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Email: s.hofmann@Ieibniz-lib.de tially affected the paleoenvironment and biodiversity patterns of High Asia. However,

The Cenozoic topographic development of the Himalaya-Tibet orogen (HTO) substan-

o . concepts on the evolution and paleoenvironmental history of the HTO differ massively
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ancestral range estimation and paleoclimatic niche modelling, we assess a recently pro-
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1 | INTRODUCTION

The Himalaya-Tibet orogen (HTO) is the world's highest and larg-
est mountain system, stretching from the Altyn Tagh and Qilian
Mountains at the northeastern margin of the Tibetan Plateau, to the
Himalayas in the south, and from the Hengduan Shan at the eastern
edge of the Tibetan Plateau to the Hindukush in the far west of the
Himalaya. It includes the high plateaus of Tibet and Qinghai, with
extensive areas exceeding 4500m above sea level (a.s.l.). The HTO
has a profound impact on the Earth's atmospheric circulation sys-
tem and Asian biota, so knowing the Cenozoic topographic develop-
ment of the HTO is essential for exploring the interactions between
mountain building, climate, paleoenvironments and biodiversity
(Kutzbach et al., 1989; Molnar et al., 2010; Raymo & Ruddiman, 1992;
Spicer, 2017; Spicer et al., 2021b; Zhang et al., 2018).

Decades of geoscientific research across the HTO have gen-
erated a range of concepts related to its topographic evolution.
These concepts differ in the timing, magnitude and sequence of
surface uplift of the respective parts of the orogen (reviewed in
Spicer et al., 2021b). Many studies, mainly based on stable isoto-
pic paleoaltimetry, provide support for a high Tibetan Plateau as
early as the Paleogene, with elevations close to modern values
(e.g. Ding et al., 2014; Quade et al., 2011; Rowley & Currie, 2006;
Xu et al., 2019), contributing to popular uplift models of the HTO
(Fang et al., 2020; Kapp et al., 2007; Mulch & Chamberlain, 2006;
Murphy et al., 1997; Spicer et al., 2021b; Tapponnier et al., 2001;
Wang et al., 2008, 2014). Other concepts consider the rise of the
Plateau to modern elevation exclusively during the Neogene (e.g.
Coleman & Hodges, 1995; Harrison et al., 1992; Molnar et al., 1993;
Sun et al., 2014; Wang et al., 2006).

Contrasting with the scenario of a highly elevated Paleogene
Tibetan Plateau is the fossil record for the Cenozoic HTO (compiled
in Schmidt et al., 2023; Spicer et al., 2021a), strongly supporting a
lower general topography of significant parts of Tibet with tropical
to temperate paleoenvironments until the Early Miocene (reviewed

cladogenesis of spiny frogs may echo the evolution of the HTO paleoenvironment. We
show that diversification of main lineages occurred during the early to Mid-Miocene,
while the evolution of alpine taxa started during the late Miocene/early Pliocene. Our
distribution and niche modelling results indicate range shifts and niche stability that
may explain the modern disjunct distributions of spiny frogs. They probably maintained
their (sub)tropical or (warm)temperate preferences and moved out of the ancestral
paleo-Tibetan area into the Himalaya as the climate shifted, as opposed to adapting
in situ. Based on ancestral range estimation, we assume the existence of low-elevation,
climatically suitable corridors across paleo-Tibet during the Miocene along the Kunlun,
Qiangtang and/or Gangdese Shan. Our results contribute to a deeper understanding of

the mechanisms and processes of faunal evolution in the HTO.

biogeography, Himalaya, niche modelling, Paini, paleoenvironment, Tibetan Plateau, uplift

in Ai et al., 2019; Deng et al., 2019). However, insufficient age con-
straints on the fossil deposits introduce further uncertainties into
the chronology of uplift models (Fang et al., 2020; Su et al., 2019).
Despite these limitations, no fossils have been unearthed to sub-
stantiate the existence of cold temperate or alpine environments in
the central and southern HTO during the Paleogene, thereby rais-
ing questions about the findings from stable isotope paleoaltimetry
(Schmidt et al., 2023).

Organismal evolution, in the sense of dated phylogenies, offers
an independent framework for testing historical geography and envi-
ronmental features (Hoorn et al., 2013; Mulch & Chamberlain, 2018).
Recent advances in phylogeographic research in extant Himalayan
vertebrates (amphibians: Hofmann et al.,, 2017, 2019; Hofmann,
Jablonski, et al., 2021) and invertebrates (ground beetles: Schmidt
et al., 2012) have contributed to our understanding of the paleoen-
vironmental history of the HTO. Both organismal groups are ideal
paleoenvironmental proxies because of the potentially constrained
nature of their movements and their dependence on environmental
conditions from being ectothermic and adapted to specific micro-
habitats (e.g. temperature and humidity levels) (Cruz et al., 2024;
Pyron, 2014; Schmidt et al., 2017). Amphibians, as well as beetles,
show remarkable stability in ecological niches through their evolu-
tion, suggesting that dispersal will have been historically constrained
to similar climatic zones (Atkinson et al., 1987; Briihl, 1997; Hutter
et al., 2013; Schmidt et al., 2011; Wiens, 2011).

Based on the contemporary disjunct distributional patterns
and molecular phylogeny of mega-diverse Carabus ground beetles,
a model of the paleoenvironmental evolution of the HTO has been
recently published by Schmidt and colleagues, arguing for a rather
young age of cold temperate to alpine biomes in the HTO (Schmidt
etal., 2023). This new scenario suggests subtropical or warm temper-
ate environments and, consequently, low average elevations in the
orogenetic system until at least the Oligocene-Miocene boundary.

Similar to ground beetles, Himalayan spiny frogs (Paini,
Dicroglossidae) exhibit markedly disjunct geographical patterns.
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Given the previous age estimates for Paini (Early to Mid-Miocene),
these disjunct areas are expected to originate from trans-Tibet
dispersal events during the Paleogene and paleo-Tibet's role as a
primary evolutionary center for biotas (Hofmann et al., 2019, 2023;
Hofmann, Jablonski, et al., 2021). Spiny frogs are a characteris-
tic element of the HTO, occurring from the northern Hindukush
in Afghanistan, through western and northern Pakistan, Nepal,
Bhutan, northern India including Sikkim, and in the valleys of
southern and eastern Tibet, eastwards to eastern China, and south-
wards to the mountains of Indochina (Myanmar, Thailand, Laos
and northern Vietnam; Frost, 2024). According to Frost (2024),
the Paini comprise the genus Nanorana (34 species), Quasipaa (13
species), Allopaa (possibly two species; nested within Nanorana;
see Hofmann, Masroor, et al.,, 2021; Hofmann et al., 2023) and
the monotypic genus Chrysopaa. The genus Nanorana contains the
subgenera Paa and Chaparana. The spatio-temporal diversification
of spiny frog lineages endemic to the Himalayas has been shown
to be highly informative of the environmental and uplift history of
the HTO (Hofmann et al., 2019; Hofmann, Jablonski, et al., 2021).
However, previous phylogenetic inferences of these frogs were
based on multilocus datasets showing lower resolution for several
clades along the phylogenetic tree (e.g. mito-nuclear discordance,
low nodal support values), thus entailing uncertainties in the bio-
geographic scenario.

Here, we used genomic data, ancestral range estimation and
paleoclimatic niche modelling to (re-)assess the historical biogeog-
raphy of spiny frogs and its linkage to the paleoenvironmental evo-
lution of the HTO. We specifically aim at (i) obtaining a robust and
well-resolved dated phylogeny, (ii) investigating whether spiny frogs
in the Cenozoic HTO may have retained their ancestral ecological
niche characteristics over time or whether they are more likely to
have adapted in situ, (iii) reconstructing the history of their geo-
graphic range changes over time and (iv) exploring the evolution of
the species' disjunct distribution pattern under a scenario of a warm
temperate Miocene Tibet.

2 | MATERIALS AND METHODS
2.1 | Taxonsampling

The taxon set contained 36 samples of the genus Nanorana.
Furthermore, we included species of the genera Chrysopaa,
Quasipaa, Hoplobatrachus, Euphlyctis, and Minervarya, as well as
Microhyla ornata, Ptychadena longirostris, and Phrynobatrachus
phyllophilus as outgroups. All tissue samples for molecular work
were obtained from museum holdings or came from scien-
tific collections (Chinese Academy of Science, China; Chengdu
Institute of Biology, China; Comenius University, Bratislava,
Slovakia; Kadoorie Farm and Botanic Garden, Hong Kong; Natural
History Museum Basel, Switzerland; Natural History Museum
Erfurt, Germany; Russian Academy of Science, Moscow, Russia;
Senckenberg Museum, Frankfurt am Main, Germany; Museum
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Koenig, Bonn, German; Natural History Museum Berlin, Germany).
The list of samples and their associated metadata are presented
in Table S1. Sample selection was based on distribution patterns
and phylogenetic relationships (Hofmann et al., 2019; Hofmann,
Jablonski, et al., 2021) to maximize geographic coverage for the
taxonomic group and to obtain a representative dataset across the

Himalayan region.

2.2 | Data generation and assembly

Genome-scale DNA data were produced through selective ampli-
fication of target regions with exon capture (Bi et al., 2012; Portik
et al., 2016). The required oligonucleotide baits for exon capture
were designed based on available transcriptome sequences. Exon
alignments, probe design, wet laboratory procedures and handling of
raw sequence reads are extensively described in the Supplementary
Information Text.

Alignments were generated and processed applying three
different approaches: (i) using MeShClust 3.0 (Girgis, 2022) and
the resulting sequence clusters as a query to search against the
targets, (ii) with SECAPR, using the assembled contigs to search
against the target loci and aligning the extracted target contigs
with MAFFT (Katoh & Standley, 2013), and (iii) using the assem-
bled contigs as a BLAST query to search against a reference
contig among all assembled reads and filtering gene alignments
by BMGE (Criscuolo & Gribaldo, 2010) and clock-like evolution
using BEAST. Further details are described in Supplementary
Information Text.

The three methods MeShClust, SECAPR and BLAST+BEAST
produced sets with varying numbers of recovered Iloci:
468/331/422 (~404/~282/~115kbp; for length distribution of
sequences see Figure S1). For downstream analysis, we addi-
tionally used the BMGE processed alignments of the BLAST
approach (BLAST+BMGE), which we filtered for potential paral-
ogues/duplicates using a clustering approach with CD-HIT-EST (Li
& Godzik, 2006), resulting in 2285 loci (~989k bp) for the taxon
set. An overview of the workflow is presented as flowchart in the
Figure S2, and heatmaps of data distribution across the samples

are shown in Figure S3.

2.3 | Phylogenomic analyses

To assess potential biases arising from different data types and
data filtering strategies, we analysed all datasets separately.
Phylogenetic estimation was performed using concatenation and
summary coalescent-based methods. Based on the concatenated
data, we inferred maximum likelihood (ML) phylogenies using
IQ-TREE2 v2.1.2 (Minh et al., 2020) with the MFP + MERGE op-
tion to assess the optimal gene partition scheme. Nodal support
was calculated using ultrafast bootstrap approximation (UFBoot)
(Minh et al., 2013) and the Shimodaira-Hasegawa approximate
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likelihood ratio test (SH-aLRT) (Guindon et al., 2010) using 10,000

iterations in each case. For the analysis of the dataset with 2285

loci, we applied the GTR+1+ G substitution model to each parti-
tion and 1000 UFBoot/SH-aLRT replicates. To diminish the risk of
overestimating branch supports with UFBoot, we used the -bnni
option implemented in IQ-TREE2. Computational burden was re-
duced by the relaxed hierarchical clustering algorithm (rcluster)
(Lanfear et al., 2014) with the rcluster percentage set to 5. For all
analyses, three replicate runs were performed. Only nodes with
support values of UFBoot 295 and SH-aLRT 290 were consid-
ered robust. We also performed Bayesian inference of phylogeny
using MrBayes v.3.2.7 (Ronquist et al., 2012) on the concatenated
datasets partitioned by genes, except for the dataset of 2285 loci,
which we analysed both unpartitioned using RevBayes v.1.2.1
(Héhna et al., 2014, 2016) and partitioned by genes with ExaBayes
(Aberer et al.,, 2014). For each MrBayes analysis, we defined a
GTR+1+G model for all gene partitions, four runs, four chains
with a length of 1 million generations per chain, a sampling fre-
qguency of 100, and a burn-in of 25%. Convergence was assessed
by the MrBayes built-in diagnostics, namely the average standard
deviation of split frequencies (ASDSF; target value 0.05), the po-
tential scale reduction factor (PSRF; target value >1.0) and the
estimated effective sample size (ESS; target value 100). Markov-
chain Monte Carlo (MCMC) was performed in two independent
replicates for both RevBayes and ExaBayes, with 4 MCMC chains
of 50,000 (RevBayes) and 500,000 (ExaBayes) generations, a thin-
ning interval of 100 and 500, respectively, and a burn-in fraction
of 25%. A summary species tree was constructed based on the
different alignments using ASTRAL-MP v.15.5 (Yin et al., 2019),
with gene trees generated by RAXML under the GTRGAMMA
(Stamatakis, 2014). Branches were further annotated with quartet

support (-t 1) to assess gene tree conflicts.

2.4 | Species delimitation

The UFBoot-trees generated by IQ-TREE2 for the dataset with
2285 loci were analysed using Bayesian Poisson Tree Processes
(bPTP) (Zhang et al., 2013) and 100,000 iterations, a thinning of
100 and a burn-in of 10%. For comparison, we also generated
input trees for bPTP with RAXML-NG (Kozlov et al., 2019) using
the same gene-partitioned dataset with 2285 loci and apply-
ing the GTR-GAMMA model. Nodal support was assessed using
Felsenstein bootstrap (fbp) and transfer bootstrap expectation
(tbe) based on 1000 replicates. Species delimitation with bPTP
was then performed with the same specifications as before. Since
bPTP considers the tree structure and branch lengths for delimi-
tation, we removed (out)groups and Chaparana that are distantly
related to the Nanorana and Paa groups to avoid biased delimita-
tion results (Zhang et al., 2013). Taxa that were indicated by bPTP
to be conspecific based on either the IQ-TREE2 or the RAXML-NG
input trees were pruned to one individual per taxon for the niche
modelling approach (see below).

2.5 | Topology tests

Topology tests were performed in IQ-TREE2 using the ap-
proximately unbiased (AU) test (Shimodaira, 2002), tests im-
plementing the RELL approximation (Kishino et al., 1990),
the Kishino-Hasegawa test (Kishino & Hasegawa, 1989), the
Shimodaira-Hasegawa test (Shimodaira & Hasegawa, 1999) and
expected likelihood weights (Strimmer & Rambaut, 2002). Model
parameters were estimated based on the maximum likelihood tree
from the dataset with 2285 loci, and the number of RELL repli-
cates was set at 1 million. We tested all unique consensus topolo-
gies (m0-m3; see Results).

2.6 | Divergence time estimation

Forestimating divergence dates, we used BEAST2v. 2.7 (Bouckaert
et al., 2019) and the gene dataset selected by SECAPR (Figure S2)
because outgroups were sufficiently represented and sequences
across loci were longer, and their length distribution more even
compared with the other datasets (Figure S1). These multiple se-
quence alignments (MSAs; one per gene) were further filtered by
the presence of outgroups, resulting in 51 loci. The following age
constraints were used to calibrate the molecular clock in BEAST2,
with a soft upper 95% quantile bound derived from timetree.org:
(i) a minimum age of 33.9 my of the most recent common ancestor
(MRCA) of Ranoidea, based on the fossil Thaumastosaurus gezei
(Rage & Rocek, 2007) (soft maximum 120 Ma, lognormal prior); (ii)
a minimum age of 25 Ma for the Ptychadena-Phrynobatrachus split,
based on the earliest Ptychadenidae fossil (Blackburn et al., 2015)
(soft maximum 101 Ma, lognormal prior); (iii) the secondary age
constraint of 64.2+12.1 Ma for the split between the Paini tribe
and other Dicroglossidae (Bossuyt et al., 2006; Che et al., 2010)
(normal prior); (iv) the secondary age constraint of 38.1+9.4Ma
for the MRCA of Paini (Bossuyt et al., 2006) (normal prior); and
(v) 3.5-9.2Ma as the 2.5% and 97.5% quantiles of the secondary
age constraint for the MRCA of the alpine and subalpine Nanorana
species N. parkeri, N. pleskei and N. ventripunctata (Hofmann
et al., 2019) (the range largely overlaps with previous estimations,
e.g. Hedges et al., 2015; Pyron, 2014; Sun et al., 2018) (normal
prior).

We performed 100 million Markov-chain Monte Carlo (MCMC)
iterations for each of 10 replicate runs sampling every 10,000th it-
eration, and applied a lognormal relaxed clock model, a birth-death
tree prior, a random starting tree and the HKY model with four
gamma rate categories for the substitution rate (unlinked between
genes). Posterior tree estimates from the replicate runs were com-
bined with BEAST2's LogCombiner v.2.6.2, resampling trees at
a lower frequency for a total of ca. 20,000 trees. Convergence
and stationarity of MCMC chains were verified with Tracer
(Rambaut et al., 2018) and supported by a standard deviation of
split frequencies <0.01 as well as an effective sample size value
>200 for each parameter. Finally, a maximum-clade-credibility
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summary tree with node ages set to mean estimates was obtained
with TreeAnnotator v.2.6.2 and visualized with FigTree v.1.4
(Drummond & Rambaut, 2007).

2.7 | Species distribution modelling

To assess the potential geographic distribution of the taxa, we
computed distribution models using two different approaches:
species distribution modelling (SDM) and phylogenetic niche mod-
elling (PNM). The models were computed based on the species'
currently occupied climatic niches and subsequently projected
onto paleoclimatic scenarios. While our species distribution mod-
elling approach relies on a static characterization of the species'
realized niches derived from present-day taxon occurrence data,
our phylogenetic niche modelling approach accounts for evo-
lutionary changes by interpolating the realized niches along a
phylogeny.

Species locality records associated with geographical coor-
dinates were obtained from our own data (Hofmann et al., 2019,
2023; Hofmann, Jablonski, et al., 2021), Table S1, and GBIF (www.
ghif.org); the latter were manually curated for erroneous records.
Only species with a minimum number of 10 records (median=38,
max=184) were considered in the analysis. We downloaded 19
bioclimatic variables for the present time (1979-2013) from the
CHELSEA database v.2.1 (Karger et al., 2018) at a resolution of
2.5 arc minutes. To reduce collinearity between variables, we
selected only one predictor among pairs with a Spearman's pair-
wise rank correlation of higher than |0.75]. The final set com-
prised predictors reflecting thermal energy and water availability
relevant for an ectothermic organism (i.e. mean temperature of
wettest quarter=bio8, mean temperature of warmest quar-
ter=biol0, mean temperature of coldest quarter=biol1, annual
precipitation=bio12, precipitation of the driest month=biol4,
precipitation of the warmest quarter=bio18, and precipitation of
the coldest quarter=biol9). Paleoclimatic variables for the mid-
Pliocene warm period (mPWP v1.0, 3.205 Ma) (Hill, 2015), and mid-
Pliocene cooling period (Marine Isotope Stage M2 v1.0, 3.3Ma)
(Dolan et al., 2015) were downloaded with a spatial resolution of
2.5 arc min from the paleoclimate data base (Brown et al., 2018).
For SDM calculation and model fitting, we used MaxEnt ver. 3.4.4
(Phillips, Anderson, et al., 2017; Phillips & Dudik, 2008; Phillips,
Dudik, & Schapire, 2017) using a model optimization procedure
based on AICc as described in Ginal et al. (2022); details are ex-
plained in Supplementary Information Text. Potential areas with
non-analogous climatic conditions exceeding the training range of
the models were identified using multivariate environmental simi-
larity surfaces (Elith et al., 2010).

For phylogenetic niche modelling (PNM), we applied a custom R
code based on the R package machuruku (Guillory & Brown, 2021).

We first pruned the time-calibrated phylogeny leaving only
those species within the group in question (Allopaa, Chrysopaa,
Nanorana, and Quasipaa), and for which we had enough record data
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(210). For this set of taxa, we constructed present-day potential dis-
tribution using the same bioclim variables which we used for SDM
computation.

Second, the contemporary response parameters for all taxa and
the pruned, time-calibrated phylogeny were used to estimate the
ancestral character on each climate response value over the input
phylogeny for the particular time slices (mpwp, MIS M2), using the
‘ace’ function from the R package ape (Paradis et al., 2004), under
maximum likelihood with a Brownian motion (BM) model of evolu-
tion. Finally, we converted the ancestral climate response parame-
ters into ancestral niche models using the dsnorm function in the
R package fGarch (Wuertz et al., 2019). The reconstructed models
were then projected into corresponding paleoclimatic data layers to
visualize suitability for that lineage in paleogeographic space.

We pruned the time-calibrated tree before modelling, remov-
ing all taxa with uncertain taxon determination (sp., cf.) and using
only one representative per taxon (see Figure S4). Although we
modelled shifts in ancestral suitable habitat using data from all
taxa of our phylogenetic tree for which enough occurrence re-
cords are available, we focused our attention here on the most
revealing species with a remarkable disjunct distribution and/or
which represent a major clade across the phylogeny: Chrysopaa
sternosignata, Nanorana (Allopaa) hazarensis, N. (Paa) vicina, and N.
(Paa) blanfordii.

2.8 | Testing for phylogenetic niche conservatism

Phylogenetic signal is generally recognized as the tendency of re-
lated species to resemble one another; a strong phylogenetic signal
has been interpreted as a sign of niche or evolutionary conservatism
(Revell et al., 2008).

Because amphibians are highly sensitive to water availably and
environmental temperature (e.g. Beebee, 1995; Pilliod et al., 2022;
Pottier et al., 2022), whereby the latter directly depends on to-
pography, that is altitude, we tested for correlations between phy-
logenetic relatedness and the weighted mean of the annual mean
temperature (biol) and precipitation (bio12) based on the species'
potential distribution as computed via predicted niche occupancy
profiles (Evans et al., 2009; Heibl & Calenge, 2018). Ancestral
states were reconstructed using the contMap function in the phy-
tools R package (Revell, 2014). We assessed the phylogenetic signals
using Blomberg's K (Blomberg et al., 2003) and Pagel's 4 (Freckleton
et al., 2002; Pagel, 1999), as implemented in the phylosig function
in the R package phytools (Revell, 2012). Both indices assume a
Brownian motion (BM) model of evolution, where a value close to
zero indicates phylogenetic independence and a value closer to one
indicates a stronger relationship between traits and phylogeny, as
expected under BM. The maximum value of Pagel's 1 is 1, whereas
Blomberg's K can take higher values when the signal is stronger than
BM. The significance of K and 1 was assessed using a randomization
test for K and a likelihood ratio test for 1 (p <.05 indicates strong evi-
dence against the null hypothesis of no phylogenetic signal).
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2.9 | Biogeographical analyses

Ancestral range estimations (ARE) were performed with the R pack-
age BioGeoBEARS (Matzke, 2013) through common biogeographi-
cal models under the recent paleoenvironmental scenario of the
HTO, according to Schmidt et al. (2012, 2023). This scenario was
implemented by a constrained adjacency and biome-dependent dis-
persal matrix at certain time slices (see Supplementary Information
Text, Figure S5 and Tables S2-S4). We pruned the dated input tree to
one individual per taxon and according to the bPTP species delimita-
tion results (Figure S4).

Species' occurrences were coded within 19 geological elements
of the HTO (see Figure S5). Since there are no extant species that
occupy more than two areas, we restricted ranges to comprise
at most two different areas at each node. Three biogeographic
models were assessed: (i) Dispersal-Extinction-Cladogenesis
(DEC; Ree et al., 2005), (ii) DIVALIKE (modified from the DIVA
program; Ronquist, 1997) and (iii) BAYAREALIKE (modified from
the BayArea program; Landis et al., 2013). We did not include the
+ J parameter with any model because of the potential concep-
tual issues of this method (Ree & Sanmartin, 2018). We selected
the best biogeographical model using the AIC and AICc criteria
from BioGeoBEARS. To characterize the number and nature of

(b)
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biogeographical events in the best-fitting model, we performed
biogeographic stochastic mapping (BSM; Dupin et al., 2016;
Matzke, 2016) in BioGeoBEARS using 50 runs. We then tested the
confidence of the BSM by comparing the state probabilities with
those obtained under a ML model.

3 | RESULTS
3.1 | Phylogenomic relationships

We provide the first genomic-based, well-resolved phylogeny
for spiny frogs of the HTO, with strong support for most clades
(Figure 1). In general, two main groups are recovered: a subtropical
clade (genera Chrysopaa and Quasipaa) and a temperate to alpine
clade (genus Nanorana). The latter comprises six subclades: one from
warm temperate regions (subgenera Chaparana and Allopaa; note, we
treat Allopaa as subgenus within Nanorana to resolve paraphyly, see
Hofmann et al., 2023), one from (sub)alpine regions of the Tibetan
Plateau and its eastern margins (nominal subgenus Nanorana) and
four from (cold-) temperate regions of the Greater Himalaya (subge-
nus Paa). Of these four subclades, one represents a species-diverse
group in the East Himalaya, one occurs in the Central Himalaya, and

100°0'0"E 110°0'0"E
I I

o

85° 90° 95° 100° 105° 110°

tmm |l} stikeslp  ( Normal
s\ ek

FIGURE 1 Phylogenetic tree (a) inferred with IQ-TREE2 based on 2285 loci, (b) sampling localities of spiny frog species (coloured dots,
labelled with sequence ID; see Table S1) with different colours indicating different clades of the tree and (c) geological map of the Himalaya-
Tibet region showing the major terranes, suture zones (dotted red lines), thrusts (black lines) and faults (red lines), modified from Spicer

et al. (2021a); BNSZ, Bangong-Nujiang Suture Zone; JSZ, Jingsha Suture Zone; KSZ, Kunlun Suture Zone; YTSZ, Yarlung-Tsangpo Suture

Zone; Photograph: Nanorana liebigii (credit: S. Hofmann).
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tree logL deltal bp-RELL p-KH p-SH p-WKH p-W SH c-ELW p-AU
m0 -5709748.749 0.000 0.673 + 0.674 + 1+ 0.674 + 0.914 + 0.673 + 0.673 + :
m1 -5711694.282 1945.500 0- 0- 0- 0- 0- 0- 1.47¢-54 - rejected
m2 -5709806.054 57.305 0.327 + 0.326 + 0.613 + 0.326 + 0.63+ 0.327 + 0.327 + :
m3 -5710258.280 509.530 0- 0.00062 - 0.0114 - 0- 0- 1.77¢-63 - = 1.03e-05 - rejected

m0 = ML/BI: BLAST+BMGE (2,285), MeShClust (468); sp. tree: MeShClust (468)
m1 = ML/BI: BLAST+BEAST (422), SECAPR (331)

m2 = sp. tree: BLAST+BEAST (422), SECAPR (331)

m3 = sp. tree: BLAST+BMGE (2,285)

FIGURE 2 Placement of nominal subgenus Nanorana from (sub)alpine regions and Nanorana minica) from West Himalaya in the
phylogenetic trees resulting from different analysis. The different analysis types (ML: Maximum likelihood; Bl: Bayesian inference; sp. tree:
summary species tree) and datasets, followed by the number of loci in brackets, are listed below the table (for tree files see Supplementary
Data D1-D14). Topology tests were performed in IQ-TREE 2. DeltaL=logL difference from the maximal logl in the set; bp-RELL=bootstrap
proportion using RELL method (Kishino et al., 1990); p-KH =p-value of one-sided (Kishino & Hasegawa, 1989); p-SH =p-value of Shimodaira-
Hasegawa test (Shimodaira & Hasegawa, 1999). The topologies m1 and m3 are rejected, while mO and m2 are not. c-ELW =Expected
Likelihood Weight (Strimmer & Rambaut, 2002); p-AU =p-value of approximately unbiased (AU) test (Shimodaira, 2002); plus signs denote

the 95% confidence sets; minus signs denote significant exclusion.

two are restricted to the West Himalaya, both of which are repre-
sented by a single species (N. vicina and N. minica; Figure 1).

The resulting trees were mostly consistent across all analyses,
irrespective of the method or dataset used (Figures 1, S6, S7, and
Supplementary Data D1-14). However, for a few clades, their (in
most cases strongly supported) position in the tree recurrently dis-
agreed. Specifically, we recovered different placements for the (sub)

alpine Nanorana clade (N. parkeri, N. pleskei and N. ventripunctata)
and the clade from the West Himalaya (N. minica) (Figure 2). Because
the positions of these two clades are meaningful for understanding
present-day biogeographic patterns, we performed four different to-
pology tests (see Material and Methods section). Two of them were
rejected, the following were not rejected (Figure 1): mO—subgenera
Chaparana and Allopaa form the sister clade to all other Nanorana
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clades, with the (sub)alpine, nominal subgenus Nanorana placed as
sister to the subgenus Paa and N. minica; m2—the nominal subgenus
Nanorana, is the sister clade to the subgenera Chaparana and Allopaa,
which together constitute the sister clade of the subgenus Paa and
N. minica. In both topologies, N. minica is sister to the clades of the
subgenus Paa from the West, East and Central Himalaya. Therefore,

we treat N. minica as a member of the subgenus Paa.

3.2 | Niche stability and niche modelling

The predicted ancestral niche occupancy profiles for the mean
annual temperature (biol) and precipitation (bio12), as well as the
ancestral state estimation for both parameters show evidence

of phylogenetic niche conservatism in spiny frogs of the HTO
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(Figure 3). In line with this, we found significant phylogenetic signals
under both Blomberg's K (p <.01) and Pagel's 1 (p <.01) for bio1, and
for bio12 under Blomberg's K (p<.01). The ancestral state pheno-
gram further suggests that the frogs likely diverged from a (warm-)
temperate ancestor and that cold-adapted, (sub)alpine lineages did
not occur before the Late Miocene (<10 Ma).

Present-day SDMs performed well and displayed high predic-
tive accuracy (see Table S5). In Figure 4, the present and hindcast
SDM projections are shown based on both SDM and phyloge-
netic niche modelling (for projections including MESS areas and
for separate presentation of time slices see Figure S8a-d). The
present projections largely match the known, disjunct geographic
distribution of the respective taxon (Figures 4, S8a-d and S9), but
also show (broad) extensions of suitable habitats outside the re-

stricted occurrence range. In Nanorana hazarensis, both the SDM
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Inferred history of the evolution of environmental niches based on predicted niche occupancy profiles for (a) the annual mean
temperature (biol) and (b) annual precipitation (bio12), and ancestral state estimation of biol (c) and bio12 (d) within spiny frogs based on a

BEAST2 tree. In (a) and (b), the internal nodes denote the mean of climatic tolerances as estimated for the most recent common ancestor of
the related extant taxa. Vertical bars and point marks show the 80% central density of environmental tolerance for each extant taxon and

the related mean values, respectively. Lines and points are coloured according to clades defined in Figure 1. In (c) and (d), the measures of

the phylogenetic signal, namely Blomberg's K and Pagel's 4, are also presented.

FIGURE 4 Present and hindcasted SDMs for the four selected species projected over the mid-Pliocene warm period (nPWP), and the

Marine Isotope Stage M2 cooling period. Records of the respective species fall within the black dashed line area. (a-d) Based on species
distribution modelling; (e-h) based on phylogenetic niche modelling. For projections including MESS layer and separate presentation of each

time slice see Figure S8a-d.
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projections and phylogenetic niche models over the present time
and the cooling period M2 show similar (large-scale) areas of
suitable habitats across eastern China and a very small, disjunct
(or, based on the SDM projection into M2, non-existing) area in
the far West Himalaya, where this taxon is exclusively found. In
contrast, projection over the warm mPWP reflects a major shift
of suitable areas in China towards northern areas (Qilian Shan;
matching the present distribution of the closely related N. tai-
hangnica, Figure 9d), and an extension of the disjunct area in the
West Himalaya compared with the cool M2 period. Notably, the
species' projected range in the West Himalaya shrinks to micro- or
non-existing refugia during the cooling event (Figure S8a). Similar
results were obtained for the West-Himalayan species N. vicina.
In Chrysopaa sternosignata, present-day and M2 suitable habitats
cover similar areas of the Hindukush and, according to the SDM
projection, extend to the north of the Alai mountains. During the
warm mPWP period, disjunct spots of suitable areas are predicted
along the northern margin of Tibet. In N. blanfordii, geographic
shifts of suitable areas are identified in the Central and East
Himalaya between the three time slices and based on SDM pro-
jections also in the regions of southwestern Hengduan Shan and
western Southeast Asia (Arakan Mts.). However, this species is
only known from the high montane regions of the eastern-central
and East Himalaya.

We revealed that: (i) potential geographic distribution ranges
of the frogs apparently fluctuated strongly in response to past cli-
mate changes; (ii) no suitable habitat corridors were predicted for
the last ca. 3 million years, which may have connected today's dis-
junct species ranges in the western part of the HTO, for example
Chrysopaa sternosignata, Nanorana hazarensis, N. vicina, with the pro-
jected suitable habitats (and/or the potential area of origin) at the
opposite side of the orogenic system; and (iii) the (large-scale) areas
of suitable habitats across central and Southeast China, particularly
for N. hazarensis, and N. vicina, are far outside their native distribu-
tion in the West Himalaya. Although MESS-maps indicate that large
areas across the modelled extension are associated with uncertainty,
phylogenetic niche modelling yielded similar results, arguing against

in situ speciation.

3.3 | Ancestral range and divergence time
estimation in spiny frogs of the HTO

The best-fitting ARE model under the constraints of the paleoenvi-
ronmental scenario of Schmidt et al. (2023) was DIVALIKE, showing
an extinction rate (‘e’) of 0.039 events/Myr, and an anagenetic dis-
persal rate (‘d’) of 0.055 events/Myr. The parameters and likelihoods
of the three models assessed are summarized in Table Sé.

The crown age of spiny frogs from the HTO is estimated to
be ca. 29.7 (20.9-38.7) Ma (Figures 5 and S10), and their sepa-
ration from other lineages of the Dicroglossidae group occurred
at ca. 65.1 (55.0-75.8) Ma (Figures S11 and S12). The ancestors
of Nanorana and Quasipaa/Chrysopaa probably originated from

11 0f 19
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Southeast Asia and/or the adjacent southwestern Hengduan Shan
(area combination AJ; Figures 5, S13 and S14). From Southeast
Asia, the ancestral lineage of the subtropical Chrysopaa had
spread northwards probably through the Kunlun Shan (area O)
to reach the far western Hindukush (area Z; Chrysopaa), while
Quasipaa diversified in tropical areas across Southeast Asia, and
southern-central and eastern China; both genera diverged ca.
18.0 (9.4-27.8) Ma.

The ancestral lineages of the temperate and (sub)alpine group
(Chaparana/Allopaa, Nanorana, Paa) were separated from the (sub)
tropical lineages by vicariance and spread from regions of the
southwestern Hengduan Shan into the Gangdese Shan (area com-
bination JG). The Himalayan spiny frogs (Paa) split again by vicari-
ance from the Chaparana/Allopaa and the (sub)alpine Nanorana
lineages during the very Early Miocene ca. 21.5 (14.8-29.4) Ma
and had their ancestral range probably in the Gangdese Shan.
Ancestors of the cold-adapted Nanorana dispersed from the
southwestern Hengduan Shan into northern, (sub)alpine areas of
the Hengduan Mountains (area H; combination HJ) and later back
into the Gangdese Shan (N. parkeri); they separated from the warm
temperate Chaparana/Allopaa ca. 20.0 (13.1-27.1) Ma (according
to the topology m1), or ca. 19.7 (12.4-27.7) Ma (based on topology
mO) from the temperate Paa and N. minica (Figure $12). Ancestral
lineages of Chaparana/Allopaa, on the other hand, spread through-
out the Hengduan Shan and further west into the Qiangtang, with
Allopaa hazarensis diverging from Chaparana ca. 18.0 (11.3-24.7)
Ma (i.e. about the same time when Chrysopaa split from Quasipaa);
Allopaa probably dispersed through the Qiangtang to enter the
West Himalaya.

The ancestor of the subgenus Paa dispersed from the Gangdese
Shan into the West Himalaya and separated ca. 19.0 (11.9-26.6)
Ma. Later, Nanorana (Paa) vicina also originated by vicariance of
the Gangdese Shan and the West Himalaya ca. 8.2 (5.3-11.5Ma).
Other ancestral Paa lineages moved from the Gangdese Shan into
the Central Himalaya (area C; combination GC), where they also
separated by vicariance ca. 7.3 (4.8-10.2) Ma from those lineages
that dispersed from the Gangdese Shan into the East Himalaya
(area E). From the East Himalaya some lineages (N. medogensis,
N. maculosa and N. chayuensis) dispersed back into the adjacent
southwestern Hengudan Shan and separated by vicariance ca.
3.4-2.2Ma.

Notably, all deeper splits (218.0Ma) match the period during
which humid, (warm-)temperate areas may have existed in Paleo-
South Tibet according to the paleoenvironmental scenario of
Schmidt et al. (2023) (Figures 5 and S$10).

Diversification of Himalayan spiny frogs, except the West-
Himalayan Nanorana (Paa) minica, occurred continuously during the
entire Late Cenozoic, starting in the Late Miocene ca. 8 Ma. All main
lineages within this group were present ~5-7Ma, and all species are
older than the Pliocene-Pleistocene boundary.

Range shifts and range expansions were the dominant events
in the evolutionary history of spiny frogs, whereas vicariance was
less important, as shown by BSM (Figure S15). Narrow sympatry
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FIGURE 5 Divergence times and paleobiogeography of spiny frogs across the HTO. (a) Schematic map of the 19 areas as coded for
BioGeoBEARS, and (b) plotted to the HTO grid layer. (c) Chronogram derived from the BEAST2 analysis presenting the median ages
estimated. (d) Modified illustration of the Oligocene-Miocene paleoenvironmental evolution of the HTO according to Schmidt et al. (2023).
Proposed extensions of temperate and alpine environments are shown as coloured areas; coloured arrows indicate the movement of spiny
frogs across paleo-Tibet; coloured squares represent paleontological records (for details, see Table S2 in Schmidt et al., 2023). Only the most
likely ancestral ranges as estimated under the DIVALIKE model in BioGeoBEARS are coloured in (a), (b), and presented in the colour legend.

Mya, millions of years ago.

(i.e. cladogenetic event within one area) also played a prominent
role in the evolution of this group. The state probabilities of the
BSM were strongly congruent with those of the ML approach
(Figure S16).

4 | DISCUSSION

In this study, we provide the first genomic data-based, time-
calibrated phylogeny of spiny frogs distributed across the HTO, as
well as biogeographic and niche models to reconstruct the evolu-
tionary history of that group against the background of a recent
paleoenvironmental scenario for the HTO (Schmidt et al., 2023).

4.1 | Caveats of the study

Some potential methodological issues may have impacted our
results, although they most likely should not overturn our major
conclusions. First, our niche modelling approach suffers from the
lack of fossil occurrence data to validate model transferability
and ancestral reconstructions. Fossil records are the only positive
source of information to unambiguously detect shifts in the dis-
tribution of suitable habitat due to changes in climate regime or
tectonic activity. Unfortunately, anuran fossils are generally rare
across the HTO; so far, only a few Ranidae records are known from
the Siwalik belt of Jammu province, India, dating to the Upper
Pliocene (Rage et al., 2016).
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Moreover, the PaleoClim simulations are based on a global to-
pography that is largely similar to the modern topography. Thus, po-
tential topographic changes across the HTO over the last 3 million
years that may have impacted local climate are not considered. High-
resolution paleo-DEMs that are informed by a global plate-model
and detailed paleogeographic reconstructions may exist (e.g. at
deeptimemaps.com, and Getech Group, see Chiarenza et al., 2019),
but they are not publicly accessible. More global topographic and
paleoclimate circulation models are urgently needed to describe dis-
tributions of climate through deep time and to help interpreting the
geographic distribution of ancient climate availability. Currently, es-
timating geographical ranges of the past appears still limited.

We also acknowledge that our sampling of spiny frog clades is
not comprehensive. In particular, we lack species that have been de-
scribed very recently from the eastern margin of the HTO and/or are
only known from their type locality (e.g. Nanorana bangdaensis, N.
feae, N. kangxianensis, N. xuelinensis and N. zhaoermii). Despite these
limitations, we have included all known major clades of spiny frogs
of the HTO.

4.2 | Indications for thermal niche
conservatism and geographic range shifts

Most amphibians have relatively narrow climatic niche widths, espe-
cially with respect to temperature and precipitation, and their rate
of niche evolution is rather slow (Bonetti & Wiens, 2014; Quintero &
Wiens, 2013). Under environmental changes accompanied by moun-
tain building, species with narrow niche space are those whose geo-
graphical ranges are then most likely to move outside their climatic
niche.

The topographic evolution of the HTO with the building of
high-altitude mountain ranges has actively forced climatic change
(An et al., 2001; Boos & Kuang, 2010; Kutzbach et al., 1993; Molnar
et al., 1993). Spiny frogs could respond to these large-scale transi-
tions in environmental regimes in two non-exclusive ways: (i) adapt-
ing their climatic niche to fit the new conditions or (ii) changing their
geographic range to track the conditions that are compatible with
their climatic niche (Bonetti & Wiens, 2014; Visser, 2008); or (failing
these two options), go extinct.

Both our results, the environmental niche profiles (represented
by biol and bio12), and ancestral state estimation of temperature
and precipitation (Figure 3), indicate a significant level of niche con-
servatism, that is the tendency for members of a clade to main-
tain ancestral ecological niche characteristics over time, which has
been linked to allopatric speciation (Wiens et al., 2010; Wiens &
Donoghue, 2004; Wiens & Graham, 2005). This is also backed by
the significant phylogenetic signal in both, the mean annual tem-
perature and precipitation recovered from the calibrated tree.
Ecological correlations, particularly those concerning distinct spiny
frog clades, suggest that the considerable physiological adaptations
necessary for transitioning between different climatic niches in
response to the dramatic environmental changes in the HTO may
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not be as readily achievable as anticipated under a scenario domi-
nated by in situ speciation (Donoghue, 2008). It has been demon-
strated that transitions between tropical and temperate habitats in
amphibians are often limited due to niche conservatism (Pyron &
Wiens, 2013; Wiens et al., 2006). This observed pattern may or may
not contribute to the relatively small number of cold-adapted taxa
observed in Nanorana spiny frogs. Specifically, only a single group
of these frogs, the nominal subgenus Nanorana, appears to have
successfully transitioned to alpine, highly seasonal environments.
It is hypothesized that this transition occurred from an ancestrally
temperate lineage (Figure 3). However, this interpretation must be
treated with caution, as there are limited comparisons available for
how adaptable these frogs are versus other groups. Notably, we
assume that the lack of suitable outgroups and large proportion of
temperate taxa in the calibrated tree may have biased our ancestral
state estimation towards reconstructing lower ancestral tempera-
ture patterns, which we suspect were probably more (sub)tropical
(Figure 3c), also in view of the suggested origin of spiny frogs in
tropical Southeast Asia (Che et al., 2010; Hofmann et al., 2019).
Our indications of niche conservatism in spiny frogs are consis-
tent with results obtained in Gynandropaa clades (all moved into
the genus Nanorana (Frost, 2024): N. yunnanensis, N. sichuanensis
and N. phrynoides), which suggest a common ancestral ecological
niche of that group and divergence through allopatric speciation
(Hu et al., 2016).

Our projections illustrate the potentially highly dynamic ranges
of spiny frogs in the HTO in response to climate changes over the
past 3 million years. Range shifts and niche stability have frequently
been observed in amphibians, including Nanorana, although mostly
over shorter geological time scales (Aradjo et al., 2008; Wang
etal., 2017; Zhou et al., 2014). Notably, projecting the climatic niche
of species to past periods is not projecting the distribution of spe-
cies (Nogués-Bravo, 2009). For example, the (remarkably large) pro-
jected areas of high habitat suitability in East and Southeast China
for Nanorana (Allopaa) hazarensis and N. (Paa) vicina do not coincide
with sites where the species are present. If their ancestral lineages
ever occupied the entirety of that eastern area, they must have been
extirpated—a scenario that is implausible given the recent distribu-
tion of Chaparana and Quasipaa species in Southeast China, some of
which share a similar environmental niche with the two taxa from
the West Himalaya. We instead assume that the ancestral lineages
of today's West-Himalayan clades occurred in regions of southern-
central Tibet, for example in the paleo-Gangdese Shan and/or paleo-
Tanggula Shan and were separated from closely related clades in
East and Southeast Asia during the Late Cenozoic uplift of the HTO.
From there, ancestors may have been forced to follow their climate
niches to the West when primary distribution ranges were lost due
to the cooling and aridification of Tibet (see further Discussion
below). Species with such highly dynamic paleogeographic ranges
are expected to have very low genetic diversity and small geographic
ranges today, due to the climate-driven geographic bottlenecks ex-
perienced in the past (Rédder et al., 2013). Indeed, the genetic diver-
sity of Nanorana (Allopaa) hazarensis across its known range is low
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and without a clear distribution pattern of haplotypes (Hofmann,
Jablonski, et al., 2021). We suspect that low levels of genetic struc-
ture may also be present within Chrysopaa (Hofmann et al., 2023)
and N. (Paa) minica, and perhaps N. (Paa) vicina.

Overall, our modelling results indicate that range shifts in re-
sponse to environmental changes may have been common in spiny
frogs (Figures 4 and S8a-d). We assume that it might have been eas-
ier for spiny frogs to follow their habitat to which they had adapted
and move into suitable regions in response to uplift and correspond-
ing climatic change in vast areas, instead of adapting to the new con-
ditions. Given recent models on the evolution of the HTO and fossil
findings (see below), suitable corridors might have existed during the
Miocene (and even earlier) that may have promoted the migration of

species across paleo-Tibet.

4.3 | Paleobiogeography of spiny frogs in warm
temperate Miocene Tibet

Our recovered topologies and divergence times (Figures 1 and 5)
agree largely with prior hypotheses of Himalayan spiny frog relation-
ships and clade ages based on a few genetic loci (Che et al., 2010;
Hofmann et al., 2019, 2023; Hofmann, Jablonski, et al., 2021) or
taxa (Sun et al., 2018) (Table S7), with three notable exceptions: the
placement of the genus Chrysopaa, the nominal subgenus Nanorana,
and the species N. minica. Here, we resolve Chrysopaa as sister to
Quasipaa in all analyses, resulting in a younger separation time
between both (18 Ma) compared with previous estimations (~26-
28Ma; Hofmann, Jablonski, et al., 2021; Hofmann et al., 2023).
Noteworthy, the most recent large-scale frog phylogeny, based on
a gigamatrix approach, could not reveal this genus-level sister rela-
tionship, probably because of extensive missing genomic data for
those taxa (Portik et al., 2023). The (sub)alpine, nominal subgenus
Nanorana separated ca. 20Ma, either from Chaparana+ Allopaa, or
from Paa; this is consistent with the estimation by Che et al. (2010),
but older than our previous results (9-15Ma). The West-Himalayan
N. minica separated from all remaining Himalayan spiny frogs
(subgenus Paa) ca. 17-19 Ma, similar to our previous estimation
(Hofmann et al., 2023).

The crown age of spiny frogs at about 30 Ma indicates the earli-
est possible existence of a common ancestral area. Under the con-
straints of the paleoenvironmental scenario of Schmidt et al. (2023),
their common ancestor probably had a tropical distribution in the
southwestern Hengduan Shan and East/Southeast Asia (Figure 5),
confirming previous suggestions (Che et al, 2010; Hofmann
et al., 2019). We assume that from this time on, the emergence of
habitats, for example along the current Gangdese Shan, suitable
for Nanorana species that were pre-adapted to temperate climates
triggered their separation from (sub)tropical lineages. Almost the
same age (29 Ma) has been observed in the forest-dwelling amphib-
ian genus Scutiger of the HTO (Hofmann et al., 2017), and a slightly
younger age (ca. 27 Ma) has been shown for the ancient Himalayan
ground beetles Carabus and Pterostichus (Schmidt et al., 2012, 2023).

The subsequent separation of Himalayan spiny frogs (subgenus
Paa), with a potential ancestral range across the Gangdese Shan
(Figure 5), from lineages at the eastern margin of Tibet (subgenera
Allopaa, Chaparana and Nanorana) during the Early Miocene (~22 Ma)
was probably linked to a significant climatic change resulting from
uplift of certain parts of the HTO, isolating the Gangdese from
the southwestern Hengduan Shan. The split of the ancestral cold-
adapted Nanorana from the montane subtropical/warm temperate
Chaparana ca. 20Ma indicates further range shifts or, alternatively,
uplift in the regions of today's central and northern Hengduan
Shan. However, the crown age of this (sub)alpine Nanorana clade
is relatively young (Figures 5 and S10; Che et al., 2010; Hofmann
et al., 2019, 2023; Hofmann, Jablonski, et al., 2021), indicating the
emergence of high-altitude habitats not before the very late Miocene
or Miocene-Pliocene boundary. This contrasts with models derived
from stable isotope paleoaltimetry that propose large-scale alpine
environments across paleo-Tibet since the Late Eocene or even ear-
lier (Kapp et al., 2007; Murphy et al., 1997; Tapponnier et al., 2001;
Wang et al., 2008, 2014).

Most notably, three lineages, namely Nanorana minica and N.
hazarensis from the western Himalaya, and Chrysopaa from the
Hindukush, diverged from their respective ancestor at almost the
same time during the Mid-Miocene (~18-19 Ma; Figure 5). All three
taxa occur in montane, warm temperate or subtropical habitats at
elevations between 1000m and~2000m (N. hazarensis) or up to
~2500m (Chrysopaa, N. minica) (Frost, 2024; Hofmann et al., 2023).
The respective closest relatives of N. hazarensis and Chrysopaa,
namely representatives of the warm temperate or subtropical
Chaparana and tropical Quasipaa, occur on the opposite side of the
HTO; in N. minica, the central and eastern Himalayan Paa are clos-
est. We suspect that these Mid-Miocene simultaneous divergence
events point to the successive disappearance of formerly contin-
uous areas that facilitated an east-west trans-Tibetan distribution
of ancestral lineages of these spiny frogs due to surface uplift in
Tibet's interior and related cooling and drying. According to our bio-
geographic model (Figure 5) and fossil findings (see below), poten-
tial low-elevation, warm temperate or (sub)tropical corridors across
paleo-Tibet may have existed during the Early Miocene along the
Kunlun Shan, Qiangtang and/or Gangdese Shan.

The evolution of the Himalayan spiny frogs of the subgenus
Paa provides spatio-temporal information on the uplift of moun-
tains on the southern margin of the HTO. Under the paleoenviron-
mental scenario of Schmidt et al. (2023) and our model findings,
these taxa began to diversify in paleo-South Tibet during the
lower Miocene, suggesting a significant surface uplift and asso-
ciated cooling of the environment. We assume that the ancestral
fauna of paleo-South Tibet might have been forced to track their
ecological niches along the Himalayan transverse valleys towards
the HTO margins into suitable, (cold) temperate habitats of the
growing Himalaya (Schmidt et al., 2012), in response to uplift-
driven climate changes. The lineages were further isolated by
vicariance during the rising Himalayas, as indicated by extensive
geographically structured relationships among the West, Central
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and East Himalayan clades. We observed very similar results in the
Himalayan lazy toads (Scutiger) (Hofmann et al., 2017).

The most supportive data for our scenario comes from fos-
sil evidence: tropical to warm temperate fossil floras have been
found in the Lunpola and Qiabulin basins in central-southern
Tibet, and dated to the Oligocene-Miocene boundary/late early
Miocene (e.g. Ding et al., 2017; Sun et al., 2014; Wu et al., 2017),
whereas the Namling flora points to the existence of temperate
forests in the central Gangdese Shan during the Mid-Miocene (ca.
15Ma; Spicer et al., 2003; Zhou et al., 2007). Also noteworthy are
geochemical marine signatures in the Qaidam basin (between the
Altyn Thag and Kunlun Shan; Figure 5), indicating uplift to the pres-
ent basin altitude, ca. 3000m, not before the Mid-Miocene (Sun
et al., 2023). Thus, the existence of east-west orientated (warm)
temperate areas by the Early Miocene has been suggested, po-
tentially acting as ‘niche corridor’ for Asian biodiversity (Schmidt
et al., 2023; Spicer et al., 2021b).

5 | CONCLUSIONS

From the large number of existing phylogenetic studies on species
groups of the HTO, it becomes clear that previous models of the
HTO uplift cannot adequately explain the pattern and evolution
of faunal biodiversity across this orogenic system (Renner, 2016).
Renner (l.c.) suggested that inconsistencies between phylogenetic
insights and geological models result from insufficient consideration
of recent findings in tectonics, isotope physics, palaeontology and
climate modelling when interpreting phylogeographic data. There is
still a need for alternative scenarios of the evolution of the HTO that
may explain the historical biogeography of its biota.

The present phylogeographic pattern of spiny frogs also can-
not be reasonably explained by modern geoscientific scenarios as-
suming a paleo-Tibet with near-present elevation, that supposedly
existed as early as the Late Eocene. We, instead, found strong indi-
cations for trans-Tibet movements of thermophilic species at least
until the Early Miocene, which can be fully explained by a (sub)
tropical to (warm-)temperate paleoclimate of Miocene Tibet, as
previously postulated (Schmidt et al., 2023) and supported by fos-
sil records (see Discussion above). Moreover, our data show that
spiny frogs, although present in the HTO area since the Oligocene
period, did not adapt to the cold temperate and subalpine environ-
ments before the Late Miocene. These results are consistent with
the hypothesis of a young age of the alpine environment in the
HTO, at ca. the Miocene/Pliocene boundary (Hofmann et al., 2017,
2019; Schmidt et al., 2023). Assuming areas with lower elevation
across South Tibet during the Miocene, which were accompanied
by a warm paleoenvironment, we suggest that the modern dis-
junct distributions of spiny frogs might be largely a result of their
westwards and southwards retreat as suitable climates across
paleo-Tibet receded in the Oligocene and Miocene due to ongo-
ing orogenesis. We conclude that the spiny frogs maintained their
(sub)tropical or (warm) temperate physiological tolerances and
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moved out of the ancestral paleo-Tibetan area, probably along
Himalayan epigenetic transverse valleys, towards the west and to
the south into the ‘Himalayan exile’ (Schmidt et al., 2012) as the cli-
mate shifted, as opposed to adapting to the alpine in situ. Although
we are aware of potential caveats of our study (see Supplementary
Information Text), we expect that the phylogenies of other ecto-
thermic groups endemic to the HTO with low dispersal capacity
and similar ecological attributes might reflect processes and bio-
geographic patterns similar to those shown here for spiny frogs
and previously shown for lazy toads (Hofmann et al., 2017) and
ground beetles (Schmidt et al., 2012). We assume that the high
levels of richness and endemicity observed in numerous species
on Himalayan mountains likely bear the signatures of deep-time
evolutionary and ecological processes, driven by changing climate
across topographically complex landscapes and by biotic inter-
change with adjacent areas (Rahbek et al., 2019). In a broader con-
text, our study enhances comprehension of mountain formation
processes and the interplay between biodiversity and geology.
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