variation of phylogenetic beta-diversity. Latitude and longitude
were used as geospatial factors, climatic (mean annual temperature, mean annual precipitation,
and diurnal temperature range) and edaphic (total carbon, nitrogen and phosphorus contents
in soil, soil pH and soil type) variables were as environmental factors. Figure S5. Relationship
between the Euclidean distance of environmental factors and geographic distance. Table S1.
Terrain properties and input characteristics of 19 lakes.
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