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ABSTRACT

The genus Paramesotriton, comprising 15 species classified into two groups, exhibits the broadest
geographical distribution among modern Asian newts, spanning southern China from west to east. The
group represents a successful example of adaptive radiation. The intrageneric phylogenetic relationships
among the species, however, remain unresolved, particularly within the P. caudopunctatus group (PCSG).
In this study, we employed restriction-site associated DNA sequencing across five representative PCSG
species and integrated data from previously published mitochondrial genomes to conduct a comprehensive
phylogenomic analysis. Our results provide robust support for resolving interspecific relationships within
the PCSG. Incomplete lineage sorting was identified as the primary cause of gene tree discordance,
supplemented by gene flow events predating speciation (e.g., ASTRAL, HyDe, Dsuite, and PhyloNet). We
also found evidence of hybridization between P. longliensis and an unidentified Paramesotriton lineage,
suggesting that P. zhijinensis may be of hybrid origin. Our findings further suggest that erosional isolation
caused by the exposure of carbonate sedimentary rocks has facilitated allopatric divergence among the
PCSG species. Moreover, our results integrate the origin and diversification of the PCSG with Miocene
paleoclimatic conditions and the erosion of carbonate sedimentary rocks, providing crucial insights into the
speciation mechanisms of Asian warty newts. We propose an erosion-driven speciation model, wherein
repeated episodes of allopatric diversification were promoted by the dynamic geomorphological processes
in karst mountain ecosystems during both tectonically active and quiescent periods.
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INTRODUCTION
Evolutionary biologists have long been skeptical of sympatric speciation, as geographic or reproductive
isolation is traditionally viewed as the prerequisite for lineage divergence. Increasing evidence, however,
suggests that speciation can proceed without such isolation (Morjan and Rieseberg, 2004; Ravinet et al.,
2017; Ronco et al., 2021; Sousa and Hey, 2013; Sun et al., 2022; Wang and Liu, 2025). This paradigm
shift has renewed interest in the role of interspecific gene flow, particularly in how introgression may
persist during lineage divergence. Several studies have shown that post-speciation introgression among
closely related species is fairly common, shifting the focus toward the evolutionary consequences of gene
flow (Lescroart et al., 2023; Meleshko et al., 2021; Wang et al., 2024; Zhang et al., 2023; Zou et al., 2022).
Compared with other driving factors such as paleoclimatic changes, gene flow has been shown to promote
adaptive radiation in several taxa (Du et al., 2024; Meleshko et al., 2021; Qian et al., 2023). As the extent
of gene flow can vary across different stages of divergence (Feder et al., 2012), its evolutionary impact
likely depends on whether it occurs before or after speciation (Choin et al., 2021; Meleshko et al., 2021;
Wang et al., 2024). The presence of gene flow, however, complicates phylogenetic reconstruction by
introducing conflicting signals that may obscure the true evolutionary relationships (Alexander et al.,
2017). Therefore, accounting for the dynamics of introgression is crucial when inferring evolutionary
histories (Santos et al., 2025; Zhang et al., 2021). In this context, introgression signals have been
successfully detected across multiple taxa (Du et al., 2024; Lescroart et al., 2023; Meleshko et al., 2021;
Rancilhac et al., 2021) using tools such as PhyloNet (Than et al., 2008) and Dsuite (Malinsky et al., 2021).
Incomplete lineage sorting (ILS) is another major source of gene tree discordance. When ILS occurs
during speciation, detecting gene flow becomes particularly difficult, as both processes can leave similar
genomic signatures (Pinho and Hey, 2010; Ravinet et al., 2017). ILS refers to the phenomenon where
lineages fail to coalesce during speciation events due to the stochasticity of the coalescent process, a
pattern commonly observed for rapid speciation events (Avise and Robinson, 2008; Degnan and
Rosenberg, 2009; Maddison and Knowles, 2006; Zwickl et al., 2014). ILS reflects the retention of
ancestral polymorphism that may become fixed in descendant lineages (Suh et al., 2015), leading to
phylogenetic discordance among loci even after divergence (Szollosi et al., 2015). Consequently, the
stochastic nature of ILS produces discordant phylogenetic signals among genomic loci when inferring
species relationships (Avise and Robinson, 2008; Rivas-Gonzalez et al., 2023; Suh et al., 2015; Tan et al.,
2023). Distinguishing ILS from introgression remains challenging, as ILS is more prevalent during rapid
radiations (Feng et al., 2022; Maddison and Knowles, 2006), whereas gene flow may persist over longer
evolutionary timescales. Although methods such as QuIBL (Edelman et al., 2019) and Phytop (Shang et
al., 2025) have been developed, they require well-resolved phylogenies. Despite these methodological
advances, inferring species relationships and quantifying introgression remain difficult when both ILS and
gene flow are present (Kapli et al., 2020). Applying complementary phylogenomic approaches across
sequential nodes, however, has proven effective in various taxa (Meleshko et al., 2021; Tan et al., 2023;
Wang et al., 2024; Zou et al., 2022). Genome-wide data concerning gene flow and ILS in amphibians
remain limited, although genomic sequencing efforts are increasing. Recent studies, however, have

documented introgression and ILS during speciation in the eastern red-backed salamander (Waldron et al.,

@ & & Zoological Research



59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

2025), microhylid frogs (Alexander et al., 2017), banded newts (Van Riemsdijk et al., 2022), and Old
World salamanders (Rancilhac et al., 2021). Notably, transcriptomic data from Old World salamanders
revealed widespread ancient hybridization across genera within the Salamandridae family, leading to
cytonuclear conflict (Rancilhac et al., 2021).

The Asian warty newt genus Paramesotriton (Caudata: Salamandridae) is distributed from southern
China to northern Vietnam (Figure 1A). The genus represents a successful example of adaptive radiation
among modern Asian salamanders (Luo et al., 2022; Yuan et al., 2022). Currently, 15 species are
recognized in the genus, and these can be subdivided into two species groups based on morphology and
genetics: the P. caudopunctatus group (PCSG) and the P. chinensis group (see Figure S1 for the
phylogeny) (Fei and Ye, 2016; Gu et al., 2012a; Gu et al., 2012b; Luo et al., 2021; Luo et al., 2022; Wang
et al.,, 2013; Wu et al., 2010; Yuan et al., 2014), or into three subgenera (Fei and Ye, 2016). The
interspecific relationships within these two species groups, however, remain controversial, particularly
within the PCSG (see Figure S2 for the morphology). Previous phylogenetic analyses have primarily relied
on mitochondrial ND2, mitogenomes, and a limited number of nuclear gene markers, leading to conflicting
phylogenetic topologies (Gu et al., 2012a; Gu et al., 2012b; Luo et al., 2021; Luo et al., 2022; Wang et al.,
2013; Wu et al., 2010; Yuan et al., 2014). ILS may be the primary driver of phylogenetic discordance
within the PCSG, given the rapid speciation inferred from the estimated divergence times (Luo et al., 2021;
Luo et al., 2022; Yuan et al., 2022); however, the relative contributions of ILS and introgression remain
unclear. Importantly, several PCSG species are classified as threatened in the China's Red List of
Biodiversity (Jiang and Xie, 2021), with P. longliensis (Endangered), P. zhijinensis (Endangered), P.
wulingensis (Near Threatened), and P. caudopunctatus (Vulnerable), all of which have experienced
significant population declines (Jiang and Xie, 2021; Zhao et al., 2012). This underscores the urgent need
for both conservation interventions and a robust understanding of their taxonomy, genetic diversity, and
evolutionary history—particularly as species delimitation is fundamental to effective conservation policies
and elucidating ecological and evolutionary processes.

Guizhou Province is the headwater region of several major river systems, including the Wujiang,
Hongshui, Qingshuijiang, and Wuyang Rivers. The province's geological framework is dominated by
highly erodible carbonate sedimentary rocks interspersed with mixed sedimentary formations (Figure S2)
(Guizhou Provincial Bureau of Geology and Mineral Resources, 1987; Sayre et al., 2014). Notably, species
within the PCSG are found almost exclusively in areas composed of carbonate sedimentary rocks (Figure
S2). Consequently, populations residing in different tributaries are geographically isolated by river systems
that flow through carbonate substrates and are further separated by intervening barriers of mixed
sedimentary rocks (Figure S2). The spatial distribution of surface bedrock, however, is not static. Erosional
processes acting on non-vertical stratigraphic layers drive the lateral migration of lithological boundaries
across the landscape. In the karst mountains of Guizhou, ongoing erosion at rates of 44-76 m/Ma on
hillslopes and 280-1138 m/Ma along river channels (Chen, 1985;2019; Yang, 1985) has progressively
expanded the surface exposure of carbonate rocks while also increasing the outcrop area of mixed
sedimentary rocks (Sayre et al., 2014). These dynamics suggest that suitable habitats for PCSG species

were likely more extensive in the past. Over geological timescales, such erosional forces may have
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98  gradually fragmented the ancestral populations across tributary systems bounded by carbonate substrates,
99 thereby facilitating allopatric lineage diversification.

100 In this study, we traced the complex and likely reticulate evolutionary history of the PCSG. Forty-six
101 individuals of five representative species (P. caudopunctatus, P. zhijinensis, Paramesotriton sp., P.
102 longliensis, and P. maolanensis) and an outgroup (Pachytriton inexpectatus) were sequenced using
103 restriction-site associated DNA sequencing (RAD-seq). The sequencing data were processed through the
104  STACKS pipeline for de novo identification of single-nucleotide polymorphisms (SNPs) in the absence of
105  areference genome, a similar approach having been applied to Paramesotriton deloustali (Van Tran et al.,
106 2025). These data, combined with the eight published mitochondrial genomes of PCSG salamanders, were
107  used in a comprehensive genomic analysis of the five species representing the PCSG. The phylogeny of
108  PCSG salamanders was reconstructed, ILS and gene flow among the species were investigated, and their
109  evolutionary history was traced.

110 MATERIALS AND METHODS

111 Taxon sampling

112 A total of 46 samples were obtained through field surveys and museum collections (Figure 1B). The
113 samples included nine P. caudopunctatus, ten P. longliensis, two P. maolanensis, ten P. zhijinensis, eight
114 Paramesotriton sp. (Table S1 presents morphological materials), and seven outgroup individuals,
115  providing a comprehensive representation for subsequent analyses (Table S2). All of the muscle samples
116  were collected from the tail tips and preserved in 95% anhydrous ethanol at the Animal Ecology
117  Laboratory, Guizhou Normal University, Guiyang, Guizhou Province, China. Despite extensive multi-
118  seasonal fieldwork conducted in the Wuling Mountains between 2018 and 2024, fresh tissue samples of P.
119  wulingensis could not be obtained due to the species’ rarity. Consequently, P. wulingensis was excluded
120  from this study.

121 Laboratory protocols, sequencing, and bioinformatic methods

122 A cetyltrimethylammonium bromide protocol was used to extract genomic DNA from ethanol-preserved
123 tissues (n = 46) (Hanania et al., 2004). Following digestion with EcoRI (GAATTC), RAD libraries were
124 prepared (Baird et al., 2008) and size-selected (350550 bp) for paired-end sequencing on an MGISEQ-
125 2000 platform (MGI Tech, Shenzhen City, China). The raw sequencing data are available under NCBI
126  BioProject PRINA1016311.

127 We processed raw reads using fastp v0.23.4 (Chen, 2023) for quality filtering, followed by STACKS
128  v2.61 (Rochette et al., 2019) for RAD-seq data analysis. The pipeline comprised (1) cleaning and filtering
129  the raw data using process_radtags and clone filter; (2) building loci (ustacks), creating a catalog of loci
130 (cstacks), matching samples back against the catalog (sstacks), transposing the data (tsv2bam), adding
131  paired-end reads to the analysis, and calling genotypes; and (3) de novo SNP calling with denovo_map.pl.
132 Key assembly parameters were optimized following the established r80 method (Gundappa et al., 2022;
133 Paris et al, 2017). We systematically evaluated the maximum number of allele mismatches allowed
134 between stacks (M = 3-8) and coverage depth requirements (m = 4-14), with the number of mismatches

135  allowed between sample loci (n) set equal to M. The final parameters selected were M = 6, m = 10, and n =
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136 6, ensuring robust locus recovery while maintaining data quality. In total, the STACKS program identified
137 15,581,647 biallelic SNPs across 46 individuals.

138 We implemented a rigorous SNP filtering pipeline: (1) initial variant filtering using VCFtools v0.1.16
139  (MAF > 0.01, missing data < 50%, biallelic sites) (Danecek et al., 2011); (2) sample quality control with
140  PLINK v1.90 (Purcell et al., 2007) (excluding samples with greater than 50% missing genotypes); (3)
141 genotype imputation via Beagle v5.0 (Browning and Browning, 2016); and (4) linkage disequilibrium
142 (LD)-based SNP pruning using bigsnpr v1.9.11 (Privé et al., 2018).

143 Phylogenetic reconstruction based on mitochondrial genomes and SNP data

144  We constructed a maximum likelihood (ML) tree using IQ-TREE v.1.6.12 (Nguyen et al., 2015) based on
145  concatenated loci under the GTR + ASC model. Node support was evaluated with 2000 ultrafast bootstrap
146 replicates (Hoang et al., 2018).

147 We used two approaches for reconstructing the species tree. First, we estimated the species tree using
148 SVDquartets (Chifman and Kubatko, 2014) implemented in PAUP* 4.0a (Wilgenbusch and Swofford,
149  2003), an algorithm that evaluates all of the possible taxon quartets under the coalescent model. Node
150  support was assessed with 100 bootstrap replicates. This approach additionally helped identify cases of ILS
151 or introgression where nodal support was low. Second, 1,475,246 SNPs were partitioned into non-
152 overlapping windows (2-kb, 5-kb, 10-kb, 20-kb, 30-kb, and 50-kb) using raxml_ sliding windows.py
153  (https://github.com/simonhmartin/genomics_general, accessed on July 12, 2024), each serving as an
154  independent SNP subset. These subsets were used to infer gene trees under the GTRCAT model in
155 RAxML. The species tree was subsequently inferred using ASTRAL-III (Zhang et al, 2018) by
156 summarizing topological information from the reconstructed gene trees.

157 The 18 mitochondrial genomes used for phylogenetic reconstruction were primarily obtained from
158  our previously published study (Table S3) (Luo et al., 2022). Multiple sequence alignment employed
159  MUSCLE (Edgar, 2004) within MEGA v.7.0 (Kumar et al., 2016). The best-fit partitioning schemes and
160  nucleotide substitution models were selected based on the Bayesian Information Criterion using
161 PartitionFinder v.2.1.1 (Lanfear et al., 2017). Both ML and Bayesian inference (BI) methods were used to
162  reconstruct the phylogenetic trees. The ML analysis was run in IQ-TREE v.2.0.4 (Nguyen et al., 2015)
163  under the optimal model (Table S4), with 20,000 ultrafast bootstrap (UFBoot) replicates. BI analysis was
164  performed in MrBayes v.3.2.1 (Ronquist et al., 2012), with two independent runs of five million
165  generations each, sampling every 1,000 generations and discarding the first 25% as a burn-in. Nodes were
166  considered well-supported if the Bayesian posterior probability (BPP) exceeded 0.95 and the UFBoot
167  values exceeded 95%.

168 Genetic cluster analysis, genetic diversity, and population dynamics

169  We performed LD-based pruning to reduce the correlations among SNPs using PLINK v.1.9 (Purcell et al.,
170 2007) with the following parameters: --indep-pairwise 50 10 0.5. The R package bigsnpr v.1.9.11 was used
171  to conduct principal component analysis (PCA) (Privé et al., 2018), and scatter plots of the first two
172 principal components (PC1 and PC2) were generated for visualization. Population genetic structure was
173  inferred using ADMIXTURE v.1.3.0 (Alexander et al., 2009) under the default settings, with the number

174  of ancestral clusters (K) ranging from 2 to 5. The optimal K value was determined based on the lowest
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175  cross-validation (CV) error. VCFtools v0.1.16 was used to calculate nucleotide diversity () and pairwise
176  genetic differentiation (Fst) for each species (Danecek et al., 2011). Stairway Plot v2.1.1 was used to
177  reconstruct demographic history (Liu and Fu, 2015), based on the site frequency spectrum generated with
178  easySFS (Gutenkunst et al., 2009). A generation time of three years (Funk et al., 1999) and a per-site, per-
179 generation mutation rate of 2.2 x 107 (Reilly, 2009) were used in the model.

180  Detection of gene flow and incomplete lineage sorting

181 Currently, it remains unclear whether the observed phylogenetic discordance in the PCSG (Luo et al.,
182 2021; Luo et al., 2022) was caused by gene flow, ILS, or a combination of both. To address this issue, we
183  used multiple approaches to detect potential introgression and ILS within the PCSG. First, we used the
184  Treemix method (Pickrell and Pritchard, 2012) to detect the presence and direction of gene flow among the
185  five species. The analysis was independently run 10 times using the following parameters: -root -m 1~10 -
186  k 1000 -se -bootstrap 1000 -global -noss. The optimal number of migration events was determined by
187  comparing the observed changes in the likelihood value using the R package OptM (Fitak, 2021). Second,
188  we used the Dtrios program implemented in Dsuite (Malinsky et al., 2021) to assess gene flow among
189  species of the PCSG based on the species relationships revealed by the phylogenetic trees. We used three
190 methods: D-statistics (Durand et al., 2011), f4-ratio (Patterson et al., 2012), and f-branch methods
191 (Malinsky et al., 2018). For D-statistics and the f4-ratio, we ran “Dsuite Dtrios” by inputting a VCF file, a
192 species tree file, and a sample file. For the f-branch analysis, we performed “Dsuite Fbranch” using the
193 species tree and utilized the output of the “Dsuite Dtrios” analysis to map gene flow intensities to the
194  phylogenetic tree topology.

195 We conducted a hybridization detection analysis using HyDe to further validate the ancient
196  introgression signals indicated by the D-statistics (Blischak et al., 2018). HyDe is a site-pattern
197  probabilistic method for detecting hybrid speciation events, identifying putative parental populations, and
198  estimating the genetic parameter y to quantify the genomic contribution of each parental population to the
199  hybridization event (Blischak et al., 2018). A rooted, four-taxon hybridization test was performed for all of
200  the possible triplet combinations, i.e., an outgroup (O), two putative parental populations (P1 and P2), and
201 a hybrid population (Hyb) comprising a mixture of P1 and P2, i.e., (P1, (Hyb), P2), O). Values of y
202  around 0.5 and p-values < 0.05 indicate a 50:50 hybridization origin with the two parental lineages
203 contributing, while very low or very high values indicate no hybridization events (Blischak et al., 2018). In
204  this test, the hybridizing population is either the sister population of P1 with probability 1 — y or the sister
205  population of P2 with probability y (Meng and Kubatko, 2009). We performed hybridization tests using a
206  three-step analytical pipeline. Using the “run_hyde mp.py” script, we evaluated hybridization events
207  between all triplet combinations of the five species, with Pachytriton inexpectatus as the outgroup, and
208  filtered the results based on whether there was significant evidence of hybridization (P-value < 0.05).
209  Next, we tested each individual in the putative hybridization population using the “individual hyde.py”
210  script. Finally, we used the “bootstrap hyde.py” script for bootstrap resampling (500 replicates) of
211 individuals in the putative hybrid lineage for each of the specified triplets.

212 Based on the geographic distribution (Figure 1B) and previous phylogenetic results (Luo et al., 2021;

213 Luo et al., 2022), we hypothesized that P. zhijinensis may have originated from an ancient hybridization
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214 event. To test this hypothesis, we used PhyloNet-MPL and HyDe to quantify the genomic contributions of
215  the two parental lineages (P. longliensis and Paramesotriton sp.) to the hybrid species P. zhijinensis. We
216  used the tree-based maximum pseudo-likelihood method InferNetwork MPL in PhyloNet v3.8.2 to infer
217  species networks in introgression and ILS scenarios (Than et al., 2008). The 295 gene trees from ASTRAL
218  were used as input. Ten parallel network searches were performed, allowing 0-5 reticulation events. The
219  number of runs (-x) of the search was set to 100, and the starting tree was the species tree from ASTRAL
220  to produce the five networks with the highest likelihood scores. The branch lengths and inheritance
221  probabilities of the returned species networks were optimized under full likelihood conditions by
222 specifying the “-po” option. Four independent runs were performed, with the other parameters set as the
223  default values. To estimate the optimal network among models with different numbers of reticulation
224  events, the inferred network with the highest likelihood score was chosen, and the optimal network was
225  visualized in Dendroscope v3.8.10 (Huson and Scornavacca, 2012).

226 We wused Phytop (Shang et al., 2025) to identify and visualize signals of ILS and
227  introgression/hybridization. Based on the output of ASTRAL (Zhang et al., 2018) under the parameter
228  setting "-t 2," Phytop quantifies the degree of ILS and introgression/hybridization by analyzing the
229  proportions of internal node topologies in the species tree (Shang et al., 2025).

230  Divergence time estimation, biogeography, and analysis of diversification dynamics

231 We used SNAPPER v1.1.2 to estimate divergence times and reconstruct the species tree (Bryant et al.,
232 2012; Stoltz et al., 2021); SNAPPER v1.1.2 implements a strict molecular clock model coupled with the
233 Wright-Fisher diffusion model (Brown and Yang, 2011; Stange et al., 2018). SNAPPER analysis was
234  implemented in BEAST v2.7.6 (Bouckaert et al., 2019) with input datasets prepared through random SNP
235  selection using the snapp_prep.rb script (https://github.com/mmatschiner/snapp prep, accessed on July 12,
236 2024) (parameters: ruby snapp_prep.rb -a SNAPPER -v -t ¢ -s -m 3860 -1 1000000 -x -0) to generate the
237  required XML input files. Calibration for the timing of the split between Paramesotriton and Pachytriton
238 was constrained to 25.42 Ma (a lognormal distribution, standard deviation = 0.0859) (Luo et al., 2022).
239 Three independent runs were performed in BEAST v2.7.6 (Bouckaert et al., 2019), each with one million
240  generations and sampling every 500 generations. Convergence of the runs was assessed using Tracer
241  v1.7.2 (Rambaut et al., 2018) by verifying that the effective sample sizes exceeded 200. DensiTree v2.0
242 (Bouckaert et al., 2019) and TreeAnnotator v2.7.6 (Bouckaert et al., 2019), with a burn-in of the first 10%
243 of the MCMC chains, were used to generate maximum-credibility trees with median heights.

244 The ancestral ranges of the PCSG were reconstructed using BioGeoBEARS (Matzke, 2013) following
245 established protocols (Luo et al., 2021). The current distribution was classified into six distinct
246  biogeographic regions based on mountain ranges, the river network structure, and the geological structure:
247  (A) the Leigong Mountains, (B) the Northern Wumeng Mountains-Wujiang River, (C) the Southern
248  Wumeng Mountains-Wujiang River, (D) the Lianjiang River Basin, (E) the Libo Karst Region, and (F) the
249  Wuling Mountains. Based on comprehensive field investigations and a literature review, the maximum
250  ancestral range size was constrained to two adjacent regions to ensure biologically meaningful

251 reconstructions.
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252 We followed the methods outlined in a previous phylogenetic study (Li et al., 2024) to infer the
253  diversification dynamics of the PCSG. The BEAST results were summarized to obtain time intervals with
254 95% confidence intervals for lineage divergence events. Lineage divergence events were defined as the
255  maximal number of observed lineage divergence events per 0.5 million years (MDE) and were used to
256  illustrate trends over time.

257  RESULTS

258 Genome sequencing, single-nucleotide polymorphism calling, and the mitogenome dataset

259 A total of 46 samples generated approximately 2948.5 Gb of raw data and 1,004 million paired-end reads,
260 with an average of 64.09 Gb of data and 21.8 million paired-end reads per sample (Table S1). Of these,
261 92.80% of the bases had quality scores greater than or equal to 30, and the guanine-cytosine content was
262 43.91% (Table S1). A total of 15,581,647 biallelic SNPs were generated from the STACKS-cleaned reads.
263 After filtering for low-quality individuals using PLINK, 1,475,246 SNPs remained. A total of 438,504
264 SNPs were retained after linkage disequilibrium (LD)-based SNP filtering. In total, three SNP datasets
265  were generated: Dataset 1 (1,475,246 SNPs) for phylogenetic reconstruction, Dataset 2 (438,504 SNPs) for
266  PCA and genetic clustering, and Dataset 3 (3,860 SNPs) for estimation of divergence times. The
267  mitogenomes of 18 species (15,466 bp in length) contained 4,334 variable and 2,852 parsimony-
268  informative sites. The best-fit substitution models were TVM + I + G (125/16S rRNA), HKY + I + G
269  (tRNAs), GTR + G (most protein-coding genes), and HKY + G (ND6).

270  Phylogenetic relationships between the species

271  Phylogenetic analysis based on the mitochondrial genome revealed minor mitochondrial divergence among
272 species within the PCSG. The genetic distance of mitochondrial genes ranged from 0.53% to 7.80% (Table
273 S5) and indicated division into two clades. Paramesotriton zhijinensis was positioned at the base of Clade
274 11, followed in sequence by P. maolanensis, P. longliensis, and Paramesotriton sp. The phylogenetic
275  relationship between the latter two remained unresolved, as demonstrated by the low nodal support values
276 (BPP = 0.47, UFB = 42) (Figures 2A and S4). This supported our suggestion that mtDNA alone is
277  insufficient to resolve species-level relationships within this rapidly diverging group. In contrast, the ML
278  tree inferred from the SNPs dataset provided a highly resolved phylogeny with strong support (UFBoot =
279 100) (Figure 2B). In this ML tree, Paramesotriton sp., however, was positioned at the base of Clade II,
280  followed by P. zhijinensis, P. maolanensis, and P. longliensis. The species tree inferred using ASTRAL
281 exhibited a topology consistent with the SNP-based ML tree (Figures 2C and S5), whereas the
282  SVDQuartets species tree supported P. zhijinensis as the basal lineage of Clade II (Figure 2D).

283  Contributions of ILS, genetic introgression, and hybridization to gene tree heterogeneity

284  Evidence of gene flow among species within the PCSG was provided by the Treemix, D-statistics, f4-ratio,
285  and f-branch analyses. The TreeMix analysis detected significant gene flow from the ancestor of Clade II
286  to P. maolanensis, from P. caudopunctatus to the common ancestor of P. longliensis and P. maolanensis,
287 and from P. zhijinensis to P. caudopunctatus (Figure 3A), consistent with the results of the D-statistics and
288  fy-ratio tests (Figure 3B—D). The D-statistics (Figure 3B), fy-ratio test (Figure 3C), and f~branch method
289  (Figure 4D) provided further evidence of historical gene flow among the species (D = 0.01-0.14, |Z-
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290  score| > 3, P <0.001) (Figure 3B and Table S6), particularly between P. zhijinensis and P. longliensis, as
291  well as between P. zhijinensis and Paramesotriton sp. (Figure 3D).

292 The PhyloNet-MPL analysis supported hybridization among the three species, suggesting that P.
293 zhijinensis is likely of hybrid origin, with 45% of its genome inherited from P. longliensis and 55% from
294 Paramesotriton sp. (Figures 3E and S6). The PhyloNet-MPL results were further corroborated by the
295  HyDe analysis. The HyDe results showed that only 2 of 10 significant hybridization events produced y-
296  values close to 0.5 (Table S6), suggesting that P. zhijinensis is likely of hybrid origin (Figure 3F). Next, we
297  further validated the authenticity of these two hybridization events at the individual level. The y-values for
298  P. longliensis and Paramesotriton sp. individuals ranged from 0.35 to 0.46 and from 0.54 to 0.65,
299  respectively (Table S&). This supported P. zhijinensis as a hybrid species, with genomic contributions of
300  approximately 62.1% from Paramesotriton sp. and 37.9% from P. longliensis (Figure 3F; Table S7).
301  Finally, bootstrap resampling (500 samples) was performed on individuals within the hybrid population to
302  obtain the distribution of y-values for assessing the heterogeneity in levels of genetic introgression (Figure
303  3F; Table S9). The results revealed nearly uniform genetic admixture in P. zhijinensis at both the species
304 and individual levels (Figure 3E; Tables S7-S9). However, because our data were not genome-wide,
305  whether P. zhijinensis represents a true hybrid requires cautious interpretation.

306 Additional phylogenomic analyses using Phytop on the genome data indicated that ILS accounted for
307 11.042.7% of the conflicts within Clade II, while introgression explained the remaining discordance,
308  corroborated by introgression events between P. zhijinensis and P. longliensis, as well as between P.
309  zhijinensis and Paramesotriton sp. (Figure 3G). Thus, ILS primarily contributed to the conflicting
310  relationships within the PCSG, and this was complemented by introgression.

311 Population genetic structure, diversity, and demographic history of the PCSG

312  Population genetic analyses were employed to infer the genetic structure and evolutionary history of the
313 PCSG. When K = 4, the population structure analysis identified four distinct genetic clusters within the
314  PCSG (Figures 4A and S7), a finding that contrasted with the five clusters determined by PCA (Figure
315  4B). The genetic structure revealed admixture among P. longliensis, P. maolanensis, P. zhijinensis, and
316  Paramesotriton sp., with particularly strong signals between the first two species (Figure 4A). In addition,
317  the estimates of population differentiation (Fst) between P. maolanensis and P. longliensis/P.
318  caudopunctatus were 0.06 and 0.03, respectively, suggesting limited genetic divergence (Figure 4C).
319  These values, however, should be interpreted with caution due to the extremely small sample size (n = 2)
320  for P. maolanensis (Weir and Hill, 2002). In contrast, the remaining species exhibited moderate genetic
321  differentiation, with Fst values ranging from 0.11 to 0.16 (Hartl and Clark, 1997).

322 Genetic diversity assessed using « revealed that P. longliensis and P. zhijinensis exhibited comparable
323 = values, both higher than that of Paramesotriton sp. (Figure 4D). Notably, P. caudopunctatus exhibited
324  the highest level of genetic diversity, indicating a relatively large effective population size, consistent with
325  field observations.

326 Population demographic analyses indicated that a bottleneck event occurred between 1 Ma and 130
327  ka, characterized by a rapid decline in the effective population sizes (Ne) of P. caudopunctatus (~800 ka),
328  P. longliensis (~200 ka), P. zhijinensis (~130 ka), and Paramesotriton sp. (~130 ka), followed by a
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329 subsequent rapid recovery (Figure 4E). Thereafter, Ne remained relatively stable from 100 ka to 8 ka
330  before entering a declining phase. From 8 ka to the present, Ne has undergone a continuous decrease
331 (Figure 4E).

332 Divergence time, biogeography, and diversification dynamics

333 The species tree inferred by SNAPPER showed topological congruence with both the SNP-based ML tree
334  and the ASTRAL species tree (Figure 5A). The time to the most recent common ancestor of the PCSG was
335  estimated at ~16.90 Ma (95% highest posterior density (HPD): 20.09-13.80 Ma). Subsequent speciation
336  events within this group occurred between 13.89 Ma and 8.15 Ma (Figure 5B).

337 The ancestral range reconstruction suggested that the ancestors of the PCSG were most likely
338  distributed in the Wumeng Mountains-Wujiang River (Figures 5B and C, S8, and S9; Table S10). A
339  vicariance event at ~16.90 Ma divided the common ancestors into eastern and western groups (Figure 5B).
340  The biogeographic results also suggested that the eastern group may have originated from the dispersal of
341  the western group, while the ancestors of the southern species likely dispersed stepwise from the Wumeng
342 Mountains through the central area during the Miocene (Figure 5B and C).

343 MDE analyses showed that lineage divergence within the PCSG occurred ~18 Ma, with a rapid
344  increase at approximately 17 Ma and 10 Ma. Two distinct peaks in divergence occurred: the first at ~15
345 Ma and the second at ~8.5 Ma, with a valley at ~11 Ma (Figure 5E).

346  DISCUSSION

347  Phylogeny under incomplete lineage sorting and ancient introgression

348  Our analyses have resolved long-standing phylogenetic uncertainties within the PCSG. While
349  morphological studies have proposed either a two-group (Fei et al., 2006) or three-subgenus classification
350  (Fei and Ye, 2016), the molecular data consistently supported a division into two major clades (Gu et al.,
351 2012a; Gu et al., 2012b; Luo et al., 2021; Luo et al., 2022; Wang et al., 2013; Yuan et al., 2014; Yuan et
352 al., 2022). The relationships among P. zhijinensis, P. longliensis, P. maolanensis, and Paramesotriton sp.,
353 however, remain unresolved, with the mitochondrial data suggesting two conflicting topologies (Figure
354  S10) (Luo et al., 2021; Luo et al., 2022). Our coalescent- and concatenation-based analyses strongly
355  support P. longliensis as the sister species of P. maolanensis (Figure 2). Phylogenetic discordance analyses
356  further indicated that ILS was the main source of cytonuclear conflict, with introgression playing a
357  secondary role (Figure 3).

358 The phylogenetic analyses indicated that ILS was the primary cause of observed conflicts, although
359  distinguishing ILS from introgression remains difficult, as both generate similar signals (Fontaine et al.,
360  2015). There was an absence of recent large-scale admixture signals in the population structure and
361 DensiTree analyses (except in P. maolanensis). A plausible explanation is that while current interspecific
362  gene flow is limited by geographic isolation, historical introgression during the early phase of speciation
363  may have contributed to the rapid diversification of the PCSG into distinct ecological niches (Luo et al.,
364  2021). This scenario is consistent with recent geological changes in the region and the relatively recent
365  divergence times of these species (Luo et al., 2021; Zhou and Chen, 1993). Notably, ancient admixture
366  involving ancestral variation has been shown to drive rapid radiation in other taxa (Marques et al., 2019), a

367  pattern supported by our tests for introgression and ILS. Further analysis of discordance sources revealed
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368  that ILS consistently contributed more than introgression across internal nodes (Figure 3G), reinforcing the
369  view that the phylogenetic conflicts were primarily due to ILS (Edelman et al., 2019; Meleshko et al.,
370  2021). Importantly, these ILS signals likely reflect episodes of rapid lineage diversification within the
371 PCSG. Similar patterns of introgression-associated discordance have been reported between P. deloustali
372 and P. guangxiensis (Van Tran et al., 2025). Nevertheless, we acknowledge the potential for
373  underestimating recent gene flow due to several factors. First, introgression from unsampled “ghost”
374  lineages or interspecific differences in effective population size may bias D-statistics (Zheng and Janke,
375  2018), introducing unexplained error. Second, our SNP dataset lacks whole-genome coverage, and missing
376  loci may have affected the estimates of gene flow. These limitations underscore the need for future studies
377  that incorporate de novo genome assemblies (e.g., HiFi sequencing with Hi-C scaffolding) and assess the
378  functional relevance of introgressed regions.

379 Conservation assessments have revealed alarming trends. Based on the [UCN Red List criteria, P.
380  zhijinensis is classified as Endangered (Blab(iii)), P. caudopunctatus as Near Threatened (A2cd), and P.
381 longliensis as Vulnerable (Blab(iii,v)). The effective population size of the PCSG has declined by more
382  than 96% since the Last Glacial Maximum (Figure 4E), and in combination with low nucleotide diversity
383 (Figure 4D) and the continued reduction of potential suitable habitat area (Yan, 2023), these indicators
384  collectively meet the thresholds for classification as Critically Endangered. Similar demographic declines
385  have been reported in music frogs (Lyu et al., 2024). Moreover, due to only two sequenced samples, the
386  genetic diversity of P. maolanensis remains unassessed. Since its discovery, the species has only been
387  recorded by the type specimens (Gu et al., 2012a), with no subsequent findings, suggesting an extremely
388 small population and a potentially underestimated risk of extinction. Although all of the Paramesotriton
389  species are listed as Class II protected wildlife in China, only four are currently covered by the protected
390  area network in Guizhou (Figure S11). We therefore recommend prioritizing conservation efforts for
391 species outside these protected areas.

392 Paramesotriton wulingensis was not included in this study due to constraints such as the small
393  population size and legal restrictions. Previous studies have identified P. wulingensis along with P.
394 caudopunctatus as part of the basal clade of the PCSG (Gu et al., 2012a; Gu et al., 2012b; Luo et al., 2021;
395 Luoetal, 2022; Yuan et al., 2022). Both biogeographic reconstruction and gene flow analyses, however,
396  require a complete phylogenetic framework. The absence of P. wulingensis thus introduces some
397  uncertainty, although its impact may be limited. Future inclusion of this species will be essential for a more
398  comprehensive understanding of introgression and the biogeographic history of the PCSG.

399  Possible ancient hybrid origin of P. zhijinensis is supported by multiple lines of evidence

400  Multiple lines of evidence suggest that P. zhijinensis may have originated through hybridization. Although
401 the population structure inferred by ADMIXTURE indicated that P. zhijinensis harbors only a small
402  proportion of genetic ancestry from Paramesotriton sp. and P. longliensis, both PhyloNet-MPL and HyDe
403  analyses inferred nearly equal (~50%) genomic contributions from these two parental lineages (Figure 3E
404 and F). In addition, the D-statistics (Figure 3B), the f;-ratio test (Figure 3C), and the f~branch method
405  detected strong signals of gene introgression. This discrepancy is likely attributable to differences in the

406  sensitivity and assumptions of the various analytical methods. ADMIXTURE, which employs a model-
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407  based approach using allele frequency data, is optimized for detecting recent population structure
408  (Alexander et al., 2009). The method may be less effective in identifying ancient or complex hybridization
409  events, especially when the admixture signals have been eroded by subsequent recombination,
410  backcrossing, or strong purifying selection following the ancestral introgression. In contrast, HyDe and
411 PhyloNet-MPL are specifically designed to infer hybridization under a phylogenetic framework based on
412 invariants and network likelihood (Blischak et al., 2018; Than et al., 2008), making them more powerful
413  tools for detecting deep or ancient hybrid origins. Therefore, despite the very weak admixture signals
414  observed in the ADMIXTURE results, the results from HyDe and PhyloNet-MPL provide strong support
415  for an ancient hybrid origin of P. zhijinensis from P. longliensis and Paramesotriton sp. Similar hybrid
416  origins supported by HyDe and PhyloNet-MPL have been reported in other taxa, including macaques
417 (Zhang et al., 2023), Asiatic black bears (Zou et al., 2022), South American fur seals (Lopes et al., 2023),
418  and swordtail fishes (Du et al., 2024). Another possible explanation for the discrepancy is that RAD-seq
419 data may be affected by biases in the distribution of restriction enzyme cut-sites (Andrews et al., 2016). If
420  the sampled loci are located outside of regions under neutral selection or active introgression, or fail to
421 capture parental lineage-specific divergent regions, ADMIXTURE may be unable to detect the admixture
422  signals, potentially misclassifying P. zhijinensis as a distinct cluster. In contrast, RAD-seq typically yields
423  thousands to tens of thousands of SNPs, providing sufficient resolution for HyDe, PhyloNet-MPL, and the
424  f-branch method to recover congruent signals of ancient hybridization.

425 Additionally, although we hypothesized that P. zhijinensis may have originated through hybridization
426  between Paramesotriton sp. and P. longliensis, with its intermediate body size providing morphological
427  support (Table S11), the limitations of our data analysis underscore the need for further studies
428  incorporating multiple lines of evidence. These may include comparative genomics using high-quality
429  genomes, karyotype analysis, and reproductive studies.

430  Effects of ancestral introgression on the inference of divergence time

431 Molecular clock models can significantly influence estimates of divergence time. Relaxed molecular clock
432 models accommodate rate variation across lineages and may better reflect natural evolutionary processes
433 (Chen et al., 2021), while nucleotide substitution rates among closely related species often show minimal
434 variation (Brown and Yang, 2011; Ho and Duchéne, 2014). In such cases, strict molecular clock models
435 are frequently preferred and demonstrate superior performance (Brown and Yang, 2011; Yang and
436  Rannala, 2006). Similar to SNAPP (Stange et al., 2018), SNAPPER enables highly precise estimation of
437  divergence time using SNP data through the Wright-Fisher diffusion model that approximates the multi-
438 species coalescent model (Stange et al., 2018; Stoltz et al., 2021). Owing to these advantages, both SNAPP
439  and SNAPPER have been successfully applied to various animal taxa (Oury et al., 2023; Sanchez et al.,
440  2023; Tunstrom et al., 2023), lending support to the reliability of our results.

441 Historical introgression may inflate estimates of species divergence times. Molecular dating revealed
442  that the genus Paramesotriton originated in the late Oligocene, ~25.29 Ma, and the MRCA of the PCSG
443 originated in the early Miocene, ~16.90 Ma, consistent with previous nuclear DNA-based estimates (Luo
444 et al., 2022). Our study estimated significantly earlier interspecific divergence times for the PCSG than
445 previous mtDNA-based results (Luo et al., 2021; Shen et al., 2024; Yuan et al., 2022), with an approximate
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446 5 Ma discrepancy. The divergence times near the phylogenetic root, however, remained consistent. While
447  mtDNA is conventionally considered a rapidly evolving marker that typically yields relatively ancient
448  divergence time estimates (Zheng et al., 2011), our findings presented the opposite pattern. We propose
449  that interspecific gene flow during speciation events likely caused mtDNA homogenization and reduced
450  the level of genetic variation among lineages. This process systematically biases divergence time estimates
451  toward more recent dates (Joly et al., 2009; Rosenzweig et al., 2016), particularly at the tips of branches.
452  Therefore, when using mtDNA for molecular dating, especially in rapidly radiating lineages, it is crucial to
453  evaluate potential gene flow to avoid systematic underestimation of divergence times.

454  Evolution of biodiversity is driven by the erosion of heterogeneous rock

455  Diversification of PCSG has been driven by orogeny and the monsoon through the erosion of
456  heterogeneous rocks. The geological and topographic features of the karst mountains in Guizhou provide
457  an additional test for the hypothesized link between geology and biological diversification. Currently, the
458  PCSG species in different tributaries are restricted to exposed carbonate sedimentary rock and are isolated
459 by mixed sedimentary rock (Figure S3). How, then, did their ancestors disperse throughout the river
460  network? Current geological data indicate that the present-day landscape of Guizhou initially formed
461  during the late Tertiary period due to a west-to-east tilting uplift (Guizhou Provincial Bureau of Geology
462 and Mineral Resources, 1987; Zhang, 2012; Zhou and Chen, 1993), with carbonate sedimentary rock
463  overlying the uppermost strata (Sayre et al., 2014). As surface erosion exposed the contact zone between
464  carbonate sedimentary and mixed sedimentary rocks, fluvial erosion and paleoclimatic conditions drove
465  the upstream movement of this contact zone, resulting in a terrain characterized by higher elevations in the
466 north and lower elevations in the south (Li, 2001; Zhou and Chen, 1993). Although all extant PCSG
467  species are currently confined to carbonate sedimentary rocks, the forces of orogeny, paleoclimatic
468  changes, and progressive erosion have collectively shaped distinct river networks (Chen, 2019; Guizhou
469 Provincial Bureau of Geology and Mineral Resources, 1987; Yang, 1985). Together with the exposure of
470  mixed sedimentary rocks, these factors may have acted as barriers to dispersal, promoting the geographic
471 isolation and divergence of populations across different tributaries (Figures 5C and S3). We hypothesized
472  that the erosion-induced migration of the geological contact zone led to geographic isolation among
473  drainage basins and thereby served as a key mechanism for allopatric differentiation among PCSG species.
474 To test this hypothesis, we conducted a biogeographic analysis that integrated both distributional
475  patterns and divergence time estimates. Our findings indicated that the origin, dispersal, and diversification
476  of PCSG were closely synchronized with major Miocene paleogeoclimatic events. These include the rapid
477  uplift of the Qinghai-Tibetan Plateau (25-15 Ma) (Ding et al., 2022), the accelerated left-lateral extrusion
478  of Indochina (35-16 Ma) (Gilley et al., 2003; Leloup et al., 2001), and the intensified East Asian monsoon
479  rainfall (23-13 Ma) (Farnsworth et al., 2019; Wan et al., 2025). The combined effects of vigorous orogenic
480  activity, warm climatic conditions, and heavy precipitation contributed to the development of the region's
481  characteristic topographic gradients—namely, higher elevations in the north and west relative to the south
482  and east (Zhou and Chen, 1993). This geomorphological evolution likely facilitated the southward
483  dispersal of PCSG populations, followed by geographic isolation and subsequent diversification of species.

484  Our robust phylogenetic evidence provides strong support for this evolutionary scenario.
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485 In addition, our analysis suggested that the maximal number of observed lineage divergence events
486  per 0.5 million years (MDE) occurred during the early Miocene, with the origin of this peak dating to
487  approximately 18.2 Ma (95% HPD: 19.91-11.62 Ma). A rapid increase in lineage divergence began
488  around 17 Ma, reaching an initial peak at ~15 Ma (Figure 5E). Afterward, a decline began at ~14.5 Ma and
489  reached the valley at ~12.5 Ma, coinciding with the left-lateral extrusion of Indochina that began slowing
490  at ~16 Ma, transitioned to right-lateral extrusion by ~13 Ma, and underwent continuous Miocene cooling
491 (15-12 Ma) (Leloup et al., 2001; Leloup et al., 1995; Li et al., 2024; Wan et al., 2025; Wang et al., 2020).
492 Finally, during the period of the right-lateral extrusion of Indochina (~11-5 Ma) (Li et al., 2024), the Ailao
493 Shan orogenic activity (8.4-6.8 Ma) (Fyhn and Phach, 2015; Zhang et al., 2009), the rapid uplift of the
494  Hengduan Mountains (~11-2.5 Ma) (Favre et al., 2015; Su et al., 2019; Sun et al., 2011; Wang et al.,
495 2012), and the intensification of the Asian monsoon (~10—4 Ma) (Farnsworth et al., 2019), the MDE rose
496  sharply again at ~11 Ma and reached a second peak at ~8 Ma. Under the influence of these paleogeological
497  and climatic events, the rapid diversification and radiation of the PCSG may have led to the retention of
498  ancestral polymorphisms across lineages (Suh et al., 2015; Szollosi et al., 2015), resulting in ILS signals
499  underlying the observed phylogenetic conflicts at key nodes (Figure 3G). The temporal span between the
500  earliest and most recent divergence events was approximately 13.5 Ma. Based on estimated erosion rates
501 of ~34-76 m/Ma (Chen, 1985;2019; Yang, 1985), this duration would theoretically result in an elevation
502  difference of 459—1026 m. This erosion-based elevation range partially overlaps with the present-day
503  elevational variation in the study region (160-2400 m) (Li, 2001; Zhang, 2012). This discrepancy,
504  however, could be reconciled by considering additional factors that may have accelerated erosion rates,
505 including glacial erosion, geological disturbances, and intense precipitation events (Ji, 1992; Yang, 1985;
506  Zhang, 2012; Zhou and Chen, 1993). Despite these uncertainties, the broad temporal congruence between
507  estimated divergence times and landscape evolution, when considered in the context of karst
508  geomorphological development, is consistent with the phylogenetic evidence. These findings collectively
509 support a scenario in which PCSG diversification was at least partially mediated by long-term topographic
510 erosion processes.

511 Isolation and diversification can be caused by rock erosion. Bedrock type can drive heterogeneity in
512 biodiversity across landscapes by promoting the evolution of local endemics (Rahbek et al., 2019; Zhao et
513 al., 2024), and erosion of heterogeneous substrates has been shown to drive diversification in the
514  freshwater fishes and of North America (Kim et al., 2023; Stokes et al., 2023) and the flora of Madagascar
515 (Liuetal., 2024). Our findings suggest that the erosion of carbonate sedimentary rock facilitated allopatric
516  lineage divergence—and even speciation—in mountain stream salamanders, representing a diversification
517  mechanism distinct from orogeny-driven speciation, although the erosional processes themselves may have
518  been modulated by long-term climatic forces (Chen, 2019; Wan et al., 2025). The specific effects of
519  lithology on karst species, however, likely vary by taxonomic group and geological context (Zhao et al.,
520  2024). For example, the near-continuous carbonate formations spanning northern to southern Guizhou
521 have resulted in minimal genetic differentiation between northern and southern populations of the
522 Odorrana schmackeri complex (Jiang et al., 2022). Hydrological features, including river morphology and

523  substrate composition, are likely critical for PCSG survival, as these species predominantly inhabit slow-

& Zoological Research



524 flowing streams or pools with minimal disturbance (Fei and Ye, 2016; Zhao et al., 2012). The fluvial
525 characteristics of mixed sedimentary terrain, i.e., steep gradients, turbulent currents, and reduced sediment
526  accumulation, do not support such habitats. Therefore, even where physical distances appear small,
527  ecological unsuitability restricts dispersal and gene flow, reinforcing the barrier effect. Notably, PCSG
528  species are scarce in mixed sedimentary rock terrain (Figure 5C), where deeply incised gorges typically
529  foster turbulent flow and minimal accumulation of sediment. Nevertheless, the precise ecological linkage
530  between carbonate erosion and PCSG diversification remains unresolved. The current restricted
531 distribution and habitat specificity could alternatively reflect post-dispersal adaptive processes under
532 erosion-mediated isolation (Waters et al., 2020). For example, the progressive erosion of carbonate
533 deposits (Wan et al., 2025), being reshaped by Miocene climatic and tectonic forces into the north-high-
534  south-low topography, may have initially permitted the southward expansion and divergence of the
535  ancestors of Clade II. Subsequent intensification of erosion and drainage network development, coupled
536  with the emergence of mixed sedimentary rock barriers, likely imposed biogeographic constraints on the
537  PCSG, mirroring the abiotic segregation patterns described here. Moreover, subterranean rivers may serve
538  as corridors for gene flow, resulting in moderate genetic differentiation (Figure 4C) and possible
539  introgression (Figure 4B-G) among species from different surface drainages. For example, based on river
540  erosion rates of 280-1138 m/Ma (Yang, 1985), the onset of tributary isolation is estimated to have
541 occurred ~1.5-4.6 Ma (Table S12), coinciding with the mid-Pliocene (~3.6 Ma) uplift of the Qinghai-
542  Tibetan Plateau (Chen et al., 2020) and the intensified west-to-east tilting and erosion of Guizhou during
543 the Pleistocene (Zhou and Chen, 1993). Notably, this time frame aligns with previous divergence estimates
544  derived from mitochondrial fragments (Luo et al., 2021; Yuan et al., 2022), suggesting that recent
545  mitochondrial introgression may have occurred among these species during the Pliocene—Pleistocene
546 transition. Given that genetic introgression may have occurred prior to speciation, the impact of geographic
547  1isolation is likely to have outweighed the effects of subsurface connectivity in shaping current patterns of
548 divergence. Regardless of the underlying mechanisms, persistent carbonate erosion has provided the
549  essential preconditions for the protracted allopatric diversification observed in the PCSG. This study
550  highlights the potential of integrating ecological, genomic, and geological datasets to fully understand how
551  geophysical processes influence freshwater biodiversity.

552 CONCLUSIONS

553  This study has presented a comprehensive phylogenomic framework for the PCSG, revealing that ILS,
554 introgression, and hybridization have jointly contributed to its complex evolutionary history. By
555  integrating topographic and phylogenetic data, we conclude that heterogeneous bedrock erosion may have
556  driven the diversification of the PCSG. Our findings have direct significance for conservation.
557  Demographic analyses have indicated a continuous decline in effective population size and low current
558  genetic diversity since the LGM, consistent with IUCN threat assessments. Despite their ecological and
559  evolutionary importance, most species remain outside the established protected area network, highlighting
560  a significant conservation gap. This underscores the urgent need for genome-informed conservation

561 strategies, particularly for microendemic and cave-restricted species such as P. maolanensis, to ensure
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563

their long-term survival. Overall, our results demonstrate the value of an integrative eco-evolutionary

framework in disentangling complex phylogenetic histories and informing effective conservation planning.
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Figures and Tables

Figure 1. Map of study area. (A) Geographic distribution of Paramesotriton species in southern China and
northern Vietnam. (B) Topographic map of drainage basins in Guizhou, showing the river network
(colored lines) and recorded occurrences of the PCSG (circles). Gray circle indicate species not sampled in

this study.

Figure 2. Phylogeny and cytonuclear discordance. (A) ML tree reconstructed from mitogenomes.
Complete phylogenetic relationships illustrated in Figure S4. (B) ML tree inferred from concatenated
SNPs. (C) Species trees constructed using ASTRAL and SVDquartets. The two analyses produced
conflicting topologies, each with strong support (100%).

Figure 3. Gene flow and ILS contribute to gene tree heterogeneity. (A) Population tree inferred by
TreeMix assuming 3 migration events. Arrows indicate migration edges, with color intensity reflecting
migration weight (estimated proportion of ancestry from the source population in the admixed population).
(B-D) The gene flow analysis results for PCSG, using the D-statistic (B), f;-ratio test (C), and the f~branch
method (D). (E) Phylogenetic network inferred from PhyloNet. The blue line indicates reticulation and red
numerical values indicate inheritance probabilities. (F) The introgression schematic diagram detected by
HyDe on the species levels within PCSG. Density plot of estimated y values across 500 bootstrap
replicates in HyDe analyses. y represents the estimated probability of inheritance from the ancestor of the
PL, whereas 1-y representsthe probability of inheritance from the PS. (G) Proportion of introgression (IH)
and ILS detected at nodes N3, N4, and N5 by Phytop. P is the p-value of %2 test to check whether the
number of topologies g2 and q3 are equal, ILS-i and IH-i represent the calculated ILS index and IH index
respectively, and ILS-e and IH-e represent the proportion of gene tree topological incongruence that can be
explained by the ILS and IH, respectively. Abbreviations: PC, P. caudopunctatus; PL, P. longliensis; PM,

P. maolanensis; PS, Paramesotriton sp.; PZ, P. zhijinensis.

Figure 4. Population genetic structure, diversity, and demographic history. (A) Admixture proportions of
the genetic clusters of each individual of the PCSG. Scenarios with K = 2 to 5 are shown. According to CV
analysis, the best value is K=4. The number below each cluster indicates the sample number. (B) PCA plot
based on the first two principal components. (C) Genetic differentiation among species and corresponding
Fst values. (D) Genetic diversity and endangered status in the China's Red List of Biodiversity (Jiang and
Xie, 2021). (E) Demographic history reconstructed for four PCSG species. Abbreviations: N,, effective
population size; LIG, Last Interglacial (140-120 ka); LGM, Last Glacial Maximum (~21 ka); MHO, Mid-
Holocene (8.3—4.2 ka), LHO: Late-Holocene (4.2—0.3 ka). PC, P. caudopunctatus; PL, P. longliensis; PM,
P. maolanensis; PS, Paramesotriton sp.; PZ, P. zhijinensis. EN, Endangered; NT, Near Threatened; VU,
Vulnerable; NE, Not Evaluated.
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Figure 5. Divergence time, reconstructed biogeography, and divergence dynamics. (A) The chronogram
inferred using SNAPPER. (B) Ancestral area reconstruction based on the DEC + J model. The blue bars at
each node indicate the 95% ClIs for divergence time, and the numbers above and below the nodes indicate
the Bayesian posterior probability of divergence time and the species tree. Circled nodes indicate the most
probable ancestral region, and arrows indicate the dispersal direction. (C) Possible dispersal routes of the
PCSG in Guizhou and adjacent areas. (D) Global temperature inferred from deep-sea oxygen isotope
records (8'30) in benthic foraminifera (Zachos et al., 2008), used to model mean annual precipitation at
idealized CO; levels (Farnsworth et al., 2019). (E) Divergence dynamics of the PCSG lineages based on
the maximum number of observed lineage divergence events (MDE) per Ma. OIHMs: orogeny

intensification of the Hengduan Mountains; RUQTP: rapid uplift of the Qinghai-Tibetan Plateau.
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Supporting materials
Figure S1. Phylogenetic tree reconstructed using BI and ML methods based on concatenated
mitochondrial genome and 32 nuclear genes datasets for the genus Paramesotriton and outgroups. This

figure was modified from Luo et al. (2022).

Figure S2. Dorsal and ventral views of five species of the genus Paramesotriton distributed in Guizhou.
(A) Paramesotriton sp.; (B) P. zhijinensis; (C) P. longlisis; (D) P. maolanensis (modified from Gu et al.
2012); (E) P. caudopunctatus; and (F) P. wulingensis.

Figure S3. Geological map of Guizhou and the distribution of its PCSG.

Figure S4. Phylogenectic tree reconstructed using BI and ML methods based on concatenated

mitochondrial genome.

Figure S5. Summary of topologies among multi-dataset. The species trees inferred by multi-species
coalescent approach (ASTRAL) from fixed-window local trees with different lengths, 50 kb, 30 kb, 20 kb,
10 kb, 5 kb, and 2 kb.

Figure S6. The reticulation history of PCSG inferred from PhyloNet. The best-supported networks were
derived from analyses of 295 concatenated SNP gene trees using PhyloNet in four replicated runs. The

inheritance probabilities are indicated next to the reticulation edges.

Figure S7. The CV error values corresponding to K-values evaluated by Admixture analysis. The optimal

K-value is determined by the lowest CV error.

Figure S8. Raw details of the ancestral area of PCSG using BioGeoBEARS (DEC+]). Alphabetical
abbreviations for tips and nodes: (A) Leigong Mountains, (B) North of Wumeng Mountains—Wujiang
River, (C) South of Wumeng Mountains—Wujiang River, (D) Lianjiang River Basin, (E) Libo Karst Area,
and (E) Wuling Mountains.

Figure S9. Raw details of the ancestral area of the PCSG using BioGeoBEARS (BAYAREALIKE+)).
Alphabetical abbreviations for tips and nodes: (A) Leigong Mountains, (B) North of Wumeng Mountains—
Wauyjiang River, (C) South of Wumeng Mountains—Wujiang River, (D) Lianjiang River Basin, (E) Libo Karst
Area, and (E) Wuling Mountains.

Figure S10. A summary of the phylogenetic relationship conflicts of species within PCSG.

Figure S11. Distribution of PCSG within nature reserves in Guizhou.
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Table S1 The diagnostic characters selected for the newly described species in this study and the six species of
the P. caudopunctatus group. Grey shading indicates clear difference in characteristics compared to that of

Paramesotriton sp.

Table S2 Sample collection distribution and sequencing information in this study.

Table S3 The mitochondrial genomic sequences used in this study

Table S4 Best-fit partitioning and evolutionary models used for mitochondrial genome phylogenetic analysis.
Table S5 Uncorrected p-distance (%) between six species of the PCSG based on mitochondrial genes.

Table S6 Gene introgression among species based on D-statistics analysis. Abbreviations: PZ, P.
zhijinensis; PC, P. caudopunctatus; PS, Paramesotriton sp.; PL, P. longliensis; PM, P. maolanensis; OG,
Pachytriton inexpectatus.

* Significant at |Z-score| >= 3.

** Significant at |Z-score| >= 5.

Table S7 HyDe results of hybridization detection analyses using the run_hyde.py script.

Note: P1 and P2 correspond to two putative parental populations respectively, and Hybrid was the
potential hybrid population.

3P value less than 0.05 indicates a significant signal of hybridization event.

by parameter is the probability that Hybrid is sister to P2. In the hybrid speciation model, it represents the

relative proportion of the genetic composition derived from P2.

Table S8 HyDe results of hybridization detection at the individual-level analysis using the
individual hyde.py script.

Table S9 HyDe results of hybridization detection at the species-level (500 replicates) analysis using the
bootstrap hyde.py script.

Table S10 Statistical results from BioGeoBEARS. The best model is indicated by boldface. Abbreviations:
LnL=log-likelihood; d=dispersal rate per million years along branches; e=extinction rate per million year
along branches; j = likelihood of founder-event speciation at cladogenesis; AIC= Akaike information

criterion.

Table S11 Potential morphological evidence supporting the hybrid origin of P. zhijinensis.

Table S12 Estimated timing of river isolation in Guizhou based on erosion rates.

@® & & Zoological Research



REFERENCES

Alexander AM, Su YC, Oliveros CH, et al. 2017. Genomic data reveals potential for hybridization,
introgression, and incomplete lineage sorting to confound phylogenetic relationships in an adaptive
radiation of narrow-mouth frogs. Evolution, 71(2): 475-488.

Alexander DH, Novembre J, Lange K. 2009. Fast model-based estimation of ancestry in unrelated individuals.
Genome Research, 19(9): 1655-1664.

Andrews KR, Good JM, Miller MR, et al. 2016. Harnessing the power of RADseq for ecological and
evolutionary genomics. Nature Reviews Genetics, 17(2): 81-92.

Avise JC & Robinson TJ. 2008. Hemiplasy: A new term in the Lexicon of Phylogenetics. Systematic Biology,
57(3): 503-507.

Baird NA, Etter PD, Atwood TS, et al. 2008. Rapid SNP discovery and genetic mapping using sequenced RAD
markers. PLoS One, 3(10): ¢3376.

Blischak PD, Chifman J, Wolfe AD, et al. 2018. HyDe: A Python package for genome-scale hybridization
detection. Systematic Biology, 67(5): 821-829.

Bouckaert R, Vaughan TG, Barido-Sottani J, et al. 2019. BEAST 2.5: An advanced software platform for
Bayesian evolutionary analysis. PLoS Computational Biology, 15(4): €1006650.

Brown RP & Yang Z. 2011. Rate variation and estimation of divergence times using strict and relaxed clocks.
BMC Evolutionary Biology, 11: 271.

Browning BL & Browning SR. 2016. Genotype imputation with millions of reference samples. The American
Journal of Human Genetics, 98(1): 116—126.
Bryant D, Bouckaert R, Felsenstein J, et al. 2012. Inferring species trees directly from biallelic genetic markers:
bypassing gene trees in a full coalescent analysis. Molecular Biology and Evolution, 29(8): 1917-1932.
Chen C, Bai Y, Fang X, et al. 2020. Lower-altitude of the Himalayas before the mid-Pliocene as constrained by
hydrological and thermal conditions. Earth and Planetary Science Letters, 545: 116422,

Chen S. 2023. Ultrafast one-pass FASTQ data preprocessing, quality control, and deduplication using fastp.
Imeta, 2(2): e107.

Chen Y, Wang Y, Li J, et al. 2021. Principles, error sources and application suggestions of prevailing molecular
dating methods. Biodiversity Science, 29(5): 629-646.

Chen Z. 1985. Preliminary study of karst zonalizational factors in China. /n: Commission on Geomorphology
GSOC. Karst Landforms and Caves. Beijing: Science Press, 1-8.

Chen Z. 2019. Exploration of Karst Landform Theories. Beijing: Science Press.

Chifman J & Kubatko L. 2014. Quartet inference from SNP data under the coalescent model. Bioinformatics,
30(23): 3317-3324.

Choin J, Mendoza-Revilla J, Arauna LR, et al. 2021. Genomic insights into population history and biological
adaptation in Oceania. Nature, 592(7855): 583-589.

Danecek P, Auton A, Abecasis G, et al. 2011. The variant call format and VCFtools. Bioinformatics, 27(15):
2156-2158.

Degnan JH & Rosenberg NA. 2009. Gene tree discordance, phylogenetic inference and the multispecies
coalescent. Trends in Ecology & Evolution, 24(6): 332-340.

Ding L, Kapp P, Cai F, et al. 2022. Timing and mechanisms of Tibetan Plateau uplift. Nature Reviews Earth
and Environment, 3(10): 652—667.

Du K, Ricci JMB, Lu Y, et al. 2024. Phylogenomic analyses of all species of swordtail fishes (genus
Xiphophorus) show that hybridization preceded speciation. Nature Communications, 15(1): 6609.

@® & & Zoological Research



Durand EY, Patterson N, Reich D, et al. 2011. Testing for ancient admixture between closely related
populations. Molecular Biology and Evolution, 28(8): 2239-2252.

Edelman NB, Frandsen PB, Miyagi M, et al. 2019. Genomic architecture and introgression shape a butterfly
radiation. science, 366(6465): 594-599.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Research, 32(5): 1792—1797.

Farnsworth A, Lunt DJ, Robinson SA, et al. 2019. Past East Asian monsoon evolution controlled by
paleogeography, not CO,. Science Advances, 5(10): eaax1697.

Favre A, Packert M, Pauls SU, et al. 2015. The role of the uplift of the Qinghai-Tibetan Plateau for the evolution
of Tibetan biotas. Biological Reviews, 90(1): 236-253.

Feder JL, Egan SP, Nosil P. 2012. The genomics of speciation-with-gene-flow. Trends in Genetics, 28(7): 342—
350.

Fei L, Hu SQ, Ye CY, et al. 2006. Fauna Sinica: Amphibia. Science Press.

Fei L & Ye CY. 2016. Amphibians of China. Beijing: Science Press.

Feng S, Bai M, Rivas-Gonzalez I, et al. 2022. Incomplete lineage sorting and phenotypic evolution in
marsupials. Cell, 185(10): 1646—1660.

Fitak RR. 2021. OptM: estimating the optimal number of migration edges on population trees using Treemix.
Biology Methods and Protocols, 6(1): bpab017.

Fontaine MC, Pease JB, Steele A, et al. 2015. Extensive introgression in a malaria vector species complex
revealed by phylogenomics. science, 347(6217): 1258524.

Funk WC, Tallmon DA, Allendorf FW. 1999. Small effective population size in the long-toed salamander.
Molecular Ecology, 8(10): 1633—1640.

Fyhn MB & Phach PV. 2015. Late Neogene structural inversion around the northern Gulf of Tonkin, Vietnam:
Effects from right-lateral displacement across the Red River fault zone. Tectonics, 34(2): 290-312.

Gilley LD, Harrison TM, Leloup P, et al. 2003. Direct dating of left-lateral deformation along the Red River
shear zone, China and Vietnam. Journal of Geophysical Research: Solid Earth, 108(B2): 2127.

Gu X, Chen R, Tian Y, et al. 2012a. A new species of Paramesotriton (Caudata: Salamandridae) from Guizhou
Province, China. Zootaxa, 3510(1): 41-52.

Gu X, Wang H, Chen R, et al. 2012b. The phylogenetic relationships of Paramesotriton (Caudata:
Salamandridae) based on partial mitochondrial DNA gene sequences. Zootaxa, 3150(1): 59—68.

Guizhou Provincial Bureau of Geology and Mineral Resources. 1987. Regional geology of Guizhou Province.
Beijing: Geological Publishing House.

Gundappa MK, Pefialoza C, Regan T, et al. 2022. Chromosome-level reference genome for European flat oyster
(Ostrea edulis L.). Evolutionary Applications, 15(11): 1713—-1729.

Gutenkunst RN, Hernandez RD, Williamson SH, et al. 2009. Inferring the joint demographic history of multiple
populations from multidimensional SNP frequency data. PLoS Genetics, 5(10): e1000695.

Hanania U, Velcheva M, Sahar N, et al. 2004. An improved method for isolating high-quality DNA from Vitis
vinifera nuclei. Plant Molecular Biology Reporter, 22: 173-177.

Hartl DL & Clark AG. 1997. Principles of population genetics. Sunderland: Sinauer associates Sunderland, MA.

Ho SYW & Duchéne S. 2014. Molecular-clock methods for estimating evolutionary rates and timescales.
Molecular Ecology, 23(24): 5947-5965.

Hoang DT, Chernomor O, Von Haeseler A, et al. 2018. UFBoot2: improving the ultrafast bootstrap
approximation. Molecular Biology and Evolution, 35(2): 518-522.

@® & & Zoological Research



Huson DH & Scornavacca C. 2012. Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees and
Networks. Systematic Biology, 61(6): 1061-1067.

JiR. 1992. Evolution of Quaternary natural environment in Guizhou. Geology of Guizhou, 9(1): 59—62.

Jiang J & Xie F. 2021. Valume 1V, Amphibians (I). /n: Jiang ZG. China's Red List of Biodiversity: Vertebrates.
Beijing: Science Press, 1-1051.

Jiang Y, Yan S, Luo T, et al. 2022. Large mountains make small barriers: Species composition and spatial
dynamics history of the Odorrana schmackeri complex in the karst area of Guizhou, China. Diversity and
Distributions, 28(12): 2648-2664.

Joly S, Mclenachan Patricia a, Lockhart Peter j. 2009. A statistical approach for distinguishing hybridization and
incomplete lineage sorting. The American Naturalist, 174(2): ES4-E70.

Kapli P, Yang Z, Telford MJ. 2020. Phylogenetic tree building in the genomic age. Nature Reviews Genetics,
21(7): 428-444.

Kim D, Stokes MF, Ebersole S, et al. 2023. Erosional exhumation of carbonate rock facilitates dispersal-
mediated allopatric speciation in freshwater fishes. Evolution, 77(11): 2442-2455.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Molecular Biology and Evolution, 33(7): 1870—1874.

Lanfear R, Frandsen PB, Wright AM, et al. 2017. PartitionFinder 2: new methods for selecting partitioned
models of evolution for molecular and morphological phylogenetic analyses. Molecular Biology and
Evolution, 34(3): 772-773.

Leloup PH, Arnaud N, Lacassin R, et al. 2001. New constraints on the structure, thermochronology, and timing
of the Ailao Shan-Red River shear zone, SE Asia. Journal of Geophysical Research: Solid Earth, 106(B4):
6683—6732.

Leloup PH, Lacassin R, Tapponnier P, et al. 1995. The Ailao Shan-Red river shear zone (Yunnan, China),
tertiary transform boundary of Indochina. Tectonophysics, 251(1-4): 3—84.

Lescroart J, Bonilla-Sanchez A, Napolitano C, et al. 2023. Extensive phylogenomic discordance and the
complex evolutionary history of the neotropical cat genus Leopardus. Molecular Biology and Evolution,
40(12): msad255.

Li XQ, Peng HW, Xiang KL, et al. 2024. Phylogenetic evidence clarifies the history of the extrusion of
Indochina. Proceedings of the National academy of Sciences of the United States of America, 121(35):
€2322527121.

Li XZ. 2001. Evolution of Karst Geomorphology of Upper-Cenozoicandlts Influential Factors in Guizhou
Plateau. Geology of Guizhou, 18(1): 29-36.

Liu X & Fu YX. 2015. Exploring population size changes using SNP frequency spectra. Nature Genetics, 47(5):
555-559.

Liu Y, Wang Y, Willett SD, et al. 2024. Escarpment evolution drives the diversification of the Madagascar
flora. science, 383(6683): 653-658.

Lopes F, Oliveira LR, Beux Y, et al. 2023. Genomic evidence for homoploid hybrid speciation in a marine
mammal apex predator. Science Advances, 9(18): eadf6601.

Luo T, Wen H, Gao K, et al. 2021. Phylogeography and cryptic species diversity of Paramesotriton
caudopunctatus species group (Salamandridae: Paramesotriton) in Guizhou, China. Asian Herpetological
Research, 12(2): 188-200.

Luo T, Yan SS, Xiao N, et al. 2022. Phylogenetic analysis of combined mitochondrial genome and 32 nuclear
genes provides key insights into molecular systematics and historical biogeography of Asian warty newts

of the genus Paramesotriton (Caudata: Salamandridae). Zoological Research, 43(5): 787—804.

@® & & Zoological Research



Lyu ZT, Zeng ZC, Wan H, et al. 2024. Contrasting nidification behaviors facilitate diversification and
colonization of the Music frogs under a changing paleoclimate. Communications Biology, 7(1): 638.

Maddison WP & Knowles LL. 2006. Inferring phylogeny despite incomplete lineage sorting. Systematic
Biology, 55(1): 21-30.

Malinsky M, Matschiner M, Svardal H. 2021. Dsuite-Fast D-statistics and related admixture evidence from VCF
files. Molecular Ecology Resources, 21(2): 584-595.

Malinsky M, Svardal H, Tyers AM, et al. 2018. Whole-genome sequences of Malawi cichlids reveal multiple
radiations interconnected by gene flow. Nature Ecology & Evolution, 2(12): 1940—1955.

Marques DA, Meier JI, Seehausen O. 2019. A combinatorialview on speciation and adaptive radiation. Trends
in Ecology & Evolution, 34(6): 531-544.

Matzke NJ. 2013. Probabilistic historical biogeography: new models for founder-event speciation, imperfect
detection, and fossils allow improved accuracy and model-testing. University of California, Berkeley.

Meleshko O, Martin MD, Korneliussen TS, et al. 2021. Extensive genome-wide phylogenetic discordance is due
to incomplete lineage Sorting and not ongoing introgression in a rapidly radiated bryophyte genus.
Molecular Biology and Evolution, 38(7): 2750-2766.

Meng C & Kubatko LS. 2009. Detecting hybrid speciation in the presence of incomplete lineage sorting using
gene tree incongruence: a model. Theoretical Population Biology, 75(1): 35-45.

Morjan CL & Rieseberg LH. 2004. How species evolve collectively: implications of gene flow and selection for
the spread of advantageous alleles. Molecular Ecology, 13(6): 1341-1356.

Nguyen LT, Schmidt HA, Von Haeseler A, et al. 2015. IQ-TREE: a fast and effective stochastic algorithm for
estimating maximum-likelihood phylogenies. Molecular Biology and Evolution, 32(1): 268-274.

Oury N, Noél C, Mona S, et al. 2023. From genomics to integrative species delimitation? The case study of the
Indo-Pacific Pocillopora corals. Molecular Phylogenetics and Evolution, 184: 107803.

Paris JR, Stevens JR, Catchen JM. 2017. Lost in parameter space: a road map for stacks. Methods in Ecology
and Evolution, 8(10): 1360-1373.

Patterson N, Moorjani P, Luo Y, et al. 2012. Ancient admixture in human history. Genetics, 192(3): 1065-1093.

Pickrell J & Pritchard J. 2012. Inference of population splits and mixtures from genome-wide allele frequency
data. Nature Precedings: 1-48.

Pinho C & Hey J. 2010. Divergence with gene flow: models and data. Annual Review of Ecology, Evolution,
and Systematics, 41(1): 215-230.

Privé F, Aschard H, Ziyatdinov A, et al. 2018. Efficient analysis of large-scale genome-wide data with two R
packages: bigstatsr and bigsnpr. Bioinformatics, 34(16): 2781-2787.

Purcell S, Neale B, Todd-Brown K, et al. 2007. PLINK: a tool set for whole-genome association and
population-based linkage analyses. The American Journal of Human Genetics, 81(3): 559-575.
Qian Y, Meng M, Zhou C, et al. 2023. The role of introgression during the radiation of endemic fishes adapted
to living at extreme altitudes in the Tibetan Plateau. Molecular Biology and Evolution, 40(6): msad129.
Rahbek C, Borregaard MK, Antonelli A, et al. 2019. Building mountain biodiversity: geological and
evolutionary processes. science, 365(6458): 1114-1119.

Rambaut A, Drummond AJ, Xie D, et al. 2018. Posterior summarization in Bayesian phylogenetics using Tracer
1.7. Systematic Biology, 67(5): 901-904.

Rancilhac L, Irisarri I, Angelini C, et al. 2021. Phylotranscriptomic evidence for pervasive ancient hybridization
among Old World salamanders. Molecular Phylogenetics and Evolution, 155: 106967.

Ravinet M, Faria R, Butlin RK, et al. 2017. Interpreting the genomic landscape of speciation: a road map for

finding barriers to gene flow. Journal of Evolutionary Biology, 30(8): 1450—1477.

@® & & Zoological Research



Reilly SB. 2009.Estimating gene flow between black salamander (4neides flavipunctatus) populations: a multi-
locus coalescent approach. Humboldt State University.

Rivas-Gonzalez I, Rousselle M, Li F, et al. 2023. Pervasive incomplete lineage sorting illuminates speciation
and selection in primates. science, 380(6648): eabn4409.

Rochette NC, Rivera-Colon AG, Catchen JM. 2019. Stacks 2: Analytical methods for paired-end sequencing
improve RADseq-based population genomics. Molecular Ecology, 28(21): 4737-4754.

Ronco F, Matschiner M, Bohne A, et al. 2021. Drivers and dynamics of a massive adaptive radiation in cichlid
fishes. Nature, 589(7840): 76-81.

Ronquist F, Teslenko M, Van Der Mark P, et al. 2012. MrBayes 3.2: efficient Bayesian phylogenetic inference
and model choice across a large model space. Systematic Biology, 61(3): 539-542.

Rosenzweig BK, Pease JB, Besansky NJ, et al. 2016. Powerful methods for detecting introgressed regions from
population genomic data. Molecular Ecology, 25(11): 2387-2397.

Sanchez KI, Diaz Huesa EG, Breitman MF, et al. 2023. Complex patterns of diversification in the gray zone of
speciation: model-based approaches applied to Patagonian Liolaemid Lizards (Squamata: Liolaemus kingii
clade). Systematic Biology, 72(4): 739-752.

Santos SHD, Figueiré HV, Flouri T, et al. 2025. Massive inter-species introgression overwhelms phylogenomic
relationships among jaguar, lion, and leopard. Systematic Biology: syaf021.

Sayre R, Dangermond J, Frye C, et al. 2014. A new map of global ecological land units—an ecophysiographic
stratification approach. Washington DC Assoc Am Geogr.

Shang HY, Jia KH, Li NW, et al. 2025. Phytop: a tool for visualizing and recognizing signals of incomplete
lineage sorting and hybridization using species trees output from ASTRAL. Horticulture Research, 12(3):
uhae330.

Shen YP, Nishikawa K, Jiang JP, et al. 2024. Lotic specialization in modern Asian newts (Caudata:
Salamandridae): Phylogeny, historical biogeography, and ancestral traits based on combined DNA data.
Zoological Research: Diversity and Conservation, 1(3): 191-200.

Sousa V & Hey J. 2013. Understanding the origin of species with genome-scale data: modelling gene flow.
Nature Reviews Genetics, 14(6): 404—414.

Stange M, Sanchez-Villagra MR, Salzburger W, et al. 2018. Bayesian divergence-time estimation with genome-
wide single-nucleotide polymorphism data of sea catfishes (Ariidae) supports Miocene closure of the
Panamanian Isthmus. Systematic Biology, 67(4): 681-699.

Stokes MF, Kim D, Gallen SF, et al. 2023. Erosion of heterogeneous rock drives diversification of Appalachian
fishes. science, 380(6647): 855-859.

Stoltz M, Baecumer B, Bouckaert R, et al. 2021. Bayesian inference of species trees using diffusion models.
Systematic Biology, 70(1): 145-161.

Su T, Farnsworth A, Spicer RA, et al. 2019. No high Tibetan Plateau until the Neogene. Science Advances, 5(3):
eaav2189.

Suh A, Smeds L, Ellegren H. 2015. The dynamics of incomplete lineage sorting across the ancient adaptive
radiation of neoavian birds. PLoS Biology, 13(8): €1002224.

Sun BN, Wu JY, Liu YS, et al. 2011. Reconstructing Neogene vegetation and climates to infer tectonic uplift in
western Yunnan, China. Palaeogeography, Palaeoclimatology, Palaeoecology, 304(3): 328-336.

Sun N, Yang L, Tian F, et al. 2022. Sympatric or micro-allopatric speciation in a glacial lake? Genomic islands
support neither. National Science Review, 9(12): nwac291.

Szo6l16si GJ, Tannier E, Daubin V, et al. 2015. The Inference of Gene Trees with Species Trees. Systematic
Biology, 64(1): e42—e62.

@® & & Zoological Research



Tan X, Qi J, Liu Z, et al. 2023. Phylogenomics reveals high levels of incomplete lineage sorting at the ancestral
nodes of the macaque radiation. Molecular Biology and Evolution, 40(11): msad229.

Than C, Ruths D, Nakhleh L. 2008. PhyloNet: a software package for analyzing and reconstructing reticulate
evolutionary relationships. BMC Bioinformatics, 9(1): 322.

Tunstrom K, Woronik A, Hanly JJ, et al. 2023. Evidence for a single, ancient origin of a genus-wide alternative
life history strategy. Science Advances, 9(12): eabq3713.

Van Riemsdijk I, Arntzen JW, Babik W, et al. 2022. Next-generation phylogeography of the banded newts
(Ommatotriton): A phylogenetic hypothesis for three ancient species with geographically restricted
interspecific gene flow and deep intraspecific genetic structure. Molecular Phylogenetics and Evolution,
167: 107361.

Van Tran D, Suzuki T, Fukuyama I, et al. 2025. Population genetics provides Insights Into the impact of future
climate change on the genetic structure and distribution of Asian warty newts (genus Paramesotriton).
Ecology and Evolution, 15(4): €71054.

Waldron BP, Watts EF, Morgan DJ, et al. 2025. The limits of the metapopulation: lineage fragmentation in a
widespread terrestrial salamander (Plethodon cinereus). Systematic Biology, 74(1): 1-15.

Wan S, Zhao D, Jin H, et al. 2025. Interactive forces of temperature and topographic uplift shaped the East
Asian monsoon rainfall evolution since the Oligocene. The Innovation Geoscience, 3(3): 100141.

Wang C, Tian YZ, Gu XM. 2013. A new species of the genus Paramesotriton (Caudata, Salamandridae). Acta
Zootaxonomica Sinica, 38(2): 388-397.

Wang X, Pedersen C-ET, Athanasiadis G, et al. 2024. Persistent gene flow suggests an absence of reproductive
isolation in an African antelope speciation model. Systematic Biology, 73(6): 979-994.

Wang Y, Wang Y, Schoenbohm LM, et al. 2020. Cenozoic exhumation of the Ailaoshan-Red River shear zone:
New insights from low-temperature thermochronology. Tectonics, 39(9): €2020TC006151.

Wang Y, Zheng J, Zhang W, et al. 2012. Cenozoic uplift of the Tibetan Plateau: evidence from the tectonic—
sedimentary evolution of the western Qaidam Basin. Geoscience Frontiers, 3(2): 175-187.

Wang Z & Liu J. 2025. Speciation studies in the genomic era. Hereditas(Beijing), 47(1): 71-100.

Waters JM, Emerson BC, Arribas P, et al. 2020. Dispersal reduction: causes, genomic mechanisms, and
evolutionary consequences. Trends in Ecology & Evolution, 35(6): 512-522.

Weir BS & Hill WG. 2002. Estimating F-Statistics. Annual Review of Genetics, 36(Volume 36, 2002): 721-750.

Wilgenbusch JC & Swofford D. 2003. Inferring evolutionary trees with PAUP*. Current Protocols in
Bioinformatics, 00(1): 6.4.1-6.4.28.

Wu Y, Jiang K, Hanken J. 2010. A new species of newt of the genus Paramesotriton (Salamandridae) from
southwestern Guangdong, China, with a new northern record of P. longliensis from western Hubei.
Zootaxa, 2494(1): 45-58.

Yan SS. 2023.Spatial distribution pattern for salamander (Paramesotriton) species in the mountains of southern
China. Guizhou Normal University.

Yang M. 1985. Karst Landforms and Caves. /n: Commission on Geomorphology GSOC. Karst Landforms and
Caves. Beijing: Science Press, 22-29.

Yang Z & Rannala B. 2006. Bayesian estimation of species divergence times under a molecular clock using
multiple fossil calibrations with soft bounds. Molecular Biology and Evolution, 23(1): 212-226.

Yuan Z, Zhao H, Jiang K, et al. 2014. Phylogenetic relationships of the genus Paramesotriton (Caudata:
Salamandridae) with the description of a new species from Qixiling Nature Reserve, Jiangxi, southeastern

China and a key to the species. Asian Herpetological Research, 5(2): 67-79.

@® & & Zoological Research



Yuan ZY, Wu YK, Yan F, et al. 2022. Comparative multi-locus assessment of modern Asian newts (Cynops,
Paramesotriton, and Pachytriton: Salamandridae) in southern China suggests a shared biogeographic
history. Zoological Research, 43(5): 706—718.

Zachos JC, Dickens GR, Zeebe RE. 2008. An early Cenozoic perspective on greenhouse warming and carbon-
cycle dynamics. Nature, 451(7176): 279-283.

Zhang B, Liu R, Xiang H, et al. 2009. FT dating of fault rocks in the central-southern section of the Red River
Fault zone and its geological implications. Seismology and Geology, 31(1): 44-56.

Zhang BL, Chen W, Wang Z, et al. 2023. Comparative genomics reveals the hybrid origin of a macaque group.
Science Advances, 9(22): eadd3580.

Zhang C, Rabiee M, Sayyari E, et al. 2018. ASTRAL-III: polynomial time species tree reconstruction from
partially resolved gene trees. BMC Bioinformatics, 19(6): 153.

Zhang D, Rheindt FE, She H, et al. 2021. Most genomic loci misrepresent the phylogeny of an avian radiation
because of ancient gene flow. Systematic Biology, 70(5): 961-975.

Zhang L. 2012. Palacogeography of China: the formation of Its natural environment. Beijing: Science Press.

Zhao H, Hu S, Wang Y, et al. 2012. The Biological characteristics and protection measures of Paramesotriton
zhijinensis. Sichuan Journal of Zoology, 31(5): 760—762.

Zhao WY, Liu ZC, Shi S, et al. 2024. Landform and lithospheric development contribute to the assembly of
mountain floras in China. Nature Communications, 15(1): 5139.

Zheng Y & Janke A. 2018. Gene flow analysis method, the D-statistic, is robust in a wide parameter space.
BMC Bioinformatics, 19(1): 10.

Zheng Y, Peng R, Kuro-O M, et al. 2011. Exploring patterns and extent of bias in estimating divergence time
from mitochondrial DNA sequence data in a particular lineage: a case study of salamanders (Order
Caudata). Molecular Biology and Evolution, 28(9): 2521-2535.

Zhou Q & Chen P. 1993. Lithofacies change and palacogeographical evolution during Late Cenozoic in
Guizhou and its vicinity. Geology of Guizhou, 10(3): 201-207.

Zou T, Kuang W, Yin T, et al. 2022. Uncovering the enigmatic evolution of bears in greater depth: The hybrid
origin of the Asiatic black bear. Proceedings of the National academy of Sciences of the United States of
America, 119(31): €2120307119.

Zwickl DJ, Stein JC, Wing RA, et al. 2014. Disentangling methodological and biological sources of gene tree
discordance on Oryza (Poaceae) Chromosome 3. Systematic Biology, 63(5): 645—659.

v & Zoological Research



