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ABSTRACT

Background: Past studies linking geologic and climatic controls on speciation in the Himalaya, Tibet and Hengduan (HTH) regions
do not fully capture the mechanisms underlying patterns of plant diversity and endemism in hyperdiverse mountain ecosystems.
Aims: This study sheds new light on the orogenic and climatic drivers of plant endemism and diversity in the HTH region and
unravels the mechanisms behind plant speciation and assembly.

Materials & Methods: We re-examine the past findings on geo-climatic controls on speciation in the HTH. We also analyse
new datasets on the elevational patterns of endemic species richness in the HTH regions and correlate these with the hypsomet-
ric profiles based on digital elevation models of these regions.

Results: We discover that the phased evolution of HTH mountain-building and climate oscillations, and species radiations
were not exactly synchronous, but were interspersed with periods of inactivity. We find an inverse yet overlapping relationship
between elevation-area troughs (EATS) of hypsometric profiles and peaks of endemic plant richness in the HTH, indicating that
most endemic species occupy the higher elevational belts with the least geographic areas. These elevational belts comprise geo-
graphically and biologically isolated habitats.

Discussion and Conclusions: We infer that orogeny, monsoon and glaciations have shaped the highly dissected HTH landscapes,
characterised by high-relief topography, leading to population isolation, speciation and endemism, albeit with temporal lags. Glacial-
interglacial cycles have further promoted isolation, co-habitation, hybridisation and polyploidy among plant populations, generating
and accelerating endemic radiations. Our results provide crucial evidence linking mountain-building, climatic events and landform
development with plant species richness and endemism in the HTH regions and potentially in other mountain ecosystems.

1 | Introduction their species richness exceeded only by the Andes (Sabatini

et al. 2022). The HTH region contains as many as 6%-7% of
The Himalaya-Tibet-Hengduan (HTH) mountains (Figure 1) Earth's vascular plants, with endemism ranging from ~30%
are among the most biodiverse montane regions of the world, to 40% in the Himalaya (Pandit 2017) to 50% in Hengduan
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mountains (Zhang et al. 2009). These mountains are character-
ised by: (i) the highest average elevation; (ii) vast geographic ex-
panse (3.06 million km?; Figure 1), a close second to the Andes
(3.37 million km?) and more than 10 times that of the Alps
(0.29 million km?); (iii) relatively young geological age: and (iv)
unique and highly threatened plant diversity (Bhatt et al. 2021;
Mehta et al. 2023). The HTH region is critical to conserving the
global biodiversity wealth, and understanding the origins and
evolution of this biodiversity is also important for regional secu-
rity and human well-being (Bawa et al. 2020; Pandit 2025).

Evolutionary-ecological hypotheses such as the mountain geo-
biodiversity hypothesis (Mosbrugger et al. 2018; Muellner-Riehl
et al. 2019), the theory of island biogeography (MacArthur
and Wilson 1967; Whittaker and Fernandez-Palacios 2007)
and the flickering connectivity system concept (Flantua and
Hooghiemstra 2018) broadly explain species assembly of moun-
tain ecosystems. The mountain geobiodiversity hypothesis
holds that high diversification in mountains is driven by: (i) the
development of landforms having complete elevational zonation
across lowland, montane and alpine zones; (ii) episodic climate
fluctuations enabling mountains to act as speciation pumps: and
(iii) high-relief topography with strong environmental gradients.
In turn, the theory of island biogeography posits that island hab-
itats accumulate species through immigration and speciation.
The flickering connectivity system concept refers to the oscillat-
ing connectivity and isolation of floras during glacial-intergla-
cial cycles to explain species diversity.

Numerous recent studies have focussed on understanding the
association between mountain-building, monsoons and plant
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diversification in the HTH (Ding et al. 2020; Favre et al. 2015;
Muellner-Riehl 2019). However, an integrated mechanistic ex-
planation linking physical processes with speciation in the HTH
region has been rarely tested. Furthermore, the inferences of a
causal link between geo-climatic drivers and biological diversi-
fication require rigorous analysis. We propose an explanatory
model that integrates the existing ecological-evolutionary theo-
ries with the orogenic-climatic and biological processes. We pro-
vide a coherent mechanistic causal explanation of geologic and
climatic controls on plant speciation, assembly, diversity and
distribution across the HTH region (Figure 2). The reasons for
higher biodiversity in mountains ranges fromgreater habitat
heterogeneity, high runoff rates and a long-term dynamic inter-
action between landscape and climate (Antonelli et al. 2018).

Our model emphasises the phased evolution of HTH mountain-
building and climates as well as associated species radiations, al-
beit with temporal lags (Figure 2). The integrated model consists
of five elements: (i) orogeny-driven formation and enhancement
of an elevational gradient from lowland tropics to alpine zones,
succeeded by the birthing and intensification of the monsoon;
(ii) colonisation by immigrant biota and emergence of plant ele-
vational gradients and endemism; (iii) habitat isolation at higher
elevations shaped by climate-driven events such as the mon-
soon and glaciation-deglaciation cycles, and plant endemism
peaks; (iv) glacial-interglacial cycles that further modified
topographic relief, followed by episodes of migrations, hybri-
disation, polyploidy, geographical isolation and sympatric and
allopatric speciation; and (v) formation of isolated habitats lead-
ing to geographical isolation and accelerated speciation (vicari-
ance/allopatric speciation). Together, these elements represent
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FIGURE 1 | Physiographic map representing the geographical and elevational extent of the Himalaya-Tibet-Hengduan (HTH) region. The
Himalaya run East-West between 74°E-98°E longitudes and North-South between 26°N-35°N latitudes. Tibetan plateau extends East-West be-
tween 76° E-104°E longitudes and North-South between 29°N-40°N latitudes. The Hengduan mountains largely lie in North-South direction ex-
tending East to West between 92°E-106°E longitudes and North-South between 24°N-35°N latitudes. The shape files of suture zones and HTH

boundaries are sourced from Liu et al. (2022).
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FIGURE2 | Anoverview of Himalayan Mountain formation, geologic and climatic events fashioning dissected landforms, and engendering spe-

cies assembly and endemism. The phases of the Himalayan uplift, and the interplay between tectonic activity and a changing global climate (includ-

ing regional monsoon and glaciation) had a crucial role in generating high endemism and species richness in the region.

a sequential unfolding of geologic and climatic developments,
initiated by the tectonic/orogenic forcings, accompanied by bi-
ological processes of immigration, mixing-isolation-mixing (He
et al. 2019), niche conservatism and in situ speciation (Figure 2).

2 | Formation and Enhancement of Elevational
Gradient

2.1 | Orogeny, Elevational Gradient and Monsoon

The collision of the Indian and the Asian tectonic plates in the
Palaeocene Epoch was a pivotal event in Himalayan orogenesis
(An et al. 2021). Some studies suggest an initial collision around
60-55 million years ago (Ma) (van Hinsbergen 2022) with the
final ocean basin closure ca. 25-20Ma (van Hinsbergen et al.
2012). The proto-Himalaya likely attained an elevation of ~1km
as early as the late Palacocene (56 Ma) and reached a height of
~2.3km by Miocene (~21-39Ma). A rapid uplift followed, with
the mountains attaining ~5.5km elevation around 15Ma before
Quaternary (<2.5Ma), and settling to their current elevations

(Ding et al. 2017, 2022). The estimates of when the Tibetan
Plateau and the Hengduan mountains reached high elevations
vary from Eocene to early Oligocene and Miocene (Muellner-
Riehl 2019; Spicer 2017; Spicer et al. 2021; Xiong et al. 2020).

Notwithstanding their ages and uncertain paleoelevation data,
the formation of the Himalayan, Tibetan and Hengduan (HTH)
mountains significantly influenced the modern Asian Monsoon
system, affecting both its intensity and seasonal patterns. This
system includes the Indian Summer Monsoon (ISM) in the
west and northwest, and the East Asian Monsoon (EAM) in
the east and southeast. Notably, the elevational enhancement
of the Himalaya correlates well with the peak intensity of the
Asian monsoon ~15-10Ma (Clift and Webb 2019). However,
the weakening of the monsoon around 8 Ma and its subsequent
re-intensification during the late Pliocene suggest additional
influences beyond orogeny, particularly global temperatures
affecting Earth's hydrological cycle. These observations, there-
fore, constrain the stated unequivocal positive relationship be-
tween orogeny and monsoon intensification (Ding et al. 2020;
Favre et al. 2015).
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2.2 | Climate Changes and Dissected Topography

While the HTH mountains were initially formed by tectonic
uplift, their subsequent modification was significantly driven
by the intensified monsoon and later by glaciation-deglaciation
cycles. The impact of these geo-climatic events was particularly
pronounced in Hengduan and Eastern Himalayan mountains
located closer to the tropical latitudes, 24°-33° N and 21°-28°
N respectively. These regions historically received consider-
ably higher rainfall, including intense rain bursts and rapid
snow melt during times of intensified monsoon (Irving and
Hebda 1993; Pandit 2017). The combination of orogeny and cli-
mate changes significantly accelerated landscape incision and
dissection, shaping rugged landforms. In contrast, the Western
and North-western Himalaya, due to their sporadic high precipi-
tation, exhibit more limited monsoon-driven landscape changes
(Bookhagen et al. 2005). The Tibetan Plateau, being the least
impacted by monsoon, exhibits fewer topographic complexi-
ties compared to the Himalaya and the Hengduan mountains
(Figure 1). The resulting topographic development across HTH
had a profound influence on various biological processes, in-
cluding the establishment of physical and physiological barri-
ers that facilitated speciation (Pandit 2017). It is not surprising,
therefore, that a discernible gradient exists in plant biodiver-
sity, with species richness tapering from East to West from
Hengduan to the Himalaya as well as in the south-north direc-
tion (Pandit 2017; Tiwari et al. 2024; Zhang et al. 2009).

3 | Immigration, Elevational Diversity Gradient
and Endemism

3.1 | Immigration, Colonisation
and Miocene Flora

Evidence suggests that numerous genera from the tropical
Indian subcontinent and Southeast Asia inhabited the Himalaya
during the early phases of its development (Manish et al. 2022;
Pandit 2017). Colonisation and local recruitment continued
through the Miocene (Pandit 2017). Following further uplift
and enhancement of the elevational gradient, more and more
floral elements from Europe, Caucasia, Central Asia, Japan
and North America arrived and took root at higher Himalayan
elevations, establishing distinct temperate and alpine vegeta-
tion (Pandit 2017). Until the middle Miocene, the Himalayan
ecosystems were seemingly dominated by immigrant floral
taxa (Manish et al. 2022; Pandit 2017). Thus, much of the HTH
flora, prior to the Miocene, likely comprised immigrant taxa, al-
though the alpine flora of the Hengduan mountains may have
had in situ origins during the early Oligocene (Ding et al. 2020).

3.2 | Post-Miocene Floral Endemism

Higher plant endemism in the HTH region is likely a post-
Miocene phenomenon as evident from recent studies on species
radiation (Zhao et al. 2021). The ancestry of present-day Eastern
Himalayan endemics traces to Southeast Asia, Southwestern
China and the Sino-Japanese biogeographic regions, while in
the Western Himalaya, endemics predominantly have ances-
tral linkages with the South-Eastern Chinese, Sino-Japanese,

Irano-Turanian and Central Asiatic regions (Manish et al. 2022;
Pandit 2017). Plant endemics of Hengduan mountains reflect
lineages from Palearctic, Southeast Asian and Southwestern
Chinese ancestry (Sun et al. 2017; Xing and Ree 2017). Notably,
the dominant genera such as Rhododendron, Salix and Saxifraga
have a Laurasian connection, dating back to the Miocene (Sun
et al. 2017). Recent studies show that the majority of the alpine
Hengduan floralikely originated locally as early as the beginning
of the Oligocene (Ding et al. 2020) due to interaction between
orogeny and climate. This suggests that while the Himalaya was
acquiring its temperate flora, the Tibetan-Hengduan mountains
had already developed an endemic alpine flora (Ding et al. 2020)
which subsequently found its way into the Himalayan region
(Manish et al. 2022).

3.3 | Elevational Species Distribution
and Endemism Patterns

The tectonic and climatic history of the HTH mountains pro-
vides a crucial framework for understanding the region's biodi-
versity (Ding et al. 2020; Favre et al. 2015; Pandit 2017). However,
to fully assess how the geo-climatic controls drive speciation
and plant diversity, we must turn to the dataset on elevational
plant species richness gradients, including the spatial distri-
bution of endemic species in the HTH region. Our analysis of
published data on elevational plant species distribution (Manish
et al. 2017; Yu et al. 2020; Zhang et al. 2009) shows that overall
species richness distribution patterns in the HTH are consistent
with the species-area relationship of the classical theory of is-
land biogeography (TIB), with endemic plant species richness
peaking between 3000 and 4000m in the HTH (Figure 3).

Why do plant endemics predominate in these higher elevational
belts in the HTH? Analyses of digital elevation models (DEMs)
support earlier findings that these regions exhibit varied relief
and hypsometric profiles (Elsen and Tingley 2015; Figure 3).
The elevational-area-troughs (EATS) represent the elevational
belts having the least geographic area. In the Himalaya and
the Hengduan mountains, EATs are narrow, while the Tibetan
Plateau has a wide EAT between 2800 and 4200 m (Figure 3).
The narrow hypsometric troughs indicate a highly rugged to-
pography. Thus, there are more isolated belts in the Hengduan
mountains compared to the Himalaya and the Tibetan Plateau.
The rugged topography and more numerous isolated habitats
in the Hengduan mountains and Eastern Himalaya thus offer
more opportunities for geographic isolation and, therefore, har-
bour more endemic species (Pandit 2017).

4 | Habitat Isolation and Higher Elevation
Endemism Peaks

4.1 | Sky Islands, Isolation and Endemism

The isolated elevational belts in the HTH, separated physically
from the snow-covered plant-free zones above and biologically
from the forested habitats below, are analogous to the ‘sky is-
lands’ (Heald 1967). This isolation explains the endemic richness
peaks across HTH (Figure 3). High endemic species richness of
the isolated elevational belts could also be attributed to niche
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FIGURE 3 | Elevational species richness of endemic plants in the HTH mountain region and respective hypsographic types. (a) The Himalaya

has an elevational-area trough between 2400 and 4200 m that correspond to the plant endemic species richness peak. (b) Maximum geographic area

of Tibet lies in between 4400 and 6000 m (~84%), which harbours lesser species richness. (c) Hengduan mountains exhibit at least two hypsometric
troughs between 500 and 1500m, and between 2600 and 3800 m with the latter having highest endemic species richness. The data for elevational
endemic species richness for the Himalaya are taken from Pandit (2017) and Manish et al. (2017), for Tibet from Yu et al. (2020), and for Hengduan
mountains is sourced from Zhang et al. (2009). The lines in the species richness plots represent the best-fit Generalised Linear Models and are only

meant to guide the reader’s eye.

conservatism based on the plants' ancestral habitats prior to im-
migration and colonisation (Kozak and Wiens 2010). Moreover,
climatic fluctuations and glacial advances in the Quaternary led
to migration of plant species which earlier occupied higher ele-
vations (>4000m), but are now likely restricted to 3000-4000m
elevations, adding to the endemism tally (Manish and Pandit
2018). These habitats now also have species moving upwards fol-
lowing the Anthropocene warming (Sekar et al. 2024; Shrestha
et al. 2012; Telwala et al. 2013). Thus, we propose that with the
development of highly complex topography, the sub-alpine and al-
pine zones, separated by valleys and river divides, behaved like is-
lands, enforcing spatial and genetic isolation of plant populations.

4.2 | Asynchronous Relation Between Geo-Climate
and Speciation

We underscore that orogeny and monsoon had an indirect role
in driving speciation of the HTH flora, mediated by the devel-
opment of an extended bio-geo elevational gradient and a rug-
ged topography. The indirect association between geo-climatic
events and the timings of in situ speciation of flora (Ding
et al. 2020; Favre et al. 2015) is borne out by an asynchronous
and weak relationship between them, with a significant time lag
(Muellner-Riehl 2019). For instance, both in the Hengduan and
the Himalayan mountains, contrasting pulses of high and low
in situ speciation events are reported between mid-Oligocene
(~26-27Ma) and mid/late-Miocene (~15-5Ma)—periods of active
mountain uplift and monsoon intensification (Ding et al. 2020;

Manish et al. 2022). Other studies have suggested weakening of
the monsoon around ~10 Ma (Clift and Webb 2019), which aligns
well with the lower speciation rates (Ding et al. 2020).

Similarly, though the reported peak of speciation rate around the
middle Oligocene (~27Ma) in the Hengduan mountains (Ding
et al. 2020) can be explained based on the time of mountain uplift
in that region, it cannot be associated with the monsoon which
strengthened much later (Clift and Webb 2019). A logical con-
nection between orogeny and intensified monsoon is plausible
only if the impact of monsoon intensification is traced back to the
Oligocene around 30 Ma (Ramstein et al. 1997) or even Eocene ca.
45-35Ma (Farnsworth et al. 2019), which aligns with sedimentary
facies and floral changes in the Jianchuan Basin in the Hengduan
mountains (Spicer 2017). As outlined in the proposed model
(Figure 2), plant speciation and endemism in HTH were mediated
indirectly by geo-climatic events that essentially shaped topogra-
phy and relief, intercalated by temporal lag phases (Figure 2).

5 | Glaciation, Hybridisations and Adaptive
Radiations

5.1 | Mixing, Isolation and Mixing

Glacial-interglacial cycles considerably transformed landscape
morphology of the HTH region and, consequently, its plant bio-
diversity. Glaciation led to the migration of plant populations
to lower southern elevations, resulting in population mixing or
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connectivity and intermingling (Pandit 2017). These dynamics
are consistent with the postulates of ‘flickering connectivity
system concept’ (Flantua and Hooghiemstra 2018) and ‘mixing-
isolation-mixing model’ (He et al. 2019). The former concept
suggests that Pleistocene climate oscillations induced plant
population dynamics within and between mountain ranges, re-
sulting in their redistribution. The latter posits that the cycles of
population mixing, followed by geographic isolation, can result
in the development of new species.

5.2 | Polyploidy, Hybridisation and Speciation

Consequently, inter-specific or even intergeneric hybridisations
ensued because of population intermingling driven by glaci-
ations (Kumar 1959). Contrastingly, advancing glaciers and
deeply incised valleys acted as physical barriers to genetic ex-
change between populations, forcing geographic and genetic
isolation that promoted allopatric speciation (Kumar 1959;
Pandit 2017). Support for these patterns comes from a grow-
ing number of population genomics and phylogeographic
studies from the Tibetan Plateau, which document instances
of isolation, paraphyly, hybridisation and introgression among
high-elevation mountain lineages due to Quaternary climatic
fluctuations (Muellner-Riehl 2019).

5.3 | Glaciation-Deglaciation Cycles and Species
Redistribution

Unlike the continuous ice-sheet observed in the Pleistocene
in mountain regions of Europe and North America (Owen
etal. 2002), the HTH region experienced episodic glaciation. The
East-West oriented ranges of the Himalaya and Tibetan Plateau
may have inhibited en masse southward extensions of plant pop-
ulations and disrupted habitat connectivity during glaciation,
driving species extinctions (Xing and Ree 2017). This partly ex-
plains their relatively impoverished endemic floras compared to
the Hengduan mountains. Glaciation had a rather muted effect
on the North-South oriented Hengduan mountain flora, which
persisted by migrating towards ice-free Southern areas during
the glacial cycles, and therefore, experienced increased connec-
tivity and mixing. Therefore, glaciation-deglaciation episodes
in the HTH during the Quaternary resulted in allopatric and
sympatric speciation, hybridisation and polyploidy (leading to
range expansion) and occasional extinctions as well.

The orientation of mountain chains such as the north-south
alignment of the Hengduan mountains has also played a crucial
role in plant species richness and distribution. This alignment
also allowed plant populations to migrate latitudinally in re-
sponse to climate changes without significant elevational shifts.
Thus, glacial-interglacial cycles profoundly impacted landscape
morphology on one hand and biodiversity on the other.

6 | Geographic Isolation, Vicariance and In Situ
Speciation

Shaped by tectonics, monsoon intensification and glaciation—
deglaciation cycles, the uniquely carved topography of the

HTH region created the conditions for distinctive spatial and
geographic isolation, promoting higher rates of in situ specia-
tion (Figure 2). This conclusion is supported by evidence from
an earlier study of divergence time estimates of the Himalayan
flora; the Eastern Himalaya, with more dissected landforms, ex-
perienced higher rates of plant diversifications than the Western
Himalaya (Manish et al. 2022; Pandit 2017). Additionally, there
is evidence that the Himalaya developed into a strong physi-
cal barrier, impeding gene flow among plant populations from
mountains to the north and north-east (Liu et al. 2013). From
the late Miocene (~8-5Ma) onward, the Himalayan ecosystems
and their resident floras, previously largely composed of immi-
grant elements, became isolated in deeply carved out valleys or
elevational belts that behaved like islands promoting in situ spe-
ciation (sympatric; Figure 2). Growing evidence suggests that
in situ speciation in these isolated islands progressed during the
Pliocene and later (~5Ma). This process is exemplified by the di-
vergence of Roscoea (R. tumjensis and R. purpurea) at ~4.64Ma,
with a minimum estimate at ~2.18 Ma (Zhao et al. 2021).

7 | Future of Mountain Biodiversity and
Conservation

Geologic and climatic changes have been constantly creating
new habitats for migration, hybridisation and speciation in the
HTH region to generate patterns of plant diversity that we see
today and that we understand only imperfectly. High-quality
genome-scale data for multiple lineages in conjunction with a
modern comparative phylogenetic approach could further elu-
cidate the mode and tempo of lineage diversification in these
important biodiversity epicentres. There is an urgency to use
powerful tools for the analysis of biological, molecular, pale-
ontological, geological and climate data. With human activity
and climate and land use changes accelerating and creating new
habitats for evolutionary play, and at the same time endangering
plant species richness, a product of long and complex evolution-
ary history, there is an urgency to build a solid scientific foun-
dation for informed decision-making for protecting the unique
biodiversity of the HTH (Bawa et al. 2020; Pandit 2025).

Author Contributions

M.K.P. conceived the idea, designed the study, collated and analysed the
data, developed the idea with A.H.K and wrote the manuscript. S.S. and
K.M. analysed the data and contributed to manuscript writing. K.S.B.
contributed extensively in the presentation of the final manuscript and
A.H.K. contributed to study design and manuscript editing. A.A.G.W. and
P.D.C. contributed specific points to the section on geology and climate
in the draft manuscript. F.L.C., C.H. contributed specific points to the
sections on speciation and geology, respectively, in the draft manuscript.

Acknowledgements

M.K.P. and A.H.K. thank Radcliffe Institute for Advanced Study,
Harvard University for the award of Radcliffe Exploratory Seminar
Grant. We thank Haibin Yu for sharing data used in Figure 3.
M.K.P. thanks the National University of Singapore and Peter Pang
for the institutional affiliation and the award of Ngee Ann Kongsi
Distinguished Professorship. We thank the editor and the four anon-
ymous reviewers for their insightful comments and suggestions. No
permits were required for the study as the study did not include any
field work.

6 of 8

Journal of Biogeography, 2025

85U80]7 SUOWILIOD BAIIERD 8]qed!|dde ayy Aq peusenob aJe e YO ‘8sn Jo sajnu Joj Areiqi]8uUlUO 4311 UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 Bul|UO//:SANY) SUORIPUOD PuUe SWB 18U} 89S *[9202/20/6Z] U0 AriqiauljuO AB[IM Yeauioljqiasiels RAIUN BAN AQ ZGTST 1 //TTTT'0T/I0p/w00 A8 | ARelq iUl juoy/Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘669259ET



Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created
or analyzed in this study.

References

An, W., X. Hu, E. Garzanti, J. G. Wang, and Q. Liu. 2021. “New Precise
Dating of the India-Asia Collision in the Tibetan Himalaya at 61 Ma.”
Geophysical Research Letters 48, no. 3: e2020GL090641. https://doi.org/
10.1029/2020GL090641.

Antonelli, A., W. D. Kissling, S. G. Flantua, et al. 2018. “Geological and
Climatic Influences on Mountain Biodiversity.” Nature Geoscience 11,
no. 10: 718-725. https://doi.org/10.1038/s41561-018-0236-z.

Bawa, K. S., E. Goodale, W. Mtemi, et al. 2020. “China and India:
Toward a Sustainable World.” Science 369: 515- 515.

Bhatt,D.,K.C.Sekar,and R. S. Rawal. 2021. “Tree Diversity, Congruence

and Endemism: Himalaya ‘the Land of Diversity’.” Biodiversity and
Conservation 30: 2633-2654.

Bookhagen, B., R. C. Thiede, and M. R. Strecker. 2005. “Abnormal
Monsoon Years and Their Control on Erosion and Sediment Flux in the
High, Arid Northwest Himalaya.” Earth and Planetary Science Letters
231:131-146.

Clift, P. D., and A. A. G. Webb. 2019. “A History of the Asian Monsoon
and Its Interactions With Solid Earth Tectonics in Cenozoic South
Asia.” Geological Society, London, Special Publications 483: 631-652.

Ding, L., P. Kapp, F. Cali, et al. 2022. “Timing and Mechanisms of Tibetan
Plateau Uplift.” Nature Reviews Earth and Environment 3: 652-667.

Ding, W. N., R. H. Ree, R. A. Spicer, and Y. W. Xing. 2020. “Ancient
Orogenic and Monsoon-Driven Assembly of the World's Richest
Temperate Alpine Flora.” Science 369: 578-581.

Ding, L., R. A. Spicer, J. Yang, et al. 2017. “Quantifying the Rise of the
Himalaya Orogen and Implications for the South Asian Monsoon.”
Geology 45: 215-218.

Elsen, P. R., and M. W. Tingley. 2015. “Global mountain topogra-
phy and the fate of montane species under climate change.” Nature
Climate Change 5: 772-776.

Farnsworth, A., D. J. Lunt, S. A. Robinson, et al. 2019. “Past East
Asian Monsoon Evolution Controlled by Paleogeography, Not CO,.”
Science Advances 5, no. 10: eaax1697. https://doi.org/10.1126/sciadv.
aax1697.

Favre, A., M. Pickert, S. U. Pauls, et al. 2015. “The Role of the Uplift
of the Qinghai-Tibetan Plateau for the Evolution of Tibetan Biotas.”
Biological Reviews 90: 236-253.

Flantua, S. G., and H. Hooghiemstra. 2018. “Historical Connectivity
and Mountain Biodiversity.” In Mountains, Climate, and Biodiversity,
edited by C. Hoorn, A. Perrigo, and A. Antonelli, 171-185. John Wiley
& Sons Ltd.

He, Z., X. Li, M. Yang, et al. 2019. “Speciation With Gene Flow via
Cycles of Isolation and Migration: Insights From Multiple Mangrove
Taxa.” National Science Review 6: 275-288.

Heald, W. F. 1967. Sky Island. D. Van Nostrand Co., Inc.

Irving, E., and R. Hebda. 1993. “Concerning the Origin and Distribution
of Rhododendrons.” Journal of the American Rhododendron Society 47:
139-162.

Kozak, K. H., and J. J. Wiens. 2010. “Niche Conservatism Drives
Elevational Diversity Patterns in Appalachian Salamanders.” American
Naturalist 176: 40-54.

Kumar, V. 1959. “Karyotype in Two Himalayan Species of Polygonatum.”
Experientia 15: 419-420.

Liu, J., R. I. Milne, G. F. Zhu, et al. 2022. “Name and Scale Matter:
Clarifying the Geography of Tibetan Plateau and Adjacent Mountain
Regions.” Global and Planetary Change 215: 103893.

Liu, J., M. Mdller, J. Provan, L. M. Gao, R. C. Poudel, and D. Z. Li. 2013.
“Geological and Ecological Factors Drive Cryptic Speciation of Yews in
a Biodiversity Hotspot.” New Phytologist 199: 1093-1108.

MacArthur, R. H., and E. O. Wilson. 1967. The Theory of Island
Biogeography. Princeton University Press.

Manish, K., and M. K. Pandit. 2018. “Phylogenetic Diversity, Structure and
Diversification Patterns of Endemic Plants Along the Elevational Gradient
in the Eastern Himalaya.” Plant Ecology and Diversity 11: 501-513.

Manish, K., M. K. Pandit, and S. Sen. 2022. “Inferring the Factors
for Origin and Diversifications of Endemic Himalayan Flora Using
Phylogenetic Models.” Modeling Earth Systems and Environment 8:
2591-2598.

Manish, K., M. K. Pandit, Y. Telwala, D. C. Nautiyal, L. P. Koh, and
S. Tiwari. 2017. “Elevational Plant Species Richness Patterns and Their
Drivers Across Non-Endemics, Endemics and Growth Forms in the
Eastern Himalaya.” Journal of Plant Research 130: 829-844.

Mehta, P., K. Bisht, K. C. Sekar, and A. Tewari. 2023. “Mapping
Biodiversity Conservation Priorities for Threatened Plants of Indian
Himalayan Region.” Biodiversity and Conservation 32: 2263-2299.

Mosbrugger, V., A. Favre, A. N. Muellner-Riehl, M. Péckert, and A.
Mulch. 2018. “Cenozoic Evolution of Geo-Biodiversity in the Tibeto-
Himalayan Region.” In Mountains, Climate, and Biodiversity, edited by
C. Hoorn, A. Perrigo, and A. Antonelli, 429-448. John Wiley & Sons Ltd.

Muellner-Riehl, A. N. 2019. “Mountains as Evolutionary Arenas:
Patterns, Emerging Approaches, Paradigm Shifts, and Their
Implications for Plant Phylogeographic Research in the Tibeto-
Himalayan Region.” Frontiers in Plant Science 10: 195.

Muellner-Riehl, A. N., J. Schnitzler, W. D. Kissling, et al. 2019. “Origins
of Global Mountain Plant Biodiversity: Testing the ‘Mountain-
Geobiodiversity Hypothesis’.” Journal of Biogeography 46: 2826-2838.

Owen, L. A,, R. C. Finkel, and M. W. Caffee. 2002. “A Note on the Extent
of Glaciation Throughout the Himalaya During the Global Last Glacial
Maximum.” Quaternary Science Reviews 21: 147-157.

Pandit, M. K. 2017. Life in the Himalaya: An Ecosystem at Risk. Harvard
University Press.

Pandit, M. K. 2025. “Conservation Diplomacy as Part of Multilateral
Strategies for Global Peace and Sustainability.” npj Biodiversity 4: 4.

Ramstein, G., F. Fluteau, J. Besse, and S. Joussaume. 1997. “Effect of
Orogeny, Plate Motion and Land-Sea Distribution on Eurasian Climate
Change Over the Past 30 Million Years.” Nature 386: 788-795.

Sabatini, F. M., B. Jiménez-Alfaro, U. Jandst, et al. 2022. “Global Patterns
of Vascular Plant Alpha Diversity.” Nature Communications 13: 4683.

Sekar, K. C., N. Thapliyal, P. Bhojak, et al. 2024. “Early Signals of
Climate Change Impacts on Alpine Plant Diversity in Indian Himalaya.”
Biodiversity and Conservation 34, no. 1: 207-233. https://doi.org/10.
1007/510531-024-02966-y.

Shrestha, U. B., S. Gautam, and K. S. Bawa. 2012. “Widespread
Climate Change in the Himalayas and Associated Changes in Local
Ecosystems.” PLoS One 7: e36741.

Spicer, R. A. 2017. “Tibet, the Himalaya, Asian Monsoons and
Biodiversity-In What Ways Are They Related?” Plant Diversity 39:
233-244.

Spicer, R. A., T. Su, P. J. Valdes, et al. 2021. “Why 'the Uplift of the
Tibetan Plateau’ Is a Myth.” National Science Review 8, no. 1: nwaa091.
https://doi.org/10.1093/nsr/nwaa091.

7 of 8

85U80]7 SUOWILIOD BAIIERD 8]qed!|dde ayy Aq peusenob aJe e YO ‘8sn Jo sajnu Joj Areiqi]8uUlUO 4311 UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 Bul|UO//:SANY) SUORIPUOD PuUe SWB 18U} 89S *[9202/20/6Z] U0 AriqiauljuO AB[IM Yeauioljqiasiels RAIUN BAN AQ ZGTST 1 //TTTT'0T/I0p/w00 A8 | ARelq iUl juoy/Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘669259ET


https://doi.org/10.1029/2020GL090641
https://doi.org/10.1029/2020GL090641
https://doi.org/10.1038/s41561-018-0236-z
https://doi.org/10.1126/sciadv.aax1697
https://doi.org/10.1126/sciadv.aax1697
https://doi.org/10.1007/s10531-024-02966-y
https://doi.org/10.1007/s10531-024-02966-y
https://doi.org/10.1093/nsr/nwaa091

Sun, H., J. Zhang, T. Deng, and D. E. Boufford. 2017. “Origins and
Evolution of Plant Diversity in the Hengduan Mountains, China.” Plant
Diversity 39: 161-166.

Telwala, Y., B. W. Brook, K. Manish, and M. K. Pandit. 2013. “Climate-
Induced Elevational Range Shifts and Increase in Plant Species
Richness in a Himalayan Biodiversity Epicentre.” PLoS One 8: €57103.

Tiwari, H., K. C. Sekar, A. Pandey, et al. 2024. “Diversity, Distribution
and Need of Urgent Conservation of Endemic Plants in Himalaya.”
Biodiversity and Conservation 33: 2285-2303.

van Hinsbergen, D. J. J. 2022. “Indian Plate Paleogeography, Subduction
and Horizontal Underthrusting Below Tibet: Paradoxes, Controversies
and Opportunities.” National Science Review 9: nwac074.

van Hinsbergen, D., P. C. Lippert, G. Dupont-Nivet, et al. 2012. “Greater
India Basin Hypothesis and a Two-Stage Cenozoic Collision Between
India and Asia.” Proceedings of the National Academy of Sciences of the
United States of America 109: 7659-7644.

Whittaker, R. J., and J. M. Ferndndez-Palacios. 2007. Island
Biogeography: Ecology, Evolution, and Conservation. Oxford University
Press.

Xing, Y., and R. H. Ree. 2017. “Uplift-Driven Diversification in the
Hengduan Mountains, a Temperate Biodiversity Hotspot.” Proceedings
of the National Academy of Sciences of the United States of America 114,
no. 17: E3444-E3451. https://doi.org/10.1073/pnas.1616063114.

Xiong, Z., L. Ding, R. A. Spicer, et al. 2020. “The Early Eocene Rise of
the Gonjo Basin, SE Tibet: From Low Desert to High Forest.” Earth and
Planetary Science Letters 543: 116312.

Yu, H., S. Miao, G. Xie, X. Guo, Z. Chen, and A. Favre. 2020. “Contrasting
Floristic Diversity of the Hengduan Mountains, the Himalayas and the
Qinghai-Tibet Plateau Sensu Stricto in China.” Frontiers in Ecology and
Evolution 8: 136. https://doi.org/10.3389/fevo.2020.00136.

Zhang,D.C.,Y. H. Zhang, D. E. Boufford, and H. Sun. 2009. “Elevational
Patterns of Species Richness and Endemism for Some Important Taxa
in the Hengduan Mountains, Southwestern China.” Biodiversity and
Conservation 18: 699-716.

Zhao,J.L.,B.R. Paudel, X. Q. Yu,J. Zhang, and Q. J. Li. 2021. “Speciation
Along the Elevation Gradient: Divergence of Roscoea Species Within the
South Slope of the Himalayas.” Molecular Phylogenetics and Evolution
164:107292.

8 of 8

Journal of Biogeography, 2025

85U80]7 SUOWILIOD BAIIERD 8]qed!|dde ayy Aq peusenob aJe e YO ‘8sn Jo sajnu Joj Areiqi]8uUlUO 4311 UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 Bul|UO//:SANY) SUORIPUOD PuUe SWB 18U} 89S *[9202/20/6Z] U0 AriqiauljuO AB[IM Yeauioljqiasiels RAIUN BAN AQ ZGTST 1 //TTTT'0T/I0p/w00 A8 | ARelq iUl juoy/Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘669259ET


https://doi.org/10.1073/pnas.1616063114
https://doi.org/10.3389/fevo.2020.00136

	Evolutionary Triggers of Plant Speciation in the Himalaya-Tibet-Hengduan Biodiversity Epicentre
	ABSTRACT
	1   |   Introduction
	2   |   Formation and Enhancement of Elevational Gradient
	2.1   |   Orogeny, Elevational Gradient and Monsoon
	2.2   |   Climate Changes and Dissected Topography

	3   |   Immigration, Elevational Diversity Gradient and Endemism
	3.1   |   Immigration, Colonisation and Miocene Flora
	3.2   |   Post-Miocene Floral Endemism
	3.3   |   Elevational Species Distribution and Endemism Patterns

	4   |   Habitat Isolation and Higher Elevation Endemism Peaks
	4.1   |   Sky Islands, Isolation and Endemism
	4.2   |   Asynchronous Relation Between Geo-Climate and Speciation

	5   |   Glaciation, Hybridisations and Adaptive Radiations
	5.1   |   Mixing, Isolation and Mixing
	5.2   |   Polyploidy, Hybridisation and Speciation
	5.3   |   Glaciation–Deglaciation Cycles and Species Redistribution

	6   |   Geographic Isolation, Vicariance and In Situ Speciation
	7   |   Future of Mountain Biodiversity and Conservation
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


