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ABSTRACT

Large-scale patterns of biodiversity and the underlying mechanisms that regulate these patterns are
central topics in biogeography and macroecology. The Qinghai-Tibet Plateau serves as a natural labo-
ratory for studying these issues. However, most previous studies have focused on the entire Qinghai-
Tibet Plateau, leaving independent physical geographic subunits in the region less well understood.
We studied the current plant diversity of the Kunlun Mountains, an independent physical geographic
subunit located in northwestern China on the northern edge of the Qinghai-Tibet Plateau. We integrated
measures of species distribution, geological history, and phylogeography, and analyzed the taxonomic
richness, phylogenetic diversity, and community phylogenetic structure of the current plant diversity in
the area. The distribution patterns of 1911 seed plants showed that species were distributed mainly in
the eastern regions of the Kunlun Mountains. The taxonomic richness, phylogenetic diversity, and genera
richness showed that the eastern regions of the Kunlun Mountains should be the priority area of
biodiversity conservation, particularly the southeastern regions. The proportion of Chinese endemic
species inhabiting the Kunlun Mountains and their floristic similarity may indicate that the current
patterns of species diversity were favored via species colonization. The Hengduan Mountains, a biodi-
versity hotspot, is likely the largest source of species colonization of the Kunlun Mountains after the
Quaternary. The net relatedness index indicated that 20 of the 28 communities examined were phylo-
genetically dispersed, while the remaining communities were phylogenetically clustered. The nearest
taxon index indicated that 27 of the 28 communities were phylogenetically clustered. These results
suggest that species colonization and habitat filtering may have contributed to the current plant diversity
of the Kunlun Mountains via ecological and evolutionary processes, and habitat filtering may play an

important role in this ecological process.
Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1997; Ricklefs, 2005; Mittelbach et al., 2007). Despite the widely
acknowledged importance of contemporary environments and

Understanding the mechanisms that form and maintain biodi-
versity at regional scales has long been a major focus of macro-
ecology and biogeography (Grierson et al., 2011; Ma, 2017; Patino
et al, 2017). Researchers have suggested that biodiversity is
mediated by both contemporary environmental factors, such as
climate and habitat heterogeneity (Kerr and Packer, 1997; Brown
et al., 2004; Currie et al., 2004; Wang et al., 2009a), and historical
processes, such as speciation, extinction, and dispersal (Zobel,
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historical processes, to date, no theory has integrated the relative
influences of these factors on biodiversity patterns (Hawkins and
Porter, 2003; Svenning and Skov, 2005, 2007; Montoya et al.,
2007; Wang et al.,, 2012). In addition, it is a challenge to distin-
guish the effects of historical processes from those of contemporary
environments because of collinearity.

For over a century, ecologists have proposed hypotheses to explain
how biodiversity is maintained. Today, three theories are widely
accepted: niche theory (Silvertown, 2004), neutral theory (Hubbell,
2005), and contemporary coexistence theory (HilleRisLambers et al.,
2012; Chu et al,, 2017). Niche theory, which can be used to explore
ecological and evolutionary processes at regional scales (Mittelbach
and Schemske, 2015; Banares-de-Dios et al.,, 2020), argues that
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species have different niches, and that habitat filtering and compet-
itive exclusion are the major underlying factors that maintain biodi-
versity. Neutral theory acknowledges that different species within an
ecological community can have equivalent ecological functions, and
posits that the maintenance of biodiversity are random (Hubbell,
2001). The contemporary coexistence theory attempts to integrate
niche theory and neutral theory; however, it has yet to be used to
quantify biodiversity at regional scales.

Community phylogenetic structure has been shown to be
influenced simultaneously by the abiotic environment, contem-
porary biotic interactions, and evolutionary history (Webb et al.,
2002; Kraft et al., 2007). The analysis of community phylogenetic
structure can help identify which ecological and evolutionary
processes regulate biodiversity at different scales. For example,
phylogenetically clustered communities are thought to be struc-
tured by evolutionary processes such as rapid in situ speciation,
niche conservatism, and dispersal limitation (Lu et al., 2018). In
contrast, phylogenetically overdispersed communities are thought
to be structured by niche evolution, convergent evolution, and
colonization (Allen and Gillooly, 2006). Ecological processes can
also explain how species are assembled (Webb et al., 2002; Kraft
et al,, 2007). For example, habitat filtering, which refers to the se-
lection of certain traits of species in a community (Wiens and
Graham, 2005), can lead to phylogenetic clustering, whereas
competitive exclusion might result in phylogenetic dispersion
(Burns and Strauss, 2011). Identifying the evolutionary and
ecological mechanisms that underlie both the formation and
maintenance of biodiversity at different scales has been made
easier today by rapid advances in molecular biology, phylogeog-
raphy, and phylogenetics (Faith, 1992; Webb et al., 2002).

Mountains are topographically complex regions that affect
biodiversity and neighboring lowland ecosystem processes by
facilitating biotic interchange, influencing regional climate and
nutrient runoff (Rahbek et al., 2019a). Mountains reportedly influ-
ence global terrestrial biodiversity disproportionately, particularly
in the tropics, where they host hotspots with extraordinary levels
of richness. In the arctic and temperate regions, however, mountain
regions host few endemic species and typically have low levels of
species diversity, which barely exceed those of the adjacent low-
lands (Rahbek et al., 2019b). Consequently, they serve as natural
laboratories for studying the mechanisms that govern biodiversity
at different scales.

The high mountains in China are distributed mainly on the
Qinghai-Tibet Plateau (QTP) and in adjacent regions (Wang et al.,
2004). The QTP refers to the plateau proper, which is the highest
and most expansive plateau on the globe, occupying an area of 2.5
million km? with an average elevation of over 4000 m (Zhang
et al., 2002). Extensive research on the QTP has yielded data sets
that may provide insight into the maintenance of biodiversity in
the region (Favre et al., 2015). Several studies have determined the
geographical distribution of species in the QTP (Wu, 2008; APGIV,
2016); however, the complex environment of the region suggests
that species richness may vary considerably (Tang et al., 2006;
Yang et al., 2013). Since the climatic fluctuations and glaciations of
the Quaternary, the QTP has experienced four major glacial events
(Shi et al., 1998; Zhang et al., 2002; Yi et al., 2005; Owen et al.,
2008; Owen and Dortch, 2014). These geological processes have
driven radiation and species diversification in various groups of
plants (Wen et al., 2014). However, climatic fluctuations and gla-
ciations have also led to mass extinction events in some areas of
the QTP. Previous studies indicate that the QTP harbors ~10,000
vascular plants species (Wu, 2008; APGIV, 2016), of which ~20%
are endemic to the region (Wu, 2008; Yan et al., 2013; Yu et al,,
2018b); the southern regions have especially high levels of spe-
cies richness (Mao et al., 2013).
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Methodological advances in phylogeography have identified the
evolutionary histories and underlying adaptations of plants in the
QTP (Liu et al., 2014), including those of Saussurea DC. (Wang et al.,
2009b), Rheum L. (Sun et al., 2012), Gentiana L. (Favre et al., 2016),
Rhodiola L. (Zhang et al., 2014), Saxifraga L. (Ebersbach et al., 2016),
Syncalathium Lipsch (Zhang et al., 2011), and others (Qiu et al.,
2011; Liu et al., 2017). In addition, numerous researchers have in-
tegrated principles from different disciplines, including taxonomy,
phylogeny, ecology, biogeography, phylogeography, and paleon-
tology to provide insight into the regionalization of floristic as-
semblages (Li et al., 2018b). Previous studies have reported that
biodiversity on the QTP has been largely formed and maintained
through rapid speciation and habitat filtering, and that the phylo-
genetic structure of most communities of vascular plants on the
QTP is clustered (Yan et al., 2013). Data sets from different regions
have facilitated our understanding of plant diversity on the QTP. For
example, an analysis of the community phylogenetic structure of
alpine plants in the Hengduan Mountains using the net related
index (NRI) and net nearest taxon index (NTI) revealed that the
phylogenetic relationships of the taxa are overdispersed at low
elevations and clustered at high elevations (Li et al., 2014, 2017). In
addition, recent studies have shown that the main phylogeographic
patterns of seed plant species are contraction/recolonization,
platform refugia/local expansion, and microrefugia in the Tibeto-
Himalayan region (Muellner-Riehl, 2019).

Most previous studies have focused on the entire QTP, whereas
little research has been conducted on the independent physical
geographic subunits in the region. The Kunlun Mountains are an
independent physical geographical subunit with plant distribution
data and a relatively clear geographic range; however, the Kunlun
Mountains are not classified as a biodiversity hotspot (Su, 1998;
Zheng, 1999; Pan, 2000; Zachos and Habel, 2011; Wu, 2012—2015;
Sun et al., 2015). According to the phytogeographical regions of the
Chinese flora, the Kunlun Mountains are in the transition zone
between the Tethyan region and the QTP (Ye et al., 2019, 2020). In
this study, we used data sets to explore the current patterns of plant
diversity in the Kunlun Mountains region. Specifically, we aimed to
1) clarify how the species pool on the Kunlun Mountains emerged,
2)reveal patterns in the phylogenetic structure of seed plants in the
region, and 3) explore the factors that drive plant diversity at a
regional scale. An improved understanding of the plant diversity
patterns among different regions will help develop better biodi-
versity conservation strategies.

2. Materials and methods
2.1. Study area

The Kunlun Mountains, located in northwestern China, are an
independent physical geographic subunit of the QTP. The moun-
tains span three provincial administrative units: Qinghai, Tibet
(Xizang), and Xinjiang. Geographically, they border the Pamirs
Plateau to the west, southeast Qinghai to the east, the Qaidam and
Tarim Basins to the north, and northwest Tibet Autonomous Region
to the south. The Kunlun Mountain range is oriented east-west,
located between 34°N—40°N and 75°E—100°E, with an average
elevation > 4000 m. The range extends for a total length of
~2500 km and width of 130—200 km. The mountain range is nar-
rower in the west than in the east and covers a total area >
500,000 km? (Zheng, 1999; Wu, 2012—2015, Fig. 1).

The elevation of the mountain range increases from the east to
the west, and ranges between 3000 m and 7719 m. The area has an
annual precipitation that varies from ~100 to 500 mm and an
average annual temperature < 0 °C. Annual precipitation in the
mountain range decreases markedly from east to west. The climate
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Fig. 1. Geographical location of the Kunlun Mountains (outlined in red), China.

on the slopes of the mountain range varies greatly and the steep
climate gradient results in dramatic changes in vegetation cover.
From east to west, the vegetation types are alpine scrub, alpine
meadow, and alpine steppe. In addition, there are a few coniferous
forests in the east and west of the Kunlun Mountains (Zheng, 1999;
Wu, 2012—2015).

The formation of the Kunlun Mountains coincided with the
Himalayan uplift. The Qinghai-Tibet Plateau consists of multiple
physical geographic subunits, each having its own geological his-
tory and uplift (Sun and Zheng, 1998; Spicer et al., 2003, 2020;
Renner, 2016; Deng et al., 2017). However, it is clear that the QTP
experienced strong climatic fluctuations and glaciations during the
Quaternary (Owen et al., 2008; Owen and Dortch, 2014; Renner,
2016). The Kunlun Mountains also experienced these processes,
and the current ecosystems of the Kunlun Mountains were formed
following climatic fluctuations and glaciations of the Quaternary
(Owen and Dortch, 2014; Renner, 2016).

To characterize plant diversity in the Kunlun Mountains, we
divided the study area into 28 county-level geographical units ac-
cording to the county area and vegetation type (Appendix S1:
Table A1). Four counties are part of Tibet (Xizang), while 12
counties each belong to Qinghai and Xinjiang. Geographically, the
Kunlun Mountains are divided into three regions: east, west, and
central. The western regions consist of six counties; the central
regions consist of 14 counties, with six counties on the southern
slope and eight counties on the northern slope; and the eastern
regions consist of eight counties (Fig. 2; Table 1).

100°

Legend
— River
] County boundary

0 120 240 480 km

S0°E 0E 100° E

Fig. 2. The county-level geographical units of the Kunlun Mountains, China.
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2.2. Distribution data

We used previously published data to compile a comprehensive
checklist of seed plant species of the Kunlun Mountains. To analyze
the spatial distribution patterns of these plants, each species was
assigned a county-level geographical unit based on species distri-
bution data. Basic distribution data were obtained from Flora Kun-
lunica, published in four volumes by Wu and his colleagues (Wu,
2012—2015), Flora of Xinjiang (Shen, 1993—2011), Flora of Qinghai
(Liu, 1996—1999), Flora of Tibet Autonomous Region (Wu,
1983—-1987), The Vascular Plants and Their Eco-geographical Distri-
bution of the Qinghai-Tibet Plateau (Wu, 2008) and the National
Specimen Information Infrastructure (http://nsii.org.cn/2017/home.
php). Based on these sources and using the order of families from the
Angiosperm Phylogeny Group IV (APGIV, 2016), the genera were
classified into families according to A Dictionary of the Families and
Genera of Chinese Vascular Plants (Li et al., 2018a). All the names were
standardized following the Catalogue of Life Checklist (http://www.
catalogueoflife.org/annual-checklist/2019/), and The Plant List
(http://[www.theplantlist.org). Names that differed according to
these sources were standardized following The Plant List. Species
that were not native to the Kunlun Mountains were excluded, and
the infraspecific taxa were preserved.

2.3. Floristic similarity

To determine how the Kunlun Mountains flora was formed, we
compared species from the Kunlun Mountains flora to those of
nearby biodiversity centers. Three biodiversity hotspots exist
around the Kunlun Mountains, including the Mountains of Central
Asia, the Eastern Himalayas, and the Mountains of Southwest
China, which are located to the north, south, and southeast of the
Kunlun Mountains, respectively (Myers et al., 2000; Zachos and
Habel, 2011). In addition, the Xinjiang region is the exclusive pas-
sage for species dispersal from the Mountains of Central Asia to the
Kunlun Mountains. Therefore, the species on the Kunlun Mountains
in Xinjiang are indirectly representative of shared taxa between the
Kunlun Mountains flora and the Mountains of Central Asia. The
Hengduan Mountains harbor one of the richest temperate floras
worldwide, with ~12,000 vascular plants, which are representative
of the Mountains of Southwest China (Boufford, 2014). In addition,
the alpine flora of the Hengduan Mountains is the largest source of
species dispersal for the Himalaya (Ding et al., 2020). More
importantly, the Hengduan Mountains are the largest refugia for
species from the glacial age (Liu et al., 2017), a diversity hotspot of
Chinese endemic seed flora (Huang et al., 2016), and a center for
species diversification for many extant plants (Wen et al., 2014;
Chen et al., 2018). Numerous studies have indicated that the
Hengduan Mountains have acted as an independent biogeographic
source following climatic fluctuations and glaciations of the Qua-
ternary (Liu et al., 2017; Xing and Ree, 2017; Muellner-Riehl, 2019;
Ding et al., 2020). Therefore, we evaluated the species-level, genus-
level, and family-level similarities between the floras of the Kunlun
and Hengduan mountains. Floristic similarity (FS) was calculated as
follows:

SR i
FS — 22 x 100%

where SR represents the number of shared taxa between samples
from the Kunlun Mountains flora and the Hengduan Mountains
flora, taxonomic richness (TR) represents the number of taxa in the
Kunlun Mountains flora sample (taxa represent families, genera, or
species), and FS is the floristic similarity between samples of the
Kunlun Mountains flora and the Hengduan Mountains flora.
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Table 1
Number of species in the 28 counties.
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East Kunlun Mountains (EK)

North slope of Central Kunlun Mountains (NCK)

Counties Herbaceous plants Woody plants Species richness Counties Herbaceous plants Woody plants Species richness
Banma (BM) 292 99 391 Dulan (DL) 207 36 243

Jiuzhi (JZ) 487 49 536 Geermu (GRM) 249 32 281

Dari (DR) 273 15 288 Ruogiang (RQ) 266 28 294

Gande (GD) 142 11 153 Qiemo (QM) 141 16 157

Chenduo (CD) 457 33 490 Minfeng (MF) 61 8 69

Maduo (MD) 451 20 471 Yutian (YT) 105 15 120

Magqin (MQ) 683 66 749 Cele (CL) 184 14 198

Xinghai (XH) 664 68 731 Hetian (HT) 169 8 177

South slope of Central Kunlun Mountains (SCK)

West Kunlun Mountains (WK)

Counties Herbaceous plants Woody plants Species richness Counties Herbaceous plants Woody plants Species richness
Qumalai (QML) 338 22 360 Pishan (PS) 157 16 173
Zhiduo (ZD) 156 6 162 Yecheng (YC) 340 48 388
Bange (BG) 123 6 129 Shache (SC) 98 17 115
Nima (NM) 106 3 109 Taxian (TX) 442 50 492
Gaize (GZ) 102 12 114 Aketao (AKT) 295 45 340
Ritu (RT) 239 24 263 Wugia (WQ) 289 29 318

2.4. Phylogenetic diversity and structure

We calculated the species level phylogenetic diversity, NRI, and
NTI in each county.

Phylogenetic diversity has been used to assess the conservation
value of different communities in the region (Faith, 1992; Faith et al.,
2004). We called phylogenetic diversity as the sum of the phyloge-
netic length of the communities in each sample based on the
approach developed by Faith (1992). We also statistically tested the
phylogenetic diversity in different regions of the Kunlun Mountains
using ANOVA and Tukey's honestly significant difference (HSD).

NRI and NTI were calculated to analyze community phyloge-
netic structure (clustering or overdispersion), and to examine
possible ecological and evolutionary processes within communities
(Webb et al., 2002). NRI was based on the mean phylogenetic dis-
tance (MPD), which is an estimate of the average phylogenetic
relatedness between all possible pairs of taxa within a sample. NRI
primarily reflects the structure in the deeper parts of a phylogeny.
NTI was based on the mean nearest taxon distance (MNTD), which
is an estimate of the mean phylogenetic relatedness between each
pair of taxa in a sample and its nearest relative in a phylogeny. NTI
reflects the structure in shallower parts of a phylogeny (Webb et al.,
2002; Miller et al., 2017). At the community level, positive NRI and
NTI values indicate phylogenetic clustering, whereas negative
values indicate phylogenetic dispersion. The NRI and NTI values
were calculated as follows:

MPDobserved _ I\/H)Drandom

NRI= -1 x
S-d-(MPDrandom)

MNTDobserved - IV[NTDrandom

NTI= —1 x
s-dl(MNTDrandom)

where, MPDgpserved and MNTDgpserved Tepresent the observed MPD
and MNTD values; MPD;andom and MNTDyandom represent the mean
values of the expected MPD and MNTD of the randomized assem-
blages (n = 999); s.d. (MPDrandom) and s.d. (MNTDyandom) represent
the standard deviations of the MPDandom and MNTD;andom Values
for the randomized assemblages. The null distributions of MPD and
MNTD were created by randomly selecting the observed number of
taxa in each sample 999 times, with all taxa in the phylogeny
serving as the sampling pool.
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To construct a phylogenetic tree, we used the stored tree data
in Zanne et al. (2014) with Phylomatic v. 4.2 (http://
phylodiversity.net/phylomatic/). Phylomatic standardizes the
species names according to The Plant List (Qian and Jin, 2016).
Therefore, the phylogenetic tree obtained using this method also
depends on standardized species names and the Angiosperm
Phylogeny Group IV. The ecological indexes were calculated us-
ing R v.3.3.3 (R Core Team, 2017) and picante packages (Kembel
et al., 2010).

3. Results
3.1. Richness of taxa

A total of 1,911 seed plants (including subspecies and varieties)
belonging to 397 genera, 75 families, and 32 orders have been
recorded on the Kunlun Mountains. Gymnosperms account for only
26 of these seed plants, which belong five genera, three families,
and three orders. The remaining seed plants are all angiosperms.
Plant species richness in the Kunlun Mountains is approximately
one sixth of that in the Hengduan Mountains.

The seed plants of the Kunlun Mountains comprise 226
woody species and 1,685 herbaceous species, accounting for
11.83% and 88.17% of the total species, respectively (Table 1).
Specifically, the woody species are represented by 22 trees, 197
shrubs, and seven lianas; and the herbaceous species are repre-
sented by nine herbaceous climbers, 224 annual herbs, and 1,452
perennial herbs. There are 570 species endemic to China, ac-
counting for 29.83% of the total, including 81 woody species and
489 herbaceous species. The seed plants of the Kunlun Moun-
tains are characterized by 39 woody genera, 347 herbaceous
genera, and 11 genera that consist of both woody and herbaceous
species. Overall, seven of these genera (all herbaceous genera)
are endemic to China, of which six are only distributed in the
eastern regions of the Kunlun Mountains. Approximately one
third of the plant species are limited to 15 genera, which contain
more than 20 species per genus. There are 155 genera and each
genus contains only one species (Appendix 1).

According to provincial administrative units, there are 1,396,
941, and 315 seed plants in Qinghai, Xinjiang, and Tibet (Xizang),
respectively. At the genus-level, the number of genera is 350, 261,
and 144, respectively. In addition, the biodiversity of the Kunlun
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Mountains varies spatially, with the eastern regions of the Kun-
lun Mountains showing higher biodiversity than the western and
central regions (Fig. 5c). There are similar patterns of genera
richness in the Kunlun Mountains, where genera richness is
higher in the southeastern regions. The distribution patterns of
seed plants indicate that species and genera are mainly distrib-
uted in eastern regions, especially the southeastern regions
(Fig. 5¢c; Appendix S1: Table A2).

3.2. Floristic similarity

The shared taxa belong to 941 species (261 genera) between the
Kunlun Mountains and Xinjiang, whereas 1,069 species (332
genera) in the Kunlun Mountains are also distributed in the
Hengduan Mountains. At the species level, floristic similarity be-
tween the Kunlun Mountains flora and the Hengduan Mountain
flora is 55.94%; at the genus-level, floristic similarity is 83.63%.
Family-level floristic estimates had little value for assessing pat-
terns of biodiversity. For example, only one family (Nitrariaceae),
which is only distributed in 10 counties of the study area, were not
found in the Hengduan Mountains. The floristic similarity between
woody species of the Kunlun and Hengduan mountains is 57.52%
(genera FS = 82.05%), and the floristic similarity between herba-
ceous species of these regions is 55.67% (genera FS = 83.86%). Ac-
cording to the data of endemic taxa, the floristic similarity for
Chinese endemic species in these mountains is 70%; furthermore,
Chinese endemic genera in the Kunlun Mountains were also found
in the Hengduan Mountains. The floristic similarity of genera with
both woody and herbaceous species in the Kunlun and Hengduan
mountains is 72.73%.

The maximum floristic similarity of species in the 28 county-
level geographical units is 93.86% (Banma) and the minimum is
24.53% (Wugqia). The floristic similarity is higher than 70% in the
eastern regions, 40%—60% in the central regions, and less than
40% in the western regions of the Kunlun Mountains (Fig. 3a).
The species-level floristic similarity of the counties decreased
from east to west, and increased from north to south (Fig. 3a). At
the genus-level, 26 counties have floristic similarity estimates
higher than 80%, and two of the 26 counties have floristic esti-
mates of 100% (Banma and Gande). The minimum genus floristic
similarity is 76.61% (Ruoqiang), while the floristic similarity of
Wugqia is 78.75% (Fig. 3b). Regarding similarity of taxonomic
composition, distinct patterns exist between the Kunlun Moun-
tains flora and Xinjiang; the similarity of taxonomic composition
of the counties decreased from west to east and increased from
south to north. Similar patterns were observed for genus-level
similarity.

(a)

B 85% <FS < 100%
B 70%<Fs<85%
B 55%<FS<70%
B 40%<FS<55%
24% < FS < 40%
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a F=28.033; P<0.001
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Fig. 4. Phylogenetic diversity across four regions of the Kunlun Mountains. Significant
differences were determined using Tukey's honestly significant difference (HSD) test
after one-way ANOVA. P < 0.001, indicated by dissimilar letters.

3.3. Phylogenetic diversity and structure

Taxonomic richness and phylogenetic diversity were higher at
both ends of the ranges of the Kunlun Mountains. The lowest taxo-
nomic richness and phylogenetic diversity values were observed in
Minfeng (Fig. 5¢), and the values in the eastern area were observably
higher than those in the central and western areas (Fig. 4).

The phylogenetic structure can be revealed by the NRI and NTI.
However, they were calculated using an angiosperm phylogenetic
tree. In addition, the gymnosperm phylogenetic tree could not
support further calculation of these indexes (Appendix S1: Fig. A 3).
Negative NRIs in 20 county-level communities indicated phyloge-
netic dispersion. Conversely, positive NRIs in the eight other county-
level communities indicated phylogenetic clustering. Significant
differences were detected between eight negative NRIs (P < 0.05)
and three positive NRIs (P < 0.05), while the NRIs of the remaining
17 counties were not significantly different. In addition, the NTIs of
27 county-level communities were positive, of which 23 NTIs were
statistically significant (P < 0.05). Only the community in Banma had
a statistically significant negative NTI (P < 0.05) (Fig. 5a and b).

In the western regions of the Kunlun Mountains, five NRIs were
negative, while one NRI was positive. However, significant differ-
ences were observed in two negative NRIs (P < 0.05). The six
counties had positive NTI values. All NTIs showed significant dif-
ferences (P < 0.05). In the southern slopes of the central regions,

(b)

W 95% <Fs<100%
B 90% <FS<95%
B 85%<FS<90%
B 0% <Fs<85%

75% < FS < 80%

Fig. 3. Floristic similarity (FS) between the Kunlun Mountains flora and the Hengduan Mountains flora. a-b, (a) species-level, (b) genus-level.
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(a)

1.8 <NRI
0.5<NRI<1.8
-0.5<NRI<0.5
-1.§<NRI<-0.5
-35<NRI<-1.8

W 25000 <PD<30,000
I 20,000 <PD<25,000
I 15,000 <PD <20,000
10,000 <PD < 15,000

4,500<PD< 10,000

W 13<NTI
B 05<NTI<18
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(b)

B 05<NTI<05
B 18<NTI<-05

-3.5<NTI<-1.8

(©)

X

s

Fig. 5. Patterns of net relatedness index (NRI), nearest taxon index (NTI), and phylogenetic diversity (PD) at the county-level geographical units of the Kunlun Mountains. a-c, (a)

NRI, (b) NTI, and (c) PD.

one county had positive NRI values, while the remaining NRIs were
negative, and significant differences were observed in two negative
NRIs (P < 0.05). All NTIs were positive and showed significant dif-
ferences (P < 0.05). In the northern slopes of the central regions,
two counties had positive NRI values, while six NRIs were negative.
The two negative NRIs showed significant differences (P < 0.05).
Eight NTIs were positive, and six of them showed significant dif-
ferences (P < 0.05). In the eastern regions of the Kunlun Mountains,
the NRI and NTI of two counties were positive, and the two indexes
showed statistical significance (P < 0.05). The results suggested that
the communities in these two counties were phylogenetically
clustered. In addition, two counties also had positive NRI values,
while the remaining NRIs were negative. Significant differences
were observed in two negative NRIs and three positive NRIs
(P < 0.05). Seven NTIs were positive, and five of these showed
significant differences (P < 0.05). One NTI was negative and showed
significant differences (P < 0.05).

Overall, both the NRI and NTI values were positive in the seven
counties. Positive NRI values and negative NTI values were
observed in Banma. The other 20 counties had positive NTI values
and negative NRI values. Inconsistent trends were observed be-
tween the NRIs and NTIs in 21 counties, most of which bordered the
Qaidam and Tarim Basins (Fig. 5a, b).

4. Discussion
4.1. Formation of the Kunlun Mountains flora

We observed that species distribution differed between the
Kunlun Mountains and the Hengduan Mountains: 55.94% of the
species on the Kunlun Mountains also inhabited the Hengduan
Mountains, and the floristic similarity at the genus level was higher
than 80%. Similar patterns were observed in the Chinese endemic
taxa, where 70% of the Chinese endemic species in the Kunlun
Mountains were also distributed in the Hengduan Mountains; all
the Chinese endemic genera in the Kunlun Mountains were found
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in the Hengduan Mountains. Furthermore, although the Kunlun
Mountains flora and Xinjiang have also similar taxonomic compo-
sitions, at both genus and species levels the floristic similarity be-
tween the Kunlun Mountains flora and Xinjiang was smaller than
that between the Kunlun Mountains flora and the Hengduan
Mountains flora. Therefore, our study indicates that mass species
dispersal occurred between the Kunlun Mountains flora and the
Hengduan Mountains flora, or that species in these floras might
have dispersed from the same species pool.

Some studies have suggested that the diversity hotspots of
Chinese endemic seed flora are located in the Qinling Mountains
and further south, or in the Hengduan Mountains and further east
in China (Huang et al., 2016). The hotspots of endemic woody seed
plants in China show similar patterns (Huang et al, 2012).
Approximately 20% of the total species are endemic to the QTP (Wu,
2008; Yan et al., 2013; Yu et al., 2018b), and 32.4% of the total
species are endemic to the Hengduan Mountains (Zhang et al,,
2009). The Kunlun Mountains have not been identified as a hot-
spot of Chinese endemic seed flora or a center of diversification for
extant plants (Huang et al., 2012, 2016). However, 29.8% of the total
species on the Kunlun Mountains are seed plant species endemic to
China. The proportion of Chinese endemic species on the Kunlun
Mountains is higher than that on the QTP, and closer to that on the
Hengduan Mountains. Consequently, these Chinese endemic spe-
cies on the Kunlun Mountains may have dispersed from other areas
that acted as speciation centers, such as the Hengduan Mountains.

Since the Quaternary, climate fluctuations characterizing by
glacial and interglacial periods prevailed on the QTP (Sun and
Zheng, 1998; Zheng, 1999; Deng et al., 2017, 2019). The Kunlun
Mountains have also experienced dramatic climatic fluctuations
(Deng et al., 2019) and numerous glacial events (Su, 1998; Owen
et al., 2008; Owen and Dortch, 2014; Renner, 2016), including the
Largest Glaciation (1.2—0.6 Ma) and the Last Glacial Maximum (Shi
et al, 1997; Liu et al, 2014). In the Last Glacial Maximum, the
Kunlun Mountains were mostly covered by a unified ice sheet (Shi
et al., 1997; Su, 1998; Owen et al., 2008; Owen and Dortch, 2014).
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These numerous glaciations have led to mass extinction events on
the Kunlun Mountains (Liu et al., 2014). Recent studies have shown
that the main phylogeographic patterns of seed plant species are
contraction/recolonization, platform refugia/local expansion, and
microrefugia in the Tibeto-Himalayan region (Muellner-Riehl,
2019). However, other studies indicate that there are no Chinese
endemic species in the platform refugia and microrefugia, and few
species were harbored in these refugia (Lopez-Pujol et al., 2011;
Muellner-Riehl, 2019). In addition, the latest study revealed that
there are no platform refugia on the Kunlun Mountains (Yu et al.,
2018a). Several plant molecular phylogeography studies have re-
ported that the QTP was recolonized by most extant plants during
the postglacial period, and the primary direction of dispersal for
several species was from east to west or from south to north during
the interglacial periods in the QTP and adjacent areas (Wiens and
Donoghue, 2004; Qiu et al., 2011; Yu and Zhang, 2013; Yan and
Tang, 2019). In this study, species-level floristic similarity be-
tween the Kunlun Mountains flora and the Hengduan Mountains
flora decreased across 28 county-level geographical units the
further the counties were located from the Hengduan Mountains
(Fig. 3a). Consequently, after these glacial events, the extant plants
might have dispersed from southern or eastern refugia adjacent to
the Kunlun Mountains.

The Hengduan Mountains are located to the southeast of the
Kunlun Mountains, and have been confirmed as the largest refugia
for species from the glacial periods (Liu et al., 2017), a center of
species diversification for many extant plants (Wen et al., 2014;
Chen et al., 2018), a hotspot for Chinese endemic seed flora (Huang
et al., 2016), and a biogeographic source after climatic fluctuations
and glaciations of the Quaternary (Liu et al., 2017; Xing and Ree,
2017; Muellner-Riehl, 2019; Ding et al.,, 2020). In addition, the
Kunlun Mountains, Tethyan region, the Mountains of Central Asia,
and the alpine flora share similarly dry and cold climates (Zheng,
1999; Liu et al., 2017). These colonizing species, being well adapt-
ed to drought stress and cold conditions, may have dispersed from
the Tethyan regions, the alpine flora of the Hengduan Mountains,
the alpine flora of Eastern Himalayas, the Mountains of Central Asia,
nearby platform refugia, undiscovered microrefugia, or other
regions.

Therefore, the formation of the Kunlun Mountains flora may
have occurred by species colonization after climatic fluctuations
and glaciations of the Quaternary. The Hengduan Mountains might
actually be the largest source of species colonization of the Kunlun
Mountains after the Quaternary, especially in the eastern regions of
the Kunlun Mountains.

4.2. Patterns of phylogenetic structure on the Kunlun Mountains

Ecologists have indicated that abiotic environment, contempo-
rary biotic interactions, and evolutionary history simultaneously
contribute to community phylogenetic structure at different scales
(Webb et al., 2002; Kraft et al., 2007). Previous studies have shown
that abiotic determinism tends to increase with spatial scale, while
biotic determinism tends to decrease with spatial scale. Abiotic
determinism is more important than biotic interactions in biodi-
versity maintenance at regional scales (Charles et al., 2010; Cardillo,
2011; Niu et al., 2011; Villalobos et al., 2013; Yang et al., 2014).
Therefore, it is likely that the abiotic environment and the forma-
tion of species pool significantly influence community phylogenetic
structure at county-level geographical units.

In the Kunlun Mountains, although NRI and NTI values were
consistent in seven counties, values were inconsistent in 21
counties (Fig. 5a, b). NRI values for 20 counties indicates that
community phylogenetic structure was dispersed. In addition, NRI
values of eight counties (Yecheng, Shache, Zhiduo, Nima, Geermu,
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Ruogiang, Maduo, and Xinghai) showed significant differences
(P < 0.05). Positive NRI values in eight counties indicated that
community phylogenetic structure was clustered. Of these, NRI
values in three counties (Jiuzhi, Dari, and Gande) showed signifi-
cant differences (P < 0.05) (Fig. 5a).

NTI values revealed that the community phylogenetic structure
in 27 counties was clustered and indicated that the NTI values of 23
counties showed significant differences (P < 0.05) (Fig. 5b). Positive
NTI values in four counties (Jiuzhi, Maqin, Yutian, and Minfeng) did
not show significant differences (Fig. 5b). A negative NTI value in
one county (Banma) showed significant differences (P < 0.05)
(Fig. 5b).

The potential sources of species that colonized the Kunlun
Mountains may be revealed by the geographical location and
floristic similarity of counties in our study area (Figs. 2 and 3). In the
western regions of the Kunlun Mountains, the primary potential
sources of colonizing species include Tethyan regions and the
Mountains of Central Asia. Species may also have colonized the
western region of the Kunlun Mountains through dispersion of the
alpine flora of Hengduan Mountains or an undiscovered micro-
refugia. The primary potential sources of species that colonized the
central regions of the Kunlun Mountains may be the Tethyan re-
gions, the Mountains of Central Asia, and the alpine flora of the
Hengduan Mountains. In addition, nearby platform refugia may
serve as potential sources of species, particularly the southern
slopes of the central regions. The primary potential sources of the
species pool of the eastern regions of Kunlun Mountains include the
alpine flora of the Hengduan Mountains, the forest flora of the
Hengduan Mountains, and nearby platform refugia. In addition,
species may have also dispersed from the Tethyan regions, the
Mountains of Central Asia, or an undiscovered microrefugia. The
varied phytogeographical regions that serve as potential sources of
species pool of the Kunlun Mountains suggest that the Kunlun
Mountains flora included complex lineages (Ye et al., 2019, 2020).

NRI and NTI primarily reflect community structure in the deeper
and shallower parts of a phylogeny, respectively. When NRI and NTI
were closer to 0, the community assembly was explained by neutral
theory. In contrast, niche theory reveals the community assembly.
In addition, the evolutionary history of taxa has an impact on
community structure, particularly on NRI (Webb et al., 2002). The
complex sources we have identified for the species colonization of
the Kunlun Mountains was likely a deeper evolutionary process
that affected the phylogenetic community structure after glacial
events. We speculate that complex sources of species colonization
have led to irregular NRIs, as the NRIs of 17 counties were not
significantly different. However, the complex sources of species
colonization had little effect on NTIs, 24 of which were statistically
significant (P < 0.05). NTI is more appropriate for exploring the
community assembly at regional scales.

Overall, these potential sources of the Kunlun Mountains spe-
cies pool indicate that the Kunlun Mountains flora included com-
plex lineages. NTIs indicate that habitat filtering structured these
community assemblies. We speculate that community structure
trends of 17 counties were inconsistent because the phylogenetic
relationships of the taxa were distant at the genus-level, while the
phylogenetic relationships of the species were closer in each genus.
Consistent community structure trends (e.g., Wugqia, Gande, and
Dari) likely arose from phylogenetic relationships of taxa that were
closer at both genus-level and species-level. We speculate that the
phylogenetic relationships of the taxa of six counties (Bange, Gaize,
Ritu, Qiemo, Minfeng, and Chenduo) were moderate at the genus-
level, and that the phylogenetic relationships of the species were
closer in each genus. For Banma and Jiuzhi, we assume that the
proportions of families and genera, which contained only one
genus or one species, were high. In addition, the phylogenetic
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relationships of the taxa were closer at both genus and family-level.
Therefore, species from the alpine flora and the forest flora of the
Hengduan Mountains together may explain the community
phylogenetic structure in Banma and Jiuzhi (Li et al., 2014, 2017).

5. Conclusions

Taxonomic richness and phylogenetic diversity in the eastern
Kunlun Mountains were notably higher than those in the central
and western areas, while no significant differences were observed
within the eastern area. In addition, genera richness was higher in
the southeastern regions. Thus, taxonomic richness, phylogenetic
diversity, and genera richness suggest that the eastern regions of
the Kunlun Mountains should be a center for biodiversity conser-
vation, particularly the southeastern regions. However, in the entire
Qinghai-Tibet Plateau, the conservation value on the Kunlun
Mountains flora is relatively lower than that on the southeastern
part of the QTP (Mao et al., 2013; Yan et al., 2013).

Research on how species diversity on the QTP responds to
climate indicate a clear dependence on biotypes. The diversity of
woody plants has been shown to have stronger climatic associa-
tions than that of herbaceous plants. Specifically, the diversity of
woody plants has been shown to be jointly regulated by energy and
water availability, whereas diversity of herbaceous plants is pre-
dominantly regulated by water availability (Yan et al., 2013). The
dominant vegetation types of the Kunlun Mountains consist of
herbaceous plants, with a few coniferous forests in the east and
west. Furthermore, annual precipitation decreases notably from
east to west (Zheng, 1999; Wu, 2012—2015), and there are abun-
dant rivers in the east and west (Fig. 2). We inferred that species
diversity in the Kunlun Mountains is predominantly regulated by
water availability.

We also found that the formation of the Kunlun Mountains flora
was constructed by species colonization, and the complex sources
of species colonization have also revealed that the Kunlun Moun-
tains flora included complex lineages. NTI values indicated that
habitat filtering structured the assembly of these communities. In
conclusion, the current plant diversity of the Kunlun Mountains
was likely formed by both species colonization and habitat filtering.
Furthermore, habitat filtering may play an important role in
ecological processes, particularly in water availability.
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