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Abstract
Landscape structures drive biogeographic patterns and population connectivity of animals 
distributed across diverse biotopes. Here, we provide a fresh insight on the impact of five 
landscape types in East Asia on the phylogeography and acoustic variability of the wide-
spread Mongolian Toad, Strauchbufo raddei. For the first time, we reconstructed the bioge-
ography of S. raddei over the species’ entire range throughout East Asia (N = 293; assem-
bled up to 2,613  bp of concatenated CR-COI-12S rRNA-16S rRNA) using fossil-based 
molecular dating and genetic connectivity assessments. In addition, we addressed past pop-
ulation dynamics in relation to landscape types, and geographic variations in release calls 
for the clades occurring in the steppes of northern Mongolia and the Amur River basin 
(N = 147). Our results recovered two separate ancestors of S. raddei in East Asia, support-
ing a basal split between the northeastern and southern lineages in the Middle Miocene, c. 
9.48–13.77 Mya. Ancestral range estimates suggested a Late Miocene radiation within the 
northeastern lineage, likely due to aridity-induced vicariance and dispersal from the cen-
tral Asian steppes, c. 7.89 (5.25–11.50) Mya. The southern lineage emerged subsequently 
from glacial refugia, c. 6.84 (3.48–2.63) Mya, expanding northward and crossing the Gobi 
Desert and current-day Mongolia, c. 2.60 (1.15–3.72) Mya. At the exception of the pre-
Tibetan Plateau clade, our reconstruction of migration trajectories highlighted the presence 
of effective gene flow across other landscapes, notably among the central and northeastern 
Chinese clades in the habitats defined as steppe, river basin and canyon. Significant vari-
ation in release calls between the clades in northern Mongolia and the Amur River Basin 
reflected the isolation between the two clades, and supported the presence of a northern 
refugium and post-glacial expansion of the southern lineage into northwestern Mongolia. 
In contrast with prior studies, our finding indicates that release calls can reflect phylogeo-
graphic patterns.
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Background

Landscape features drive ecological dynamics, which in turn contribute to environmental 
variations (Goigel and Turner 1989). As a result, the variability in environmental condi-
tions impacts biogeography (Kent 2007), genetic and biological diversity (Andren 1994; 
Adams et al. 2016), and selection and evolution (Barton and Turelli 1987). In particular, 
the diversity of landscapes and environmental factors regulate the movement and gene flow 
of taxa (Okamiya and Kusano 2019), affecting the size of home ranges (Katayama et al. 
2014) and influencing resource availability (Wang et al. 2012). Hence, understanding the 
biogeography of model taxa distributed over vast landscapes helps address complex issues 
such as the patterns of colonisation across landscape corridors (Bartelt and Klaver 2017), 
behavioural adaptation, and evolution of phenotypic traits in changing landscapes (Joly 
2019).

The landscape of the Eastern Palearctic is characterised by a continuous landmass, with 
variable landscapes that have shaped the eco-phylogeography of species in the region. 
The Eastern Palearctic includes and connects several major biomes, being bordered by the 
Qinghai Tibetan Plateau (QTP), which originated from the orogenesis of adjacent moun-
tains in southwestern China (Xing and Ree 2017). The QTP is channelling large river 
basins and reservoirs, especially in northern and northeastern Asia (Liu et al. 2020). The 
orogenesis of the QTP also induced the desertification of central Asia, and the develop-
ment of steppe-desert biomes such as the Gobi Desert (Lu et al. 2019), further delineating 
the boundaries of the Eastern Palearctic.

The understanding of landscape dynamics needed to interpret biogeographic patterns 
across landscapes is however insufficient in East Asian (Favre et al. 2015). Specifically for 
anurans, as landscape connectivity is key for dispersal (Igawa et al. 2013) but also a source 
of substantial variations in breeding habitats (Li et al. 2020), abiotic factors (Mott 2010), 
genetic structure (Homola et  al. 2019) and population abundance (Knutson et  al. 1999). 
Interestingly, the Mongolian Toad, Strauchbufo raddei Strauch, 1876 inhabits diverse bio-
topes (Litvinchuk et al. 2020), including deserts and grasslands in Eastern Siberia, Mon-
golia and western China, and river basins in northeastern China, the northern Korean Pen-
insula (Borzée et al. 2021b) and the Amur Basin in Russia (Kuzmin and Ischenko 1997). 
Similarly, the species occurs across a wide range of elevations, reaching as high as 3000 m 
in the western Chinese mountains close to the QTP (Kuzmin et al. 2004). These wide lati-
tudinal and longitudinal ranges support the use of S. raddei as a model system to relate 
genetic connectivity and landscapes-level phylogeography (see maps in Figs. 1, 2and3).

The biogeographic origin of S. raddei in East Asia is unclear. At the time of writing, 
most of the phylogeographic investigations revolve around the Chinese clades of S. rad-
dei, defined into two separated western and an eastern mitochondrial lineages (Dong et al. 
2012). Despite the recovery of these two lineages in China, the pattern of emergence of 
S. raddei and subsequent continental radiations in East Asia are still unresolved (Malak-
hov 2004). Nevertheless, recent clarifications regarding the distribution of S. raddei fossils, 
based on past habitat suitability models (Litvinchuk et  al. 2020), provided much needed 
estimates for molecular dating using fossil calibrations. The use of fossil evidences as a 
primary calibration, combined with dating estimates of earlier works (Stöck et  al. 2006; 
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Dong et al. 2012; Borzée et al. 2017; Othman et al. 2020) and large samples sizes across 
the totality of the species’ range helps reveal the patterns of phylogeography and landscape 
connectivity through time.

Hypothetically, the Pleistocene glacial oscillations have affected the genetic structure 
and patterns of continental radiations of Asian bufonids (Garcia-Porta et al. 2012; Othman 

Fig. 1   Haplotype network and phylogenetic relationship among East Asian Strauchbufo raddei. a Bayesian 
Inference (BI) tree of East Asian S. raddei inferred from an 838 bp-long mtDNA CR fragment from 293 
individuals. The node values indicate the Bayesian posterior probability (BPP) of each clade. The BI tree 
recovered seven monophyletic groups (Clades 1–7) for S. raddei across its range. The clades clustered into 
two divergent lineages. b Haplotype network derived from the same mtDNA CR dataset using a Median 
Joining (MJ) analysis. The colour codes used for each haplotype group are matching with the colour used in 
the BI tree, and their distribution on the map. c Geographic distribution of clades across the entire range of 
S. raddei in East Asia. The symbols, colour of sampling site and the geographic regions related to the map 
are described in the legend
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et al. 2020). The unfavourable conditions during ice ages are likely to have wiped out west-
ern Palearctic S. raddei (Malakhov 2004; Ratnikov 2016), while the modern Asian line-
age of the species has survived the landscape-mitigated effects of glaciations by shifting 
range towards Eastern Palearctic refugia (Malakhov 2004; Litvinchuk et  al. 2020). This 
hypothesis is coherent with the biogeography of closely related toad species, as the cli-
matic changes and sea level fluctuations during ice-ages have driven the phylogeography 
of Bufo sp. distributed in northeastern Asia, including for instance B. gargarizans (Borzée 
et al. 2017), B. sachalinensis sachalinensis (Othman et al. 2022) and B. stejnegeri (Fong 
et al. 2020). Despite the minimal impact of glaciations on Chinese S. raddei in the southern 

Fig. 2   Bayesian Inference (BI) tree and median joining network of two divergent northern clades of 
Strauchbufo raddei in northeast Asia. Analyses based on the concatenated CR-12S rRNA-COI  fragments 
(1,882 bp) for 70 individuals sampled in north and northwestern Mongolia, southeastern Baikal and Amur 
River Basin. The numbers at the nodes indicate the values for posterior probability (PP) with Bufotes pew-
zowi as outgroup. The scale bar represents the nucleotide substitutions rate per site. The colour on the hap-
lotypes network, map and legend are matching, and missing haplotypes are indicated by solid black circles
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part of the species’ range (Dong et al. 2012), the presence of glacial-driven refugia in Asia 
needs to be confirmed through a population dynamic lens, focusing on the northwestern 
limit of the current range of S. raddei.

Fig. 3   Calibrated tree with estimated divergence for Strauchbufo raddei (N = 288) inferred from 893 bp of 
the CR fragment. The colour for the clades and the origins of ranges are similarly colour coded. The num-
bering of each node in bracket matches the node reference number in Table 1. The specific landscape for 
each clade (N = 6) is embedded next to the corresponding node of the timetree. QTP stands for Qinghai 
Tibetan Plateau and HM for Hentiyn Mountains
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In addition to phylogenetic analyses, acoustic characters are useful to infer geographic 
variations (Jang et al. 2011) and to retrace divergence in relation to habitat selections (Ryan 
et al. 1990; Pröhl et al. 2010). To a certain extent, acoustic signals have contributed to the 
evaluation of taxonomic relationships (Forti et al. 2017). However, most bioacoustic stud-
ies are focused on advertisement calls in anuran species (Köhler et al. 2017), even though 
most species can produce several types of calls (Chuang et al. 2016), such as release, con-
tact or distress calls (Price and Meyer 1979). The release call, a type of a call emitted by 
an individual when its dorsum, flanks, or axillary region are in contact with another male 
attempting to amplex (White et  al. 2017; Stănescu et  al. 2019), is an important acoustic 
trait for sexual recognition in toad (Price and Meyer 1979). For species that highly rely on 
acoustic signals, variations in these signals are expected (Lee et al. 2016). Specifically for 
S. raddei, release calls may reflect historical factors linked to phylogeographic structures, 
and may provide additional support to the genetic relations among populations (Kuzmin 
and Ischenko 1997). In the northern regions of S. raddei distribution, the Hentiyn mountain 
range physically segregates northwestern and northeastern Mongolia (White et al. 2017), a 
pattern possibly matching with the phylogeographic structure and patterns of divergence in 
call properties.

Here, the goals of our study are: (1) to infer the biogeographic pattern of S. raddei 
across the totality of its range in East Asia using fossil-based calibration for molecular dat-
ing, (2) to clarify the effect of variability in landscape features on the pattern of distribu-
tion and genetic structure of S. raddei in East Asia and, (3) to characterise the impact of 
glacial refugia and landscape fragmentation on phenotypic variations, here the release calls 
between two segregated Mongolian clades.

Methods

Species, study region and molecular sampling

Strauchbufo raddei is not listed as a threatened species, and it is one of the most wide-
spread species in northeast Asia according to the International Union for Conservation of 
Nature (IUCN) Red List of Threatened Species (Kuzmin et  al. 2004). As the study was 
conducted, the northern clade of S. raddei was under sampled and no sequences were avail-
able in online databases, so we collected samples from 10 sites in northern Mongolia and 
southeastern Russia (N individual = 146; Table S1; see maps in Figs. 1 and 2). The sam-
pling localities in Mongolia (N sample = 127; N site = 7) ranged from the northwestern 
border (lower and upper Selenge River) to central Mongolia (Khentii, Dornod and Tov, 
Table S1, Fig. 1). Samples in Russia covered the southwestern (Baikal Lake) and eastern 
(Amur River Basin) regions (N sample = 19, N site = 3; Table S1, Fig. 1).

Release calls sampling

Although the validity of release call trait as a natural evolutionary signal is still debated 
(Reichert and Höbel 2018; Stănescu et al. 2019), a recent study on anurans demonstrated 
that release calls are phylogenetically informative and can be used for species identification 
(Mângia et al. 2019). To clarify the impact of landscape barriers and the potential repro-
ductive isolation, we tested if the release calls of two separate populations of northern S. 
raddei were different. The populations where the calls were recorded were geographically 



Evolutionary Ecology	

1 3

segregated by a physical barrier, the Hentiyn Mountains (Fig.  2). All individuals were 
recorded in wetlands, and we classified each site into lake, oxbow or pond based on vegeta-
tion level, adapted from the limnologic definition of water bodies (Biggs et al. 2005).

We first captured all individuals by hand with plastic bags to avoid physical contact and 
avoid potential disease transmission and maintained an individual identification for buccal 
swabs and recording. We then identified the sex of each individual by checking the pres-
ence of nuptial pads. Finally, we recorded the release calls of all males by gently touching 
their back or flanks (Castellano et al. 2002), holding the individuals by their hind legs but 
with their body resting on a substrate to prevent biases in recordings introduced by hold-
ing the individuals and physically modifying call structure, or modifying call properties 
by warming the body of the toad through contact. Each toad was handled for less than 
two minutes (n individuals = 35; n calls matched with molecular samples = 29; Table S2). 
All calls were recorded in situ with a digital recorder (TASCAM DR-40; Montebello, CA, 
USA) coupled with a shotgun microphone (HTDZ HT-81; China).

During the recording, each male was held 10–20  cm away from the microphone, to 
ensure proper quality, while avoiding saturation. We relied on a minimum of five consecu-
tive calls from each individual and we analysed the calls using Raven Pro v1.5 (Cornell 
Lab of Ornithology, Ithaca, NY) to extract acoustic features. Frequencies higher than 
15 kHz were filtered out to remove unnecessary background noise. The aural components 
extracted were call period, call duration, rise time, fall time, and dominant frequency (Fig. 
S1).

To control the effect of body size and temperature on the parameters of call properties, 
we measured the snout-vent length (SVL) of each individual to the nearest 0.01 mm using 
a digital calliper (Insize, GA, USA) and the weight to the nearest 0.01 g using a digital 
scale (MH-500, China). We also recorded the ambient temperatures using a digital ther-
mometer (Amazon, HDE, USA). The data for calls properties, environmental temperature, 
SVL and length are in Table S2.

Laboratory protocols

We kept the collected swabs with desiccants immediately after collection to prevent DNA 
degradation, up until proper storage at − 20 °C before DNA extraction. We then extracted 
the genomic DNA from the buccal swabs using the DNeasy Blood and Tissue Extraction 
Kit (Qiagen, Group, Hilden, Germany). The concentration of each DNA sample was deter-
mined using a NanoDrop™ 2000/2000c and a spectrophotometer (ThermoFisher Scien-
tific). We then amplified the four mtDNA gene fragments with a Polymerase Chain Reac-
tion (PCR). First, we amplified the partial 16S rRNA gene fragment using the universal 
primers adapted from the literature (Kocher et  al., 1989; Palumbi, 1996; Fu, 1999; Liu 
et al., 2000; Table S2). Then, we designed primers pairs for the three other gene fragments, 
12S rRNA, the Control Region (CR), and the protein-coding c-oxidase subunit I (COI) 
based on homologous sequences from Genbank (Table S2).

For each primer pair, we prepared PCR reactions in a total volume of 20 µl per tube. The 
PCR reagents contained a final concentration of 0.125 μM for each forward and reverse 
primer, 0.2 mM of dNTPs mix (Takara; Shiga, Japan), 1.875 mM of magnesium chloride 
(MgCl2), 1 × Ex taq Buffer (Takara; Shiga, Japan) and 0.1  unit/μL of Ex taq (HR001A, 
Takara; Shiga, Japan). For each PCR reaction, we added the DNA template with a concen-
tration of 30–50 ng/µL and double distilled water to make up the final volume for the reac-
tion. We then conducted the PCR amplifications on a SimpliAmp Thermal Cycler (Applied 
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Biosystem, USA) with the following protocol: pre-denaturation for 5  min at 95  °C, 35 
cycles of denaturation at 95 °C for 1 min, annealing at 50–55 °C for 30 s (annealing tem-
perature of each primer pair in Table S3), elongation at 72 °C for 1 min and a final elonga-
tion at 72 °C for 10 min.

We ran the final PCR products on 1.5% agarose gels in 1X TBE buffer for electrophore-
sis to verify if the gene fragments were amplified correctly. We then purified our samples 
with rAP (rAPid Alkaline Phosphatase with Exonuclease 1), using 10  µl of PCR prod-
ucts and 4 µl of rAP mixture. Sequencing was carried out with the BigDye™ Terminator 
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific; Gangnam, Republic of Korea) in 
an Applied Biosystems DNA Analyzer (3730/3730xl, Thermo Fisher Scientific; Gangnam, 
Korea) by Cosmo Genetech Corp. (Seoul, Republic of Korea). Sequencing was conducted 
in both forward and reverse directions, and we deposited all sequences generated in this 
study in Genbank (see accession number in Table S1).

Designation of datasets

We prepared two types of datasets to answer different questions, one focusing on clades in 
East Asia in general and the other restricted to the northern clades of S. raddei. The two 
objectives were: (i) resolving the phylogenetic relationship, population structure, molecular 
dating and ancestral range of S. raddei across the totality of its range. To do so, we created 
a dataset of East Asian S. raddei, including a total of 293 mtDNA CR sequences (893 bp), 
combining our Mongolian and Russian samples (N = 108) with Genbank sequences 
(N = 185) retrieved from the literature (Dong et al. 2012) and originating from China. (ii) 
Resolving the phylogeny, past population dynamic and pattern of release calls within the 
northern clades of S. raddei. For this question, we relied on two datasets, one comprising 
2,226 bp from the concatenated CR-12S rRNA-16S rRNA-COI fragments (N = 53) and the 
other comprising 1,882 bp from the concatenated CR-12S rRNA-COI fragments (N = 72), 
including samples from the northern clades ranging from Mongolia to Russia.

Phylogenetics and haplotype network analyses

We analysed and trimmed all sequences for accuracy with Geneious v.11.0.4 (Kearse et al. 
2012). We assembled and aligned the sequences for each gene fragment using Clustal W 
v.2.0 (Larkin et al. 2007). The final lengths of each gene fragment were 369 bp for 12S 
rRNA, 473 bp for 16S rRNA, 893 bp for CR, and 491 bp for CO1.

We computed the unique haplotype number and haplotype diversity (H) for the East 
Asian and the northern clades datasets using DnaSP v5.10.1 (Librado and Rozas 2009). 
Here, we distributed the haplotypes from the CR fragment for all of East Asia into six 
groups based on geographic information. The groups were (Fig. 1): (i) northern range—
Mongolia and Transbaikal (N = 105), (ii) northeastern range—Amur River Basin (N = 69), 
(iii) central range—steppes of the Gobi Desert (N = 38), (iv) southeastern range—north-
ern Yangtze (N = 35), (v) southern range—Sichuan Basin (N = 38), and (vi) southwestern 
range—pre-Tibetan Plateau (N = 8). We then computed the median-joining haplotype net-
work using PopART v.1.7 (Leigh and Bryant 2015). We repeated the analysis on the dataset 
restricted to the northern clades for the concatenated CR-12S-COI fragments (N = 70 after 
trimming). The haplotype groups were assigned to four geographic regions (Fig.  2): (i) 
Transbaikal (N = 15), (ii) Amur River Basin (N = 1), (iii) northwestern Mongolia (N = 41), 
and (iv) northcentral Mongolia (N = 13).
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To determine whether the populations experienced a spatial range expansion, constric-
tion, or stationary population history (Tajima 1989), we calculated the mismatch distribu-
tion and tested the neutrality of the CR fragment with Tajima’s D (Tajima 1989) and Fu’s 
Fs (Fu 1997) for the East Asian dataset (see details in Table S4).

To resolve the phylogenetic relationships within S. raddei, we determined the best 
sequence substitution model for each gene fragment with the Bayesian Information Crite-
ria (BIC) algorithm using Partition Finder v.2.0 (Lanfear et al. 2017). In all four mtDNA 
fragments, we recovered six partitions based on a fixed position for non–coding fragments 
and the three codon positions rule for protein coding fragments (Table S5). We then recon-
structed a Bayesian Inference (BI) tree based on the CR fragment for the East Asian dataset 
and the concatenated CR-12S rRNA-COI fragments for the northern clades dataset using 
Mrbayes v.3.1.2 (Ronquist et al. 2012). We included the Eurasian bufonid species Bufotes 
pewzowi as an outgroup for each dataset. We ran the analyses for 50 million generations 
of Markov Chain Monte Carlo (MCMC) with four independent chains. We sampled every 
1000th tree from the total trees generated and let the analysis run until the trees reached 
convergence (split frequencies value lower than 0.05). Finally, we visualized the trees using 
FigTree v.1.3.1 (Rambaut et al. 2018).

Fossil‑based molecular dating and ancestral range reconstruction

Our goals were to address two phylogeographic questions; (i) the pattern of emergence 
of modern Asian S. raddei in the Eastern Palearctic, and (ii) the pattern of continental 
radiations within the clades recovered in East Asia. Here we resolved the phylogeographic 
patterns of S. raddei across the totality of its range in East Asia. To do so, we dated the 
phylogenetic tree inferred from the CR fragment originating from the East Asian dataset 
(N = 288 after trimming).

We first specified the best substitution model for the CR fragment using the bModelTest 
package (Bouckaert and Drummond 2017). We obtained SYM/GTR as the best ranked 
evolutionary model for our dataset with the highest posterior support of 0.50% and a cumu-
lative support of 100%.

We then set three calibration points in our molecular dating estimates, established from 
the combination of both fossils and palaeogeological events as the primary source of dat-
ing calibrations. Additionally, we added secondary calibrations obtained from previous 
estimates based on the divergence time for the Chinese clades (Dong et  al. 2012). Due 
to the lack of clarity in the type and distribution of fossil of S. raddei, we selected only 
relevant fossils (Böhme and Ilg 2003; Table S6), distributed within the present and past 
range of the species, as proposed by Litvinchuk et al. (2020). The fossil selected as calibra-
tion points were: (i) the Messinian-Zanclean fossil of East Asian Bufotes raddei recorded 
in the Zhoukoudian locality in Inner Mongolia, China (7.1–5.3 Mya; Roček et al. 2011), 
(ii) the Pleistocene fossil of  B. raddei  from Beijing, China (0.126–0.78  Mya; Ratnikov 
2001), (iii) the isolation of the south western Chinese clade distributed east of the QTP 
(0.25–0.002 Mya; Dong et al. 2012), and (iv) the Qinzang movement event estimated dur-
ing the Quaternary as this phase has already been linked with the emergence of other anu-
ran clades with similar ranges (e.g. Babina pleuraden; c. 2.5–1.8 Mya; Li et al. 2012).

In order to increase number of ingroup taxa and the variability in sampling locations, 
we unified our dataset containing sequences isolated from Mongolian and Russian S. rad-
dei with sequences from clades distributed in China and retrieved from Dong et al. (2012). 
Thus, using a single CR fragment is appropriate for a first approach to the biogeography of 
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S. raddei across its entire distribution. We estimated the divergence time with the CR frag-
ment using a mixed method including relaxed and strict molecular clock models, with fixed 
and non-fixed rates of divergence for CR, based on the molecular dating methods proposed 
by Bletsa et al. (2019), and recommended by Othman et al. (2022) for Asian toads. For the 
relaxed clock, we did not specify any clock rate. Following the assumption that the fossil 
age is within its minimal range and to avoid any overestimation, we enforced a lognormal 
distribution prior to the fossil-based calibration and a normal distribution prior on the pale-
ogeological events and secondary calibrations. For the strict clock, we fixed the prior to the 
clock rate of 7.3 × 10–9, based on a divergence rate of 1.278%/Mya for the mtDNA CR of 
the Bufotes viridis subgroup, estimated by Stöck et al. (2006). The estimate is based a geo-
logical event as the main source of calibration: the formation of the Strait of Sicily discon-
necting North Africa and Sicily (c. 5.3–5.0 Mya) and resulting in the separation between 
the northern and southern B. viridis groups.

We ran a few simulations prior to the analyses to test the most appropriate tree pri-
ors. We selected the birth–death and coalescent constant models as the best tree priors 
for relaxed and strict clock methods, respectively. We computed the calibrated trees with 
BEAST v.2.6.1 (Bouckaert et al. 2019) using two independent runs of ten million MCMC 
chains. The convergence of the tree was diagnosed with Tracer v.1.7 (Rambaut et al. 2018), 
and we generated a Maximum Clade Credibility (MCC) tree by discarding 20% of the trees 
with a probability below 0.5 using Tree Annotator (Bouckaert et al. 2019) implemented in 
the BEAST environment.

We further reconstructed the ancestral distribution of S. raddei in East Asia based on the 
dated CR tree using a Bayesian approach in RASP v.4.0 (Yu et al. 2015). Here, we desig-
nated eight possible ancestral ranges (named from A to H; Fig. 3) based on the geographic 
regions of the clades across the totality of S. raddei range. We assigned each node of the 
time tree to its specific range, with the predefined ancestral range such as; (A) northern 
range; covering northwestern Mongolia to the Transbaikal region, (B) northeastern range; 
covering northern China to the Amur River Basin in Russia, (C) central range; covering the 
steppes of the Gobi, (D) southeastern range; covering the northern half of Yangtze river 
basin, (E) southern range; covering the Sichuan basin, and (F) southwestern range; cov-
ering the pre-Tibetan Plateau. We then analysed the data for each biogeographic region 
through a statistical dispersal-extinction-cladogenesis (S-DEC) analysis. Here, we inserted 
the coordinates of each estimated ancestral range (A–F) as our input data in the S-DEC 
parameters setup, and included the locations of the oldest fossil to calculate the probability 
of ancestral range for each ancestral clade. To obtain the most probable area as the range of 
ancestry for each recovered clade, we computed a Bayesian inference analysis for discrete 
areas (BAYarea; Landis et al. 2013) on the condensed time trees, with 10 million MCMC 
generations and a burn in of 500,000 generations.

Landscape, genetic connectivity and gene flow

To assess the influence of geographic factors on the genetic variation, we ran a mantel test 
between genetic (FST) and geographic distances (km) among the five groups defined ear-
lier with ARLEQUIN v.3.5.1.3 (Excoffier and Lischer 2010) using 100,000 permutations. 
We visualised the correlation between the two matrices with ORIGIN v.9.0 (Seifert 2014). 
The geographic distance was determined as the shortest distance between every two locali-
ties and was calculated in Google Earth Pro v.7.3 (Google Inc., Mountain View, CA). We 
converted the coordinates of the populations of interest into virtual points as represented 
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by the Voronoi triangulation (Manni et al. 2004). We extracted the distance matrices from 
multiple nucleotides substitution models of evolution: Jukes-cantor (JC; Jukes and Cantor 
1969), Maximum likelihood composite (Varin et al. 2011), Tamura-Nei (Tamura and Nei 
1993), Kimura-2-Parameter (K2P; Kimura 1980), FST and p-distance in the form of 100 
bootstraps of matrices.

To determine the efficiency of landscape features (i.e. Hentiyn Mountains and Gobi 
desert) as barriers among the four populations of S. raddei distributed in northern-most 
range (Mongolia and Transbaikal) and the ten populations distributed across the entire 
distribution, we calculated the possible genetic barriers using the Monmonier algorithm 
(Monmonier 1989). Here, we generated 100 bootstraps in the form of Slatkin’s matrices for 
both northern range and species entire range datasets. Finally, we computed the analyses 
for genetic barriers using the simulation of the Voronoi diagram in Barrier v.2.2 (Manni 
et al. 2004). Here, we computed the migration trajectories and gene flow rate for a total of 
165 CR fragments (1,201 bp) of S. raddei across East Asia. We designated the populations 
based on five landscape-specific clades that we categorised into: (i) Desert-grassland (n 
gene copies = 37) representing the clades inhabiting the central Asia deserts, the steppe of 
north central Mongolia and northern China; (ii) Lowland-forest (N = 27)—representing the 
clades distributed on the northern half of the Yangtze Basin; (iii) Canyon (N = 39)—repre-
senting the clades inhabiting mountain ranges (> 1000 m) surrounding the Sichuan Basin; 
(iv) Plateau (N = 18)—representing the clades distributed at the high elevation (> 3000 m) 
of the eastern QTP in southwestern part of the range; and (v) River basins (N = 44) repre-
senting the clades distributed in the Mongolian river basins, and northeastern Asia. Using a 
Bayesian coalescent approach implemented in MIGRATE-n v.4.4.3 (Beerli et al. 2019), we 
estimated the rate of mutation-scaled migration (M) under the assumption that populations 
are not in the state of migration-drift equilibrium and not under the Hardy–Weinberg Law 
(Li et al. 2017). In our analysis, we assumed the mutation rates of the mtDNA CR to be 
heterogeneous among sites using a Hidden Markov Model with the F84 mutation model. 
Our analyses included four long chains with 10 million generations MCMC chains. We 
replicated the analyses three times and summed the means obtained for Θ. We ran the com-
putation with three long chains and repeated the analyses for four replicates. We calculated 
the effective number of migrants using the relation (N m = Θ × M/2, where Θ is the muta-
tion-scaled effective population size) to enable a comparison with contemporary estimates.

Past population dynamics of northern clades

We then tested the hypothesis of range shifts in S. raddei from the western and central 
Palearctic to the eastern Palearctic during glaciations (Malakhov 2004). The population 
dynamic focusing on the Chinese clades demonstrated a weak impact of glaciations on the 
populations, with a potential northern and western glacial refugia (Dong et al. 2012). Here, 
we further examined the impact of glaciations on S. raddei across East Asia by focusing 
on the pattern of past population dynamic of the two divergent northern clades identi-
fied by the phylogeny analyses: the northwestern Mongolian clade originating from the 
southern edge of the range (Clade A) and the north central Mongolian clade originating 
from the northeastern part of the range (Clade B). The northern Mongolia-southern Bai-
kal Lake clade is also within the western most limit of S. raddei, and so allowed us to test 
the range shift hypothesis proposed by previous studies. Here, we particularly focused on 
three phases of glaciations since the last ice age period, following the palaeoecological 
timeframe proposed by Clark et al. (2009). The three phases of glaciation were: (i) prior 
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glacial: Last Glacial (c. 50 Kya) to Last Glacial Maximum (LGM; c. 22 Kya), (ii) peak 
glacial: LGM (c. 22 Kya) to end of glacial period (c.14.5 Kya), and (iii) postglacial period 
(c.14.5 Kya) to present day.

We ran a Bayesian Coalescent Skyline Plot (BCSP; Drummond et al., 2005) to deter-
mine past variations in effective population size inferred from the 1,513 bp of concatenated 
CR-COI fragments obtained from 82 individuals from the northern S. raddei clades: Clade 
A (N = 21) and Clade B (N = 61). Using a relaxed clock and a lognormal distribution, with 
the same fixed clock rate (7.3 × 10–9), we enforced the calibration points used in the molec-
ular dating section and selected the Bayesian Coalescent Constant as prior. We computed 
the analysis with a 10 million MCMC chains run and repeated the run for each clade twice. 
We assembled the trees generated using LogCombiner v.2.6.6 (Bouckaert et  al. 2019), 
diagnosed the convergence of the trees and generated the BSCP plots using Tracer v.1.7 
(Rambaut et al. 2018), implemented in the BEAST environment.

Statistical analyses for acoustic data

We calculated Spearman’s rank correlations between the averages of each call property 
and ambient temperature (Table S7). We also ran the same test for the averages of each call 
property and body condition. To acquire a body mass-based measure of body condition for 
each calling male, we calculated the residuals after regressing the cube root of the mass 
against the body length for each individual. We expressed these residuals relative to SVL 
to calculate a condition index to control for the impact of this variable on call properties in 
downstream analyses. To control for the habitat types (pond, oxbow, and lake) where the 
calling males were collected, we compared the difference in the release call and body size 
traits between habitats with a multivariate analysis of variance (MANOVA) followed by a 
Tukey HSD post hoc test to compare the pairwise differences with SVL as a covariate. The 
call properties were not adjusted by standardizing the ambient temperature as we found no 
significant relationship between temperature and release call traits (Table S7). Following 
the phylogenetic relationship that highlighted two divergent clades with eight males from 
the northeastern lineage (Clade A) and 18 males from the southern lineage (Clade B), we 
used a MANOVA to evaluate the variations in release calls between the two clades. All 
statistical analyses on the release call data were processed using STATA (Stata Corp 2017).

Results

Phylogenetic analyses and haplotype networks

The haplotype network for the CR  fragment (898  bp; N = 293; variable sites of 
sequence = 71) for Strauchbufo raddei across its whole range in East Asia resulted in 50 
haplotypes, with a diversity of 0.89 in 10 geographic regions distributed across continental 
northeast Asia (Fig. 1). Haplotypes for the populations in China diverged into two groups, 
segregated into a northern and a southern group (Fig.  1; Table  S3). Haplotypes for the 
populations in Mongolia followed the same pattern of segregation, matching with a north-
western and a northeastern group (Table S3). Similarly, Russian haplotypes distributed into 
two different geographic regions, the southeastern Baikal and the Amur River Basin groups 
(Table S3).
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Bayesian inference (BI) from the CR fragment increased the resolution of the phyloge-
netic relationship among S. raddei in East Asia, recovering seven clades (referred as Clades 
1–7; Fig. 1). Here, the clades were clustered into two groups: northeastern and southern 
(named as Group I and Group II; Table S4; matching with the dashed and solid arrows on 
Fig. 1). At the basal node, we partially resolved clade 1, represented by S. raddei in the 
northern and northeastern ranges, i.e. northwestern Khentii, Transbaikal, Shaanxi, Henan 
and Dandong in Liaoning (Bayesian posterior probability (BPP): 0.77; Fig.  1). Clade 2 
recovered S. raddei from the southern and southwestern ranges, where the distribution 
of the species is restricted to the high altitudes (2, 000 to 3,000 m elevation) of the pre-
Tibetan Plateau and Sichuan basins (BPP: 0.99; Fig. 1). We also fully resolved Group I, 
represented by the northeastern lineage and containing three clades (Clades 3, 4, 5; Fig. 1). 
The three supported clades in Group I included S. raddei in its central range, distributed in 
proximity to the Gobi Desert (Jining and southern Inner Mongolia; Clade 3; BPP = 0.99; 
Fig. 2), a clade restricted to the northeastern part of the range, occurring from Liaoning 
in northeastern China and the Amur River Basin in eastern Russia (Clade 4: BPP: 0.97; 
Fig.  1), and a clade limited to Inner Mongolia in northeastern China (Balinzuoqi, Inner 
Mongolia; Clade 5; BPP: 0.99; Fig. 1).

The second group represented the southern lineage and included two clades (Group II; 
Clades 6 and 7; BPP: 0.82: Fig. 1). Group II was a nested clade distributed in the southern, 
central, and northern range of the species. The nested Clade 6 comprised a subclade in 
proximity to the southern Gobi Desert: Jiayuguan in Gansu, Helan Mountain in Ningxia 
and Wula Mountain in Inner Mongolia, and a subclade in northcentral Mongolia covering 
localities such as Khenti, Dornod, Tov and some individuals from the northern Selenge 
River Basin (BPP: 0.86; Fig. 1). Finally, Group II also included Clade 7, restricted to the 
southern and southeastern ranges of the species, i.e. Shandong and Henan (BPP: 1.0; 
Fig. 1).

We then focused on the haplotype and phylogenetic relationships constructed from the 
concatenated CR-12S-COI  fragments in the northern areas of species’ range, distributed 
across Mongolia and Russia. The haplotype network based on the median joining method 
generated 22 haplotype groups within the four populations in the northern clades, resulting 
in a haplotype diversity of 0.8170 at 45 variable sites (Fig. 2). Here, the high-resolution 
tree highlighted two segregated lineages, divided across the western and eastern margins of 
the Hentiyn Mountains (BPP: 1.0; Clades a and b; Fig. 2). The first clade contained S. rad-
dei, predominantly distributed in the northeastern area of the species range (Clade a; BPP: 
0.96; Fig.  2). This northeastern clade included a haplotype from the Amur River basin 
(Lake Khanka) and a haplotype from northcentral Mongolia (Khentii, southeastern margin 
of the Hentiyn Mountains; Clade a; Fig. 2). The second clade recovered haplotypes ranging 
from the western margin of the Hentiyn Mountains (Upper and Lower Selenge; Table S1; 
Fig. 2) and Transbaikal (Ulan-Ude; Table S1; Fig. 2), corresponding with a northern exten-
sion of the S. raddei clade originating from the southern areas of species’ range (Clade b; 
BPP: 0.56; Fig. 2).

Population structures in northeast Asia

The neutrality tests found a negative Tajima’ D in four clades: (i) northwestern Mon-
golia (Tajima’s D = − 0.140;  p = 0499; Table  S4), (ii) northeastern Asia (Tajima’s 
D = − 0.646; p = 0.270; Table S4), (iii) Sichuan basin (Tajima’s D = − 0.862, p = 0.202; 
Table S4) and pre-Tibetan Plateau (Tajima’s D = − 0.933, p = 0.260; Table S4). These 
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results highlighted an observed frequency of polymorphism lower than expected, and 
indicated a population size expansion. Additionally, a test for historical population 
expansion suggested an excess of low-frequency alleles in all populations distributed 
in East Asia, except in the Amur River Basin population (Fu’s Fs: − 1.588, p = 0.181; 
Table S4).

Molecular dating

Overall, our divergence time estimates from both relaxed birth–death and strict coa-
lescent methods were consistent, indicating a small effect of priors. Both methods 
resulted in trees with similar topologies, at the exception of the sister relationship 
between the clades from the pre-Tibetan Plateau and central China, which were para-
phyletic in the strict coalescent constant tree (Table 1). This, however, did not affect 
the consistency of other recovered clades, as the placement of crown clade members 
across stem groups were coherent in both trees.

The dated tree indicated a deep split between the two main clades, with a divergence 
between the northeastern-and southern-lineages dating from the Middle Miocene c. 
13.77–9.48  Mya (Table  1; Fig.  3). The earliest emergence of S. raddei in East Asia 
may have originated from northeastern China, from where this lineage radiated in the 
Amur River Basin and dispersed over western and northern Mongolia, the Transbaikal 
regions, and the eastern part of Gobi (Late Miocene; c. 7.14 [HPD 95%: 4.88–10.44]; 
see relaxed clock estimation in Table  1; Fig.  3). Subsequently, a lineage originating 
from the southern part of species’ range may have emerged (Late Miocene; c. 6.84 
[3.48–2.63]  Mya; Table  1; Fig.  3), containing the clades currently restricted to the 
Sichuan basin, northern Yangtze river, southern Gobi and northern Mongolia (Table 1; 
see southern lineage in Fig. 3).

Within the northeastern lineage, near-simultaneous Pliocene radiations may have given 
rise to the crown clade in northeastern China (c. 4.84 [8.25–5.70] Mya; Table 1; Fig. 3) 
and those in close proximity to the eastern Gobi (c. 4.25 [2.02–5.96] Mya; Table 1; Fig. 3). 
During the Pleistocene, the clade distributed in the Amur River Basin radiated across 
northcentral Mongolia and the Transbaikal (c. 2.50 [1.20–3.93]  Mya; Table  1; Fig.  3). 
Later, the clade restricted to the pre-Tibetan Plateau may have expanded to the Sichuan 
basin in the Mid-Pleistocene (c. 1.87  [1.03–2.62] Mya; Table 1; Fig. 3).

The divergence within the southern lineage may have occurred as early as the Lower 
Pliocene (4.36 [2.10–7.02] Mya; Table 1; Fig. 3), resulting in three crown clades that 
predominantly inhabiting the Sichuan basin canyons and the steppes of the Gobi. Dur-
ing the mid-Pliocene, vicariance of S. raddei in the southern Gobi (i.e. Inner Mongolia 
and Shaanxi) resulted in the formation of the first crown clade, inhabiting the steppe 
and canyon landscapes (c.3.55–2.61 Mya; Table 1; Fig. 3).

Concurrently, the second crown clade corresponding to the southern range of S. 
raddei, that distributed in eastern Gansu and Shaanxi, dispersed towards the south-
ern Gobi and colonised the western margin of the Mongolian Plateau and south east-
ern Baikal c. 2.60 [1.15 – 3.72] Mya (see strict clock estimation; Table  1; Fig.  3). 
Another dispersal event most likely triggered the formation of the third crown clade 
that colonised the lowland forest landscape and became restricted to the southeastern 
area of the species’ range (i.e. Henan and Shandong) during the Late Pliocene (c. 0.78 
[2.34–0.49] Mya; Table 1; Fig. 3).
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Pattern of gene flow in northeast Asia

The Migrate analysis of the CR fragment estimated a high effective population size (ϴ) 
of females among the clades inhabiting the canyons in the southern part of the range 
(mean ϴ = 0.035 [HPD 97.5%: 0.025–0.047]; Table 2; Fig. 4), and the clades inhabit-
ing the steppes of Gobi Desert (mean ϴ = 0.035 [HPD 97.5%: 0.022–0.042]; Table 2; 
Fig.  4). The number of female immigrants per generation (M) showed a bidirectional 
pattern (effective gene flow) in some clades distributed across landscapes. The three 
effective gene flow events across the landscapes included: (i) from the southern Gobi 
Desert and the central Mongolian steppes to the Selenge River basin in Mongolia, the 
Transbaikal and the Amur River Basin (average M steppe to river basin = 7.819; Table  2; 
Fig.  4) and vice versa (average M river basin to steppe = 5.529; Table  2; Fig.  4), (ii) from 
the southern Gobi steppes to the canyons of Sichuan Basin, Shanxi and Gansu (M 
steppe to canyon = 4.029; Table 2; Fig. 4) and vice-versa (M canyon to steppe = 2.881; Table 2; 
Fig.  4), and (iii) from the Amur river basin to the canyons of the Sichuan Basin (M 
river basin to canyon = 4.723; Table  2; Fig.  4), and vice-versa (M canyon to river basin = 1.834; 
Table 2; Fig. 4).

Landscape and genetic barrier

Here, we obtained positive correlations for both geographic distance and landscape con-
nectivity with the genetic structure of S. raddei across the range of the species, and for 
the northern clades specifically (Fig. 5). We determined two significant genetic barriers 
within East Asia: (i) a longitudinal barrier segregating the populations distributed in 
the southern area of the species’ range, including the Sichuan Basins and northern half 
of Yangtze river from populations distributed in the central and northern part of the 
range such as Mongolia and Russia (Bootstrap support 100%; Fig. 5A), (ii) a latitudinal 
barrier isolating the pre-Tibetan Plateau population of S. raddei from other populations 
within its range (SWC; Bootstrap support 80%; Fig. 5A).

Additionally, the barrier analysis focusing on the four northernmost populations in 
Mongolia and Russia found a significant barrier located on the Hentiyn Mountains, a 
section of the Mongolian Plateau ranges. The mountains connect with the Yablonovy 
range in the Transbaikal area, segregating the northwestern Mongolian populations 
(northern Gobi) from populations distributed in the river basins of the Baikal, and Amur 
(NWM; Bootstrap support 80–100%; Fig. 5B).

Furthermore, the Mantel test showed a significant pattern of isolation by distance 
among the East Asian populations of S. raddei (R = 0.144; Fig. 5B). The same positive 
correlation between genetic and geographic distances was displayed by the northern-
most populations of S. raddei, particularly the ones distributed in northwestern Russia, 
northern Mongolia, eastern Mongolia, and the Amur River Basin (R = 0.687; Fig. 5B).

Impact of glaciations on northern clades

The BCSP plot showed an expansion in the population size of the clades originating 
from the southern part of the range (Clade B) and distributed in northwestern Mongo-
lia and south east of the Baikal (Fig. 6A) during the post-glacial rebound (Fig. 6B). In 
general, we estimated the expansion of the northern clades (Mongolian and Russian) to 
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Fig. 4   Migration trajectory among the six clades of Strauchbufo raddei assigned to specific landscapes 
across the species range. a Map showing the distribution of each clade within the species range with dif-
ferent landscape features in East Asia. b Migration rates and mean theta (Θ) estimates between clades of S. 
raddei distributed across the diverse landscapes of the entire range. The migration rates showed symmetri-
cal gene flow between clades from the Gobi steppes (central range), deep valleys or canyons of the Sichuan 
Basin (southern range) and Amur River Basin (northeastern range). An asymmetrical gene flow was identi-
fied between clades distributed in the pre-Tibetan Plateau (southwestern range) and the northern Yangtze 
(southeastern range). The 95% credible interval for mean Θ is provided in Table 2
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have occurred as early as the last interglacial (LIG, 0.131 Mya; mean of 3.182; median 
of 2.256 [Upper to lower HPD 95%: 11.10–0.62]; Fig.  6B). The growth of northern 
clades then peaked c. 10,500  years before the last glacial period (pre-LGM period; 
0.037 Mya; mean of 4.396; median of 3.483 [HPD 95%; 13.828–1.058]; Fig. 6B).

In particular, the population size of the northeastern lineage (Clade A; Fig.  6B) was 
stagnant since the LIG (250 kya; mean of 410,486.79; median of 354,090.54 [HPD 
95%: 1,085,824.33–116,413.53]; Fig.  6C) until the LGM (22 kya, mean of 474,737.46; 
median of 386,578.98 [HPD 95%: 1,270,600.22–137,330.52; Fig. 6C]. The stagnancy in 
population growth was then followed by a decline during the Holocene (11 kya; mean of 
496,613.87; median of 366,671.53 [HPD 95%: 1,497,474.73–120,179.20]; Fig.  6C). In 
contrast, we demonstrated an expansion in clades of northwestern Mongolia and Russia 
(Clade B; Fig.  6D) since the last glacial period (47 kya; mean of 1,181,439.16; median 
of 482,836.78 [HPD 95%: 5,833,088.45–36,909.95]; Fig.  6D), in which the growth 

Fig. 5   Landscape barriers and isolation by distance (IBD) for the southern and northern East Asian 
Strauchbufo raddei. The mantel tests inform the IBD, as shown by the correlation between Slatkin’s genetic 
distance (FST / (1—FST) versus the geographic distance (km). The most significant landscape barriers to 
the populations in East Asia are indicated by the green arrow in the Voronoi triangulation on the maps. a 
Mantel test and barrier results for the overall population of S. raddei. b Mantel test and barrier result for the 
populations of S. raddei restricted to the northern range of the species: Mongolia and Russia. The black and 
red coloured polygons on maps show external and internal boundaries of the Voronoi cells. Each boundary 
is computed on the areas of the corresponding cells (blue and red dots) and having equal distance between 
the cells. The computation is determined using the Euclidean distance functions between the matrices of 
genetic distances and the distribution sites of S. raddei 
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Fig. 6   Bayesian Coalescent Skyline Plots for two divergent clades of Strauchbufo raddei. The y-axes indi-
cate the median estimate of effective population size (Ne) and the thin lines and shadows show the mean 
and boundary of the 95% CPD intervals. The x-axis represents the time between the Last Interglacial (LIG) 
and present. a Distribution of two segregated Clade A and Clade B at the northern limit of species range. b 
Expansion of northern clades since the LIG, peaking during the LGM and declining during the Holocene. c 
Stable growth of Clade A since the LIG and declining during the Holocene. d Expansion of Clade B since 
the LIG and until the last Glacial Maximum (LGM)
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accelerated during the LGM (15 kya; mean of 1,907,100.83; median of 1,214,645.33 
[HPD 95%: 7,977,727.33–181,780.23]; Fig.  6D), with no sign of decline in popula-
tion dynamic (present time; mean of 2,239,527.56; median of 1,297,823.30 [HPD 95%: 
9,925,896.63–183,636.13]; Fig. 6C).

Release calls variation

We recorded 105 release calls from 29 male individuals (n sites = 4; Fig. 7) with an average 
call duration of 3.62 ± 0.92 ms (between 2 and 6 calls per individual; Table S2). The call 
duration, rise time, and fall time were longer in Clade A (east of the Hentiyn Mountains; 
Table 3; Table 4; Fig. 7) than in Clade B (west of the Hentiyn Mountains; Table 3; Table 4; 
Fig.  7). The MANOVA test showed a significant variation in release calls (MANOVA; 

Fig. 7   Oscillogram, tree time and release call characteristics of Strauchbufo raddei from two divergent 
clades. The bar chart shows the geographic variations between the calls of the two lineages: the northeast-
ern clade (orange) and the southern originated clade (blue) in Mongolia and Russia. The colours on the map 
match with the colours of the bar charts. The release call characteristics that significantly differed between 
the two clades (call duration, rise time and fall time) are described in the oscillogram
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Wilk’s lambda = 0.52, F (7, 21) = 2.75, p = 0.034; Table 3) between the clades of northcentral 
(Clade A) and northwestern Mongolia (Clade B).

Considering the widespread multi-collinearity of these three call traits, we ran a factor 
analysis to determine the factors influencing the release calls (Table S8). Factor 1 showed 
a significant difference in the combination of call duration, rise time, and fall time between 
the two clades (F = 7.35; p = 0.012; Table 4), providing support for the variation found in 
the MANOVA test (Table 4), and matching with the divergence pattern of our Bayesian 
skyline tree (Fig. 7).

Discussion

We determined the presence of two segregated lineages of Strauchbufo raddei, similarly 
to the pattern found in the Chinese lineages (Dong et  al. 2012). However, rather than a 
western-eastern division (Dong et al. 2012), we refined the origin of each major lineages 
of S. raddei and determined the segregation to be between clades distributed in the north-
eastern and southern parts of the species’ range (Table 1; Fig. 3). Our dating estimates and 
the reconstruction of the ancestral range show that the oldest radiation within the north-
eastern lineage took place earlier than the radiation of the southern lineage during the Late 
Miocene (c. 7.14 [4.88‒10.44] Mya; Fig. 3) and this radiation may have been the source 
of emergence for present day S. raddei (Table  1; Fig.  3). Our age estimate for the split 
between the two major S. raddei lineages was at least 5 million years older than the previ-
ous estimate (c. 2.10 Mya; Dong et al. 2012). However, the comparison between the age 
estimates of our basal lineages split and the one calculated by Dong et  al. (2012) is not 

Table 3   Values of call properties and body traits of Strauchbufo raddei in different phylogeny clades. The 
(*) symbol denotes significantly different traits between Clade A and Clade B under MANOVA tests

Individual/call property Total Clade A Clade B F (1,27) p

N 29 10 19
Call period (ms) 293 ± 94 273 ± 66 304 ± 105 0.69 0.414
Call duration (ms)* 65 ± 14 75 ± 14 60 ± 12 9.47 0.005
Rise time (ms)* 32 ± 7 38 ± 7 30 ± 6 10.28 0.003
Fall time (ms)* 33 ± 7 38 ± 7 30 ± 6 9.61 0.004
Dominant frequency (Hz) 931 ± 132 930 ± 67 932 ± 158  < 0.01 0.979
SVL (mm) 64.49 ± 7.85 68.6 ± 6.56 62.32 ± 7.75 4.75 0.038
Body condition 0 ± 2.23 -1.03 ± 1.78 0.55 ± 2.29 3.60 0.068

Table 4   Results of MANOVA 
test using factor score from call 
properties and body traits of the 
northern clade of Strauchbufo 
raddei in different phylogeny 
clades. The (*) symbol demotes 
significance

Factors Traits F (1,27) p

Factor 1* Call duration, Rise time, 
Fall time

7.35 0.012

Factor 2 Call period 0.70 0.412
Factor 3 Body condition 2.45 0.129
Factor 4 SVL 2.63 0.116
Factor 5 Dominant frequency 0.07 0.791
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necessarily meaningful as the assignments are based on different molecular divergence 
estimates. Our study relies on fossil-calibrations, in which we have enforced the Middle 
Miocene (7–6 Mya) as our minimum age (with lognormally distributed prior) for the basal 
split between the northeastern and southern lineages. In contrast, Dong et al. (2012) solely 
enforced a coalescent model with a normally distributed prior for their tree calibration. 
Here, the timing of our basal splits within the northeastern and southern lineages was also 
supported by the oldest fossil c. 7.1–5.3 Mya recorded in Inner Mongolia (Böhme and Ilg 
2003; Roček et al. 2011). In addition, Dong et al. (2012) included a lower number of taxa 
as ingroup, mostly representing the Chinese lineage of S. raddei, whereas our study com-
bined their Chinese lineage dataset with Mongolia and Russia clades, and likely, also lead-
ing to fluctuations in the divergence time estimates.

The early diversification of the northeastern lineage may have been initiated by the arid-
ity-induced vicariance of the northeastern Asian clade in the area south of the Gobi Desert 
(Table 1; Fig. 3). These results are consistent with the hypothesis stating that the central 
Asian desertification induced the earliest divergence between Eastern and Western Palearc-
tic common toads, Bufo sp. (Othman et al. 2022). In addition, aridity-driven vicariance is 
not unusual as a speciation mechanisms for steppe dwelling species, and a similar pattern 
was described for the African lizards genus Agama inhabiting the Sahara desert (Gonçalves 
et al. 2018).

Our data support the remarkable dispersals of S. raddei (Dong et al. 2012). The clade 
currently isolated on the pre-Tibetan Plateau, i.e. southeastern Qinghai, most likely origi-
nated from the northeastern lineage and was established through long dispersals over the 
central and southern areas of the species’ range in the Late Pliocene (c. 2.60 Mya; Table 1; 
Fig. 3). However, we disagree with the previous assumption stating that the eastern lineage 
colonised the northwestern limit of the range in Mongolia and in the Baikal region (Dong 
et al. 2012; Litvinchuk et al. 2020). Rather, our results based on a better resolution of the 
northwestern range of the species provide evidence supporting a southern-originated line-
age expansion to northwestern Mongolia and southeastern Baikal. This colonisation likely 
occurred through northern China and Mongolia, possibly by crossing the steppes of the 
Gobi Desert (Late Pliocene to Pleistocene; c. 2.60 [1.15–3.72] Mya; Fig. 3).

We highlighted the Pliocene and Pleistocene as the periods of active radiations, result-
ing in the simultaneous expansion of crown clades in both southern- and northeastern-orig-
inated lineages (Table 1; Fig. 3). Similarly, the extensive uplift of the QTP, drastic climatic 
variations such as the Quaternary climatic oscillations (Othman et  al. 2022), sea level 
fluctuations (Borzée et al. 2017), and the development of the East Asian monsoon system 
impacted the dry seasons (Yuan et al. 2015), which have led to speciation, population dis-
persals and fragmentation of many animal taxa in the region (Cheng et al. 2017; Ding et al. 
2020).

Despite the strong allopatric structure between the divergent northwestern and north 
central Mongolian clades, we also found that several S. raddei individuals from the Upper 
Selenge River (northwestern clade) were clustered with the north central Mongolian clade. 
Natural dispersal is most likely restricted by the natural barrier of the Hentiyn-Yablonovy 
Mountain range (Fig. 5), and in spite of the limited exchange between populations in inter-
mountain regions, some individuals may share origins with the S. raddei from the Hentiyn 
Mountain range as the maximum altitude is 1700 m above sea levels, i.e. Khangal-Nuur; 
48°08ʹ N, 109°23ʹ E, 1326 m (Borkin et al. 2011; Kuzmin et al. 2017), and the niche occu-
pied by two mountainous populations are not necessarily distinctive (Goudarzi et al. 2019).

The biogeographic scenarios depicted in the present study are limited by the sole use 
of mtDNA markers. However, this first phylogeographic inference for S. raddei across its 
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entire range and the study with the largest sample size, variability in geographic locations 
and diversity in sampling sites. In addition, the CR marker is reliable and it is consistently 
used to support divergence dating estimates in Asian bufonids (Hu et al. 2007; Dong et al. 
2012; Yu et al. 2014; Borzée et al. 2017), highlighting the reliability of our result and the 
genetic diversity in S. raddei. Despite the discussion regarding the use of a fixed rate of 
divergence in CR as estimated by Stöck et al. (2006) to calibrate the phylogeny of bufonids 
(Dufresnes et al. 2019), our preliminary results show that the combination of a fixed rate of 
divergence and mixed clock models were reliable. The divergence time range provided by 
the strict clock with the fixed rate model was higher only at the basal node, and the datation 
of the clades’ diversification were mostly consistent with relaxed clock models (Table 1). 
Additionally, our methodological refinement for the mtDNA gene divergence dating were 
supported by: (1) primary calibrations sourced from fossils evidence and geological events, 
(2) comparable biogeography patterns of closely related Asian bufonids species and (3) 
comparative choice of molecular clocks and tree priors in Bayesian molecular dating, 
allowing our conclusions to serve as a foundation for future validation using multilocus 
strategies.

Refugia in northwestern Mongolia

The BCSP plot showed a stable past population dynamic in the northeastern lineage since 
the last interglacial period (Clade A; Fig. 6C). This result is in agreement with the earlier 
assumption that Eastern Palearctic S. raddei were weakly affected by glaciations (Malak-
hov 2004; Dong et al. 2012). In comparison, the northwestern Mongolian clade is charac-
terised by a post-glacial expansion of the southern-originated lineage (Clade B; Fig. 6D). 
This pattern supports the hypothesis of multiple refugia and potential secondary contact 
with S. raddei populations in China (Dong et al. 2012). Northwestern Mongolia was most 
likely one of the refugia for populations originating from the southern clade (Fig. 6). Plau-
sibly, the species expanded to the northwestern limit of its current range during the post-
glacial period (Clade B; Fig. 6D), and became isolated in the western margin of the Hen-
tiyn Mountain range, where the Selenge River Basin provided a refugium. This is reflected 
by variations in ecological preference, with S. raddei inhabiting a wide diversity of land-
scape and environments, although occurring close to permanent water sources in dry areas 
such as steppes (Terbish et al. 2006).

We were not inable to secure nuclear data to compare with the mitochondrial results, 
but we highlights the possible presence of mitonuclear discordance, and especially for the 
isolated clade originated from the southern lineage and inhabiting new types of habitat 
(present time northwestern Khentii and Transbaikal). This clade is most likely to have rap-
idly adapted through radiation (Clade B; Fig. 6), and rapid diversifications in an isolated 
or refugium population can result to cytonuclear discordance in anurans (Dufresnes et al. 
2020).

Effect of mountains barrier

Although distance is playing a role in the divergence between clades in northwestern Mon-
golia and the southeastern Baikal region, and northern-central Mongolia until the Amur 
River Basin (Fig. 5B), landscape elements had a larger impact in limiting the genetic con-
nectivity across East Asia (Fig. 5A). The low effective population size for females of the 
southern clades, with the eastern clade inhabiting lowland forest and the southwestern 
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clade distributed on the eastern QTP (range of ϴ = 0.003–0.004; Table 2; Fig. 4), reflects 
a high homozygosity resulting from an important genetic drift between those two popula-
tions. However, the limited gene flow to the southwestern populations is expected due to 
the high mountains (Fig.  5), a limitation to connectivity observed in other anurans dis-
tributed in the eastern QTP, such as Kaloula frogs (Othman et al. 2021). The difference in 
elevation may also limit the genetic connectivity between the southeastern clade in lowland 
forests (< 800 m) and the clade in medium to high altitude canyon in Shaanxi and the sur-
rounding areas (1000–2000 m) in northern China.

The Gobi Desert as a receiver of immigration?

The aridification of the Gobi Desert predates the dispersion of S. raddei to northwestern 
Mongolia (Barbolini et al. 2020), and our dating estimates indicate a dispersion over the 
Gobi Desert as early as the Pliocene, c. 4.36 [2.10–7.02] Mya (Table 1; Fig. 3), during a 
warmer period than today’s climate (Haywood et al. 2016). The colonisation of northern 
Mongolia by this clade is likely to match with the species’ distribution during the last gla-
cial refugia, presumably the present-day northern Gobi, as the divergence time matches 
with the earliest ice-age c. 2.60 [1.15–3.72] Mya (Table 1; Fig. 3). The time estimates are 
also consistent with the establishment of the modern Gobi Desert during the Late Pliocene 
(c.2.6 Mya), when the shift in air surface circulation and the changes in the Asian monsoon 
due to QTP uplift (Lu et al. 2019) are likely to have driven northward dispersions.

Contrary to the expected effect of grasslands as a barrier to amphibians’ dispersion 
across biomes (Rittenhouse and Semlitsch 2006), the Gobi Desert played the role of a 
dispersal corridor for the southern-originated clade inhabiting canyons (mountain-range; 
1000–2000  m; Fig.  4). Here, we demonstrated that S. raddei dispersed across the Gobi 
Desert, and similar patterns of long-distance dispersion are found in other central Asian 
desert species (Ito et al. 2006; Kessler et al. 2013). However, it is important to note that 
the Gobi Desert at the time of dispersal was not as it is currently, which is now a barrier to 
amphibian dispersion.

Local adaptation

In contrast to most landscape restricted clades in the southwestern area of the species 
range, we found a weak effect of landscape barriers within the northern populations of S. 
raddei. We detected a high level of gene flow in northern populations across a variety of 
landscapes including the riverine system of the Baikal Lake and Selenge River, and the 
steppe and grassland east of the Gobi Desert (Fig.  4). Hence, the weaker impact of ice 
age glaciations on East Asia is not the only explanation for the survival of S. raddei in 
the region. A combination of factors such as variation in ecological characteristics, disper-
sal capacity and habitat preference might have contributed to the genetic diversity of the 
clades, which may have helped modern Asian S. raddei adapt and survive in several bio-
topes (Lei et al. 2014). Similarly, a high genetic diversity also facilitated the survival of the 
Italian B. bufo during the Pleistocene climatic oscillations (Chiocchio et al. 2021).

Extreme environments tend to promote local adaptation in bufonids (Luquet et al. 2015; 
Yu et  al. 2019). Due to their limited dispersal ability over high physical barriers (Cay-
uela et  al. 2020), the S. raddei clades isolated in the pre-Tibetan Plateau (southwestern 
China) had to adapt to high-altitude habitat (Yu and Lu 2012). Similarly, while herpeto-
logical diversity in deserts is low due to high temperature and aridity, and especially in 
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Mongolia (Munkhbayar and Munkhbaatar 2012), S. raddei is distributed over the Gobi 
Desert (Fig. 4). The clade has adapted to the environmental conditions and predations in 
grassland, as testified by its specialised morphology and skeleton (Kuzmin and Ischenko 
1997) and its specific escape behaviour from predators. The resistance to other landscape 
features generally detrimental to amphibians, such as water conductivity further supports 
the behavioural and physiological adaptation of S. raddei (Borzée et al. 2021a).

Additionally, the potential adaptive introgression with extinct species highly similar 
to S. raddei (Syromyatnikova 2015) could have facilitated the adaptability of S. raddei to 
diverse biotopes. Adaptive introgression with ‘ghost’ species is not uncommon in species 
adapted to extreme conditions, such as the high-altitude of the QTP (Wang et al. 2020).

Release calls as a signal of demographic history?

In opposition to previous findings showing that the structure of release calls is not phy-
logeographically informed in Pelobates toads (Stănescu et  al. 2019), our results provide 
evidence of variation in release calls between the two focal northern clades (Fig.  7). In 
previous studies, advertisement calls were the call type generally matching with phyloge-
netic lineages (Jang et al. 2011; Borzée et al. 2020), and they are critical for individuals to 
identify conspecific animals (Chuang et al. 2016). This type of premating isolation results 
from advertisement calls being under sexual selection, which is not the case for release 
calls. However, the phylogenetic segregation of release calls in this study is matching with 
the pattern of post-glacial expansion found in the northwestern clades (Clade B; Fig. 6D).

Our data provided support in the importance of phylogenetic variables for acoustic traits 
(Forti et al. 2017). Males of Clade A had a significantly higher call duration, rise time and 
fall time than those of Clade B (Fig. 7), indicating that the two clades have segregated phe-
notypic and behavioural traits, most likely related to the environment and landscapes. The 
segregation in release calls shows that the northwestern S. raddei clade dispersed to the 
northern refugium and became isolated in the moist steppe of the Selenge River and Baikal 
Lake on the western side of the Hentyin Mountains (Fig. 7).

Conclusions

Our biogeographic reconstruction for the Mongolian toad Strauchbufo raddei across the 
species range resolved the pattern of emergence into the Eastern Palearctic c. 11.63 Mya, 
followed by the separation between northeastern and southern lineages. We highlighted 
that the radiation within the northeastern lineage likely resulted from a desertification-
induced vicariance in the northern Gobi in the Late Miocene, c. 10.00–7.14 Mya, followed 
by dispersals across the central and southern parts of the species range in the Plio-Pleisto-
cene. Subsequently, vicariance and dispersal triggered the emergence of the southern line-
age in the Sichuan Basin c. 6.84–2.63 Mya. We found a significant impact of the northern 
glacial refugia within the southern lineage, as the clades inhabiting the Sichuan Basin may 
have colonised the steppes of the Gobi 6.84 [3.48‒2.63] Mya and expanded into north-
western Mongolia during the earliest ice age. We emphasised the presence of effective 
gene flow within the northeastern lineage, especially in clades inhabiting the steppes of the 
Gobi, Sichuan canyons and Amur River Basin. In contrast, the mountainous range of the 
pre-Tibetan Plateau and forested landscapes of the northern Yangtze may have restricted 
the migration of clades in the southwestern and southeastern sections of S. raddei range. 
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Through comparative population dynamics, acoustic analysis and phylogeographic resolu-
tion focusing on the northern clades, we clarified that the northern glacial refugia contrib-
uted to the allopatric separation in release calls between the populations distributed across 
the western and eastern margins of the Hentiyn Mountains in Mongolia.
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