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Abstract
The phylogeography of the Kaloula genus in East Asia is still poorly understood. One of the difficulties is the
absence of fossils to corroborate molecular dating estimates. Here, we examined the mitochondrial structure of
Kaloula spp. in East Asia and focused on the impact of glaciations on the northernmost species: Kaloula borealis.
We determined the phylogenetic relationships, molecular dating, and genetic connectivity assessments within the
genus from 1211 bp of concatenated mitochondrial 12S and 16S. The relaxed clock analyses reveal the emergence
of Kaloula spp. common ancestor in East and Southeast Asia between the Eocene and Oligocene, c. 38.47 Ma
(24.69–53.65). The genetic diversification of lineages then increased on the East Asian Mainland during the Lower
Miocene, c. 20.10 (8.73–30.65), most likely originating from the vicariance and radiation triggered by the orogeny
of the Qinghai–Tibetan Plateau. Later, the dispersal towards the North East Asian Mainland during the Upper
Miocene drove the population diversification of K. borealis c. 9.01 Ma (3.66–15.29). Finally, the central mainland population became isolated following orogenesis events and diverged into K. rugifera during the Pliocene,
c. 3.06 Ma (0.02–10.90). The combination of population genetic and barrier analyses revealed a significant genetic isolation between populations of Kaloula spp. matching with the massive Qinling–Daba Mountain chain
located in south-central China. Finally, we highlight a young divergence within the Eastern Mainland population of
K. borealis, possibly attributed to refugia in south eastern China from which populations later expanded.
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INTRODUCTION
Geological and paleoclimatic variations have influenced population connectivity and had a strong impact

© 2021 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

1

S. N. Othman et al.

on speciation processes (Hewitt 2000; Knowles 2001).
Geological movements can result in the creation of barriers to dispersion such as rivers, seas, and mountains,
potentially leading to the divergence of clades (Valero
2015). In East Asia, the collision between the Indian
and Eurasian plates (Lower Cretaceous) resulted in the
first phase of the Qinghai–Tibetan Plateau (QTP) uplift
event (Eocene; 45.00–35.00 Ma; Favre et al. 2015), which
in turn gave rise to the formation of adjacent mountain
ranges during the Pliocene (Cheng et al. 2017). The resulting landscape features created a new environment and
triggered the early divergence of amphibian taxa during
the Miocene (c. 8.00 Ma; Li et al. 2015). For instance,
the toads Bufo spp. in East Asia were hypothesized to
have originated from the Miocene vicariance resulting
from the last phase of QTP tectonic uplift (10 Ma; Macey
et al. 1998). Another orogenic belt acting as a boundary
to the genetic connectivity of amphibians in East Asia
is the Qinling–Daba mountains (Hu & Jiang 2018). The
initial formation of the Qinling Mountains resulted from
the late Paleozoic-Triassic collision of 2 plates, the North
China and Yangtze plates, occurring between Mid and
Upper Proterozoic (1000 Ma; You et al. 1993). The subsequent built-up of the Qinling mountain resulted from
the continuity of tectonic activities during the Mesozoic (130.00 Ma; Dong et al. 2018), until a rapid final
phase of landform deformation giving rise to the West
Qinling mountain chain during the Miocene (c. 14.00–
4.20 Ma; Ge et al. 2012). The East Asian Kaloula lineage is distributed at a broad range of elevations (Chen
et al. 2008), with low (Khatiwada et al. 2019) and midaltitudes species (>1300 m; Zhao et al. 1989; Cruz et al.
2019), and thus provides an adequate study system to elucidate the impact of the Miocene orogenesis in East Asia
on amphibian radiation.
Studies focusing on Asian microhylids (Van Bocxlaer
et al. 2006; Van der Meijden et al. 2007) postulated
that the family radiated from the Indian sub-continent,
after the Gondwanan break down (Cretaceous: 100.00–
65.00 Ma). These results support the hypothesis stating
that the Australian and Southeast Asian microhylids
originated from India (Savage 1973). In opposition,
these results reject the alternative hypothesis involving
dispersion out of Gondwana and into Southeast Asia
(Lower Cretaceous, c. 100.00 Ma: Hass et al. 1993; Feller
& Hedges 2001). The collision between the Indian and
Eurasian plates connected both continents between the
Upper Cretaceous and Lower Eocene (70.00–52.00 Ma;
Kurabayashi et al. 2011; Garg & Biju 2019), resulting
in an out of India and into Eurasia pathways for Asian
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microhylids. A definitive answer potentially supporting
multiple hypotheses is needed to clarify the phylogeographic patterns of this understudied family, especially in
East Asia.
The genus Kaloula (Gray 1831) represents the Asiatic subfamily of Microhylinae (Zhou et al. 2011). In
East Asia, the genus is monophyletic for K. verrucosa,
K. rugifera, K. borealis (Fei et al. 2009) and the recently
described K. nonggangensis (Mo et al. 2013). Despite the
well-identified phylogenetic relationship (Tu et al. 2018),
the East Asian Kaloula genus suffers from limited phylogeographic insights and divergence dating estimates. The
relatively shallow literature especially contrasts with the
well-explored East Asian amphibians, such as Microhyla
(Tominaga et al. 2019; Gorin et al. 2020), Dryophytes
(Dufresnes et al. 2016; Borzée et al. 2020), Bufo (Fu et al.
2005; Borzée et al. 2017), Bombina (Fong et al. 2016),
and Rana (Zhou et al. 2012; Yang et al. 2017). These
shortcomings arise from the difficulty in sampling the
taxon, the few sequences available from public databases
(Frost et al. 2006), and the absence of fossil evidence
(Marjanovic & Laurin 2007).
Paleoclimatic variations in the Northern hemisphere
resulted in glacial maxima, which tended to drive the
species further south and increase the geographic speciation between sub-populations (Davis & Shaw 2001;
Provan & Bennett 2008). For instance, most of the recent divergences within amphibian clades on the North
East Asian Mainland are in contrast related to the presence of the Yellow Sea and paleoclimatic variations, generally due to the absence of significant elevational barriers (Lee et al. 2000; Qian & Ricklefs 2000; Serizawa
et al. 2002; Aizawa et al. 2007; Zhang et al. 2008; Bai
et al. 2010; Ding et al. 2011; Borzée et al. 2017). While
glaciations have induced a southern range shift of populations into refugia (Aizawa et al. 2012), they also have lowered sea levels and enabled gene exchange between the
Asian Mainland, the Korean Peninsula and the Japanese
Archipelago (Fairbanks 1989; Park 1994; Kim & Kennett
1998; Ijiri et al. 2005). Recent divergences of some amphibian species distributed both on the Korean Peninsula
and the Asian Mainland also reflect the impact of ice ages
deglaciation on promoting the population expansion towards the northern latitudes and the rise of Yellow Sea
level on the isolation of the Korean populations. Some of
the species showing this pattern are Dryophytes japonicus (Dufresnes et al. 2016) and Bufo gargarizans (Borzée
et al. 2017).
Here, we first focus on the phylogeography of Kaloula
spp. in East Asia, then we concentrate on K. borealis as it
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Figure 1 Parsimony-based haplotype network of concatenated mtDNA 12S-16S (1211 bp) of Kaloula spp. (n = 49) across its distribution in East Asia and Southeast Asia. In the haplotype network, each circle represents a haplotype, coloured following the population
colour code, and each line between the circles represents a single mutational step. The size of the haplotypes is drawn proportionally
to their frequencies and the small black circles represent missing intermediate haplotypes.

is the northernmost species of the genus and present over
one of the largest ranges (IUCN SSC Amphibian Specialist Group 2020). As the species is distributed around
the Yellow Sea, we expected it to have dispersed over
landbridges before being isolated in numerous occasions
over evolutionary times. Here, we tested the impact of the
Miocene orogenesis on the genetic diversification of East
Asian Kaloula spp. and then examined whether the mitochondrial diversity in K. borealis is consistent with the
cryptic divergence events found in other North East Asian
anurans.

MATERIALS AND METHODS
Fieldwork
Molecular samples were collected in 2017 and 2018 in
Korea (n = 7; permits 2018–026) and in China (n = 7;
all animal sampling approved by the College of Biology and the Environment of Nanjing Forestry University; Fig. 1; Table S1, Supporting Information). To ensure
non-invasive genetic sampling, all animals found alive
were orally swabbed (n = 11; cotton-tipped swab; 16H22,
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Medical Wire; Corsham, UK; Broquet et al. 2007) and released at the point of capture, and other remaining samples originated from roadkills (n = 3). All samples collected were stored at −20°C within 48 h of collection and
until DNA extraction.

Molecular analyses
Genomic DNA was extracted from tissues and swab
samples with the DNeasy Blood and Tissue Kit following the instruction of the manufacturer (Qiagen
Group, Hilden, Germany). We then designed the 12S and
16S primer pairs based on homologous sequences with
Primer3 v.0.4.0 (Untergasser et al. 2012), modified from
universal primers used in closely related studies (accession number: JX678897; Matsui et al. 2011, and accession number: JX678909; Blackburn et al. 2013). The final
primers used were: KB12SR (5 -GGA GCT GGT ATC
AGG CAC AG-3 ) and 12KBSR (5 -TGC GT TGA AGA
GGC TGA CG-3 ) for 12S ribosomal RNA; and KB16SF
(5 CAA GGC ATT TAG TTT GAC CCC C-3 ), and
KB16SR (5 GGA TTG GTC CTT TCA TCG TGG A-3 )
for 16S ribosomal RNA. For both primer pairs, we amplified DNA through PCRs with a total volume of 20 μL per
tube, containing 35 to 50 ng/μL of template DNA. The
final concentration of the other PCR reagents was such
as: 0.125 μM for each forward and reverse primer, 1x Ex
taq Buffer (Takara; Shiga, Japan), 0.2 mM of dNTPs Mix
(Takara; Shiga, Japan), 1.875 mM of magnesium chloride
(MgCl2 ), 0.1 unit/μL of Ex taq (HR001A, Takara; Shiga,
Japan), and double distilled water added to make up the
final volume. Both mtDNA fragments targeted were amplified with the following PCR thermal profiles: (1) 5 min
at 90°C for pre-denaturation; (2) 1 min at 95°C for denaturation; (3) 30 s at 55°C for 12S and 1 min at 48°C
for 16S for annealing; (4) 1 min at 72°C for elongation,
with the stages 2 to 4 repeated for 35 cycles, and followed
by (5) a final elongation at 72°C for 5 min. PCR reactions were performed in a SimpliAmpTM Thermal Cycler
(Applied Biosystems, USA). Products were visualized on
1.5% agarose gel loaded with 3 μL of PCR products, run
on an Agaro-PowerTM System (A-7020, Bioneer; Republic of Korea), and visualized with a nucleic acid Bioimaging Instrument Blue Illuminator (NeoScience; Republic
of Korea) using TopGreen Nucleic Acid 6x Loading Dye
(GenomicBase, Republic of Korea). Samples were sent
for purification and sequencing for both forward and reverse directions by Cosmogenetech (Cosmogenetech Co.,
Ltd., Seoul, Republic of Korea). These sequence data
have been submitted to the GenBank databases under
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accession number MK078741-MK078757 (Table S1,
Supporting Information).

Haplotype network and phylogenetic analyses
The 14 sequences obtained for 12S (655 bp) and 16S
(764 bp) were trimmed with Geneious R11 (Kearse et al.
2012) before being aligned with Clustal W (Thompson
et al. 1994). The alignments were complemented by
50 homologous sequences obtained from Genbank
(Table S1, Supporting Information; Zhang et al. 2005;
Frost et al. 2006; Wollenberg et al. 2008; Kurabayashi
et al. 2011; Matsui et al. 2011; Li et al. 2012; Hwang &
Lee 2012; Blackburn et al. 2013; Zhang et al. 2013; MaiaCarvalho et al. 2014; Nie & Cao 2016; Peloso et al. 2016;
Wu et al. 2016; Jiang et al. 2017; Machado et al. 2018;
Wang et al. 2018; Han et al. 2019; Tominaga et al. 2019).
We determined the haplotype groups (n taxa = 49) based
on the geographic distributions of the taxa and computed
the haplotype analyses on a total of 1211 bp originating
from the concatenated 12S and 16S fragments, in DNAsp
v.5 with default parameters (Librado & Rozas 2009).
Next, we selected a Median-Joining algorithm to infer the
haplotype network using PopART v.1.7 (Leigh & Bryant
2015) and Network v.5.0 (fluxus-engineering.com;
Bandelt et al. 1999).
The best nucleotide substitution models were computed through Partition Finder v.2.0 (Lanfear et al. 2017)
using a Bayesian Information criterion (BIC) with unlinked branch length and a greedy search algorithm to
select the best partitioned models of evolution fitting “mr
bayes” run. We partitioned the concatenated sequences
into 2 subsets based on the position of the gene fragments.
The best-fitting model was determined to be GTR + G
for 12S and 16S. We then constructed phylogenetic trees
for each gene fragment and the dataset of concatenated
12S-16S genes using the Maximum Likelihood (ML)
approach performed in RaxML-NG v.0.9.0 (Kozlov et al.
2019) and IQTREE (Nguyen et al. 2015). We also reconstructed the phylogenetic tree under a Bayesian Inference
approach (BI) performed in Mr Bayes v.3.2.6 (Ronquist
& Huelsenbeck 2003). The ML analyses were computed
with a partitioned model (Chernomor et al. 2016) following empirical equilibrium frequencies and an alRT
SH-like likelihood with ultrafast approximation (Minh
et al. 2013) until reaching a supported tree within 1000
bootstraps. For Bayesian analyses, we ran 2 independent
Markov Chain Monte Carlo for 50 million generations,
with sampling every 1000 generations after discarding the
first 1 million generations as burn-in. We determined the
convergence of the parallel runs by standard deviations

© 2021 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

Miocene radiation in Kaloula spp.

Figure 2 Combined rooted Maximum Likelihood and Bayesian Inference phylogenetic trees. The reconstruction of tree was based on
mtDNA fragments of 76 microhylids and outgroups, with emphasis on Kaloula spp. in East Asia. The number at the nodes represents
the Bayesian Posterior probability and value between parentheses below indicates the Maximum likelihood standard bootstrap support
(in %).

for split frequencies <0.01. We checked the stationary of
the likelihood scores and effective sample sizes (ESS) for
all parameters in Tracer v.1.7.1 (Rambaut et al. 2018).
We also included the Southeast Asian Kaloula spp. as
ingroups to examine the patterns of interspecific variation
within these 2 regions.

Population genetics and barrier analyses
We defined 7 populations of East Asian Kaloula spp.
based on their geographic location and the topology
of the reconstructed phylogenetic trees (Figs 1 and 2).
The populations of K. borealis included 2 subclades, on
both sides of the Yellow Sea (Korean or Eastern East
Asian subpopulations on Table 1). To test for historical
population expansions, we estimated Tajima’s D (Tajima
1989) and Fu’s Fs (Fu 1997) for the 12S and 16S gene

fragments separately and concatenated 12S-16S fragments. Negative values can be respectively interpreted as
evidence of population expansions and excess of recent
mutations resulting in the rejection of population stasis.
We conducted a mismatch distribution analysis (Rogers
& Harpending 1992) and calculated the Ramos-Onsins
and Rozas (R2 ) statistic (Ramos-Onsins & Rozas 2000).
This analysis compares empirical (observed) and theoretical (expected) simulations under the assumption that
population sizes are constant, and highlights variations in
population size as a result. All statistical analyses were
computed in Arlequin v.3.5.2.2 (Excoffier & Lischer
2010) with 10 000 simulated repeats.
We tested for isolation by distance (IBD) analyzed
through a Mantel test to correlate geographic and genetic distances (Slatkin’s FST ). The analysis was based on
2 different datasets: (1) all 7 populations of East Asian
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Southern
(n = 3)

Southeast Mainland
Asian
(n = 5)

7

3

Central
(n = 3)

Sundaland
(n = 8)

3

Eastern
(n = 10)

East
Asian

13

1

Korean
(n = 6)

Lineage

Philippines
(n = 14)

Sub-population/ n
sample size (n) hap

0.0007 ± 0.001 0.236

0.911 ± 0.687

—

0.000 ± 0.000

0.000 ± 0.000

(R2 )

Pattern of
mismatch
distribution

<0.001
—
(P = N/A)

Fu’ Fs
(P value ≤
0.05)

1.402
0.442
Multimodal
(P = 0.933) (P = 0.361)
1.144
3.735
Multimodal
(P = 0.894) (P = 0.929)
−1.862
3.309
Multimodal
(P = 0.003) (P = 0.925)

1.000 ± 0.127 0.259

0.033 45.758 ± 21.122 0.034 ± 0.0176 0.186
0.022 28.429 ± 13.955 0.021 ± 0.012 0.125

< 0.001
0.201
Unimodal
(P = 1.000) (P = 0.361)

61.10 ± 32.000

0.040

0.004

0.0025 ± 0.002 0.500

<0.001
2.973
Multimodal
(P = 1.000) (P = 0.583)

−0.691
−0.593
Unimodal
(P = 0.245) (P = 0.125)

<0.001
(P = 1.000)

Tajima’s D
(P value ≤
0.05)

3.333 ± 2.323

0.041 59.333 ± 35.815 0.044 ± 0.033 0.463

0.001

—

(π )

Nucleotide
diversity
(average over
loci)

Number of
pairwise
differences
(Mean ± SE)

12S

Pattern of
mismatch
distribution

<0.001
Multimodal
(P = N/A)

<0.001
Unimodal
(P = N/A)

<0.001
—
(P = N/A)

Fu’ Fs
(P value ≤
0.05)

−1.788
4.441
Multimodal
(P = 0.001) (P = 0.965)

Multimodal
0.941
−0.749
(P = 0.877) (P = 0.313)

1.744
1.363
Multimodal
(P = 0.995) (P = 0.454)

<0.001
2.022
Unimodal
(P = 1.000) (P = 0.773)

<0.001
(P = 1.000)

<0.001
(P = 1.000)

<0.001
(P = 1.000)

Tajima’s D
(P value ≤
0.05)

16S

Table 1 Haplotype number, genetic diversity, nucleotides diversity (π ), test of neutrality, population expansion, and mismatch distribution with Tajima’s D, Fu’s Test, and
Ramos-Onsins and Rozas (R2 ) statistic of Kaloula spp. in East Asia
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and Southeast Asian Kaloula spp. and (2) 4 populations
of East Asian Kaloula spp., and intended to test the
impact of the Yellow Sea on the dispersion of K. borealis in the northern section of its range. The mantel test
analyses were run with 10 000 permutations in the Arlequin v.3.5.2.2 (Excoffier & Lischer 2010) and the linear
fitting for the mantel test was calculated and visualized
in ORIGIN v.9.0 (Seifert 2014). We further analyzed the
Slatkin’s matrices to search for geographic barriers using
the Slatkin’s genetic distance inferred from the same 2
datasets using the Monmonier’s algorithm represented in
the simulation of the Voronoi diagram using BARRIER
v.2.2 (Manni et al. 2004).

Molecular dating
We first combined our 16S sequences (806 bp, n =
12) with the sequences retrieved from GenBank: 8 outgroup sequences (Li et al. 2012; Matsui et al. 2013; MaiaCarvalho et al. 2014; Yuan et al. 2016b; Isidoro-Ayza
et al. 2017; Machado et al. 2018; Table S1, Supporting Information), and 56 microhylid sequences (Zhang
et al. 2005; Frost et al. 2006; Kurabayashi et al. 2011;
Matsui et al. 2011; Li et al. 2012; Hwang & Lee 2012;
Hasan et al. 2012; Blackburn et al. 2013; Matsui et al.
2013; Zhang et al. 2013; Wu et al. 2016; Nie & Cao
2016; Peloso et al. 2016; Machado et al. 2018; Han et al.
2019; Tominaga et al. 2019; Table S1, Supporting Information) for a totality of 76 taxa. We used representative
taxa from the genera Alytes (Alytidae) and Scaphiopus
(Scaphiopodidae) and the closest ranoid relatives to microhylids from the genera Lithobates (Ranidae) and Rhacophorus (Rhacophoridae) as outgroup for the molecular
divergence dating. We based our analyses on the topology obtained from a preliminary Bayesian tree we constructed, matching with the tree topology recommended
by Gorin et al. (2020), Kurabayashi et al. (2011), and de
Sá et al. (2012).
We employed a likelihood ratio test (LRT) to determine if our dataset followed a constant rate of molecular
evolution (Huelsenbeck & Crandall 1997) across all lineages. We performed the test based on the global molecular clock using PAUP v.4.0 (Swofford 2002). The test
rejected homogeneity in the rates of substitution among
branches in our trees dataset (Chi-square = 7261.66, df =
77, P < 0.0001), thus suggesting the impossibility to use
a molecular clock model here.
We then built a time-calibrated phylogeny for East
Asian Kaloula using an uncorrelated lognormal relaxedclock in Beast v.2.6.3 (Bouckaert et al. 2014). We used
fossil-based estimates and palogeological events as the

primary sources of dating calibration, followed by secondary calibrations adapted from relevant studies (Van
Bocxlaer et al. 2006; Kurabayashi et al. 2011; Garg &
Biju 2019; Gorin et al. 2020). To see the effect of tree
priors in our dating estimate, we performed a combination of uncorrelated log normal relaxed clock with different tree priors: Yule, calibrated Yule, and constant size
and expansion growth. We computed 4 independent runs
with MCMC chains ran for 30 million iterations for each
analysis and sampled the trees every 1000 generation. We
then assessed the convergence of the runs in Tracer v.1.7.1
(Bouckaert et al. 2014), discarding 10% of initial trees
for each run as burn-in. All ESS values for every parameter were > 200, except for the rate coefficient of variation (ESS = 143). We combined the trees in LogCombiner (Bouckaert et al. 2014) and summarized the trees
by generating a maximum clade credibility (MCC) tree
after discarding 40% of trees with a posterior probability
limit of 0.5.
We set a total of 9 calibration points for our time tree
analyses. The calibration points were based on 3 fossils
records (I–III; Fig. 4), 2 paleogeography events (VIII–IX;
Fig. 4), and 3 secondary calibrations (IV–VII; Fig. 4),
adapted from previous calibrated time trees on the Microhylinae family (Van Bocxlaer et al. 2006; Kurabayashi
et al. 2011; Blackburn et al. 2013; Garg & Biju 2019).
The detailed descriptions for each calibration point are
such as:
1. A minimum age of 18.00 Ma for the oldest fossil of
Scaphiopus holbrookii found in Florida, North America (Auffenberg 1957). We set this calibration point
under a lognormal distribution with mean in the real
space = 34.00, standard deviation (SD) = 1.90, and
offset = 18.00. The calibration resulted in a credibility interval such as 5%:18.20 Ma to 95%:145.00 Ma.
2. A minimum age of 15.00 Ma for the oldest fossils
of Lithobates clamitans and its derivatives Lithobates
catesbeianus in Florida, North America (Holman
2003). We set this calibration point under a lognormal
distribution, mean in the real space = 23.00, SD =
1.60, and offset = 15.00. The calibration resulted
in a credibility interval such as 5%:15.50 Ma to
95%:104.00 Ma.
3. A minimum age of 18.00 Ma for the oldest fossil of
Gastrophryne cf. carolinensis, the only fossil evidence
representing the family of Microhylidae in the Hemingfordian, North America (Holman 1965). We set this
calibration point under a lognormal distribution with
mean in the real space = 12.00, SD = 1.00, and offset
= 17.00. The calibration resulted in an interval such
as 5%: 18.40 Ma to 95%: 68.70 Ma.
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Figure 4 MCC calibrated time tree for mtDNA sequences of microhylids. The node bars represent the estimated nodes age with HPD
95% interval. Notable nodes and calibration points are marked on the tree. The map of distribution for each population in the legend
is colored consistently in accord to each Kaloula spp. clade. The hypothesized dispersal routes of the East Asian Kaloula spp. are
highlighted onto the paleomaps (Matthews et al. 2016). The predicted dispersal routes explain the biogeography of Kaloula spp. in
Eastern Asia. (a) Late Cretaceous: the earliest emergence of Microhylinae into Eurasia, dispersed out from India. (b) Microhylinae
dispersed into East Asia from Eurasia, followed by the emergence of the most recent common ancestor (TMRCA) of the East Asian
Kaloula spp. via the Eocene landbridge. (c) Kaloula diverged into 2 lineages, one dispersing from Eurasia to Southeast Asia. (d)
Vicariant speciation of the TMRCA of the Eastern Mainland Asian lineage and southward dispersal of the Southeastern Mainland
Asian lineage until current Southern Sundaic. (e) Kaloula spp. diversification in East Asia, and radiation of the Southeast Asian
lineage with a secondary southwards colonization by the South Asian lineage via the Miocene landbridge. (f) Kaloula borealis
gradual colonization to the northern latitudes, the Philippines radiation accelerated, with a final opening of Miocene landbridge and
secondary colonization of Southeast Asia from South Asia. (g) Diversification of major clades within East Asian and Southeast Asian
lineages.

4. The basal split of microhylid represented by subfamily
of Hoplophryninae, Gastrophryne, and Scaphiophryninae between 73.00 and 97.00 Ma, after the split between microhylids and ranoids (Van Bocxlaer et al.
2006; Kurabayashi et al. 2011). We set this calibration point under a normal distribution, mean = 11.00,
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sigma = 5.50, and offset = 70.00. This calibration resulted in a credibility interval such as 5%: 72.00 Ma to
95%: 90.00 Ma.
5. Split of the subfamily Asterophryinae from the
Dyscophinae and Microhylinae clades between 63.00
and 84.50 Ma (Van Bocxlaer et al. 2006; Kurabayashi
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et al. 2011) . We set this calibration point under a normal distribution, mean = 25.00, sigma = 4.50, and
offset = 50.00. This calibration resulted in a credibility interval such as 5%: 67.60 Ma to 95%: 82.40 Ma.
6. Split between the subfamilies Dyscophinae and Microhylinae between 61.00 and 72.60 Ma (Van Bocxlaer
et al. 2006; Kurabayashi et al. 2011; Garg & Biju
2019). We set this calibration under a normal distribution, mean = 22.00, sigma = 3.00, and offset = 45.00.
This calibration resulted in a credibility interval such
as 5%: 62.10 Ma to 95%: 71.90 Ma.
7. The basal split of Microhylinae into the genera
Glyphoglossus, Microhyla, Kaloula, and Micryletta
estimated between 38.20 and 53.20 Ma (Garg & Biju
2019). We set this calibration under a normal distribution, mean = 10.00, sigma = 3.60, and offset = 34.00.
This calibration resulted in a credibility interval such
as 5%: 38.10 Ma to 95%: 49.90 Ma.
8. The emergence of the Sundanese lineage of Kaloula
(K. pulchra, K. mediolineata, and K. baleata) estimated between 30.00 and 10.00 Ma (Garg & Biju
2019). This calibration point also matches with paleogeological formation of the Eocene land bridge connecting India to Southeast Asia through Sumatra (Mid
Eocene to Lower Miocene; 45.00–25.00 Ma). We set
this calibration under a normal distribution, mean =
5.00, sigma = 5.00, and offset = 15.00. This calibration resulted in a credibility interval such as 5%: 11.80
Ma to 95%: 28.20 Ma.
9. The root node of the Philippines Kaloula spp. after
adaptive radiation from Southeast Asian, estimated
to have occurred in the Lower to Upper Miocene,
18.40 to 6.10 Ma (Blackburn et al. 2013). This calibration point also matches with the opening of the
South China Sea, estimated to have occurred between
Oligocene and early Miocene (Mitchell et al. 1986).
We set this calibration under a normal distribution,
mean = 5.00, sigma = 3.50, and offset = 6.90. This
calibration resulted in a credibility interval such as
5%: 6.14 Ma to 95%: 17.70 Ma.
Finally, we addressed the bias resulting from (1) the absence of nuclear gene-based dating estimates for the East
Asian Kaloula (Alexander et al. 2017), and (2) the saturation of the older divergences in the mtDNA lineage
that may impact the priors used to estimate the divergence
times for younger and highly divergent clades (Zheng
et al. 2011). To do so, we comparatively evaluated the reliability of the estimated intervals with confidence intervals
obtained from the same relaxed molecular clock under a
relative rate framework using RelTime method (Tamura
et al. 2018; Tao et al. 2020), implemented in the Molec-

ular Evolutionary Genetics Analysis software (MEGAX;
Kumar et al. 2018).

Historical ranges reconstruction
We established the historical biogeography for all 7
populations of Kaloula spp. by analyzing our calibrated
time trees under a likelihood-based biogeographical
model with the focus constrained on the Gondwanan
split. We ran the analysis using a dispersal-extinctioncladogenesis analysis (S-DEC; Ree & Smith 2008;
Beaulieu et al. 2013) in Reconstruct Ancestral State
in Phylogenies (RASP v.4.0; Yu et al. 2015). We then
inferred the biogeographical scenarios and the lineage
splitting events within Kaloula spp. in Eastern Asia on
a condensed tree time, with a Bayes Area (BAYAREA;
Landis et al. 2013) approach implemented in RASP v.4.0,
under default settings and MCMC chains for 5 million
generations. The BAYAREA statistic is more explicit
and appropriate for large geographic ranges, as it uses
stochastic models to describe the evolution of species
range as a continuous-time Markov process of dispersal
and extinction within a set of discrete geographic areas
(Landis et al. 2013), which is ideal to be applied in our
size of study area (eastern Asia, >4000 km).
Finally, we illustrated the most probable dispersal
routes of Kaloula spp. into Eastern Asia, based on the
temporal data and historical ranges predicted in our analyses. We projected the range and dispersal pathways of
the East Asian Kaloula spp. using QGIS v.2.18.15 (QGIS
Development Team 2019), onto the paleomap models of
the ancient Earth adapted from Matthews et al. (2016).

RESULTS
Haplotype groups and phylogenetic relationships
The 7 populations of Kaloula spp. defined were such
as: the Korean Peninsula, central Asian Mainland, south
Asian Mainland, east Asian Mainland, Southeast Asian
Mainland, Philippines, and Sundaland (Fig. 1). From the
concatenated 12S-16S gene fragments (1211 bp, n taxa =
49), the ingroup recovered 33 haplotype groups with a
haplotype diversity (Hd) of 0.9303 (Fig. 1). The Southeast Asian Kaloula spp. (n taxa = 27) was constituted of
25 haplotype groups, with a comparatively higher Hd of
0.995 (Fig. 1) than that of the East Asian Kaloula spp.
(n taxa = 21) derived from 8 haplotype groups with Hd
of 0.654 (Fig. 1). The largest frequency of haplotypes in
K. borealis was from the Korean Peninsula and Southeastern Mainland (f = 13%; Fig. 1), while the haplotype
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group was small, restricted and isolated on the mainland
(f = 2%; Fig. 1).
Both ML and BI trees showed similar branching
pattern and topologies for East Asian Kaloula spp. and
the outgroup (Fig. 2). With a Log-likelihood of consensus tree of −9571.961, the results of the phylogenetic
analyses demonstrated 2 divergent lineages of Kaloula,
one in East Asia and the other in Southeast Asia (Fig. 2).
Regarding the East Asian clades (Fig. 1), we identified
3 monophyletic groups, with a deep divergence between
the K. rugifera clade, geographically restricted to the
central East Asian Mainland (ML bootstraps support:
99.5/100, BI posterior probability: 0.96; Fig. 2) and the
K. verrucosa clade, which distributes on the southern
East Asian Mainland (ML bootstraps support: 93.2/100,
BI posterior probability: 0.98; Fig. 2). Our tree recovered
a monophyletic clade (ML: 99.9/100, BI: 0.92; Fig. 2) for
K. borealis, restricted to the East Asian Mainland (ML:
79.8/100, BI: 0.8; Fig. 2).
The Southeast Asian clade was nested within that of
Kaloula spp. This nesting resulted in the split of the
monophyletic continental population of K. pulchra in
Sundaland (ML: 100/100, BI: 1.0; Fig. 2) from the monophyletic clades of Kaloula spp. distributed into 2 geographically distinct populations: the Philippines (ML:
100/100, BI: 0.99; Fig. 2) and the Southeast Asian Mainland (ML: 86.2/100, BI: 0.97; Fig. 2). Kaloula spp. in
the Philippines were grouped into monophyletic clades
represented by the K. conjuncta complex (ML: 99.4/100,
BI: 1.0), K. picta (ML: 100/100, BI: 1.0), K. rigida (ML:
99.7/100, BI: 1.0), and K. walteri (ML: 99.4/100; BI: 1.0).
The Southeast Asian Mainland clade was represented by
K. mediolineata, distributed in Thailand (ML: 100/100,
BI: 1.0; Fig. 2) and Kaloula sp. distributed in Peninsular
of Malaysia (ML: 92.5/100, BI: 1.0; Fig. 2).

Population genetics and geographic barrier
The mitochondrial genetic diversity for the populations
of Kaloula spp. in East Asia (0.018 ± 0.002, n = 21; FST:
0.202; Table 1) was lower than that of Southeast Asian
(0.068 ± 0.005, n = 27; FST: 0.352; Table 1). The negative Tajima’ D analyzed on 12S marker of some populations highlighted an observed frequency of polymorphism
lower than expected, such as in K. borealis (Tajima’s D:
–0.691, P = 0.245; Table 1) and in Kaloula spp. of
Sundaland (Tajima’s D: –1.862, P = 0.003; Table 1).
However, the non-significant results obtained for the
population of K. borealis rejected past population’s expansions, contrary to the significant result of the Tajima’s
D on the population of Sundanese Kaloula spp. (Table 2).

10

The mantel test revealed no correlation between geographic distance and genetic distance for populations
of Kaloula spp. in East Asia and Southeast Asia (R2 =
−0.040; Fig. 3a). However, we obtained a significant relationship between geographical distance and genetic distance between the 4 populations of Kaloula restricted to
East Asia, supported by the positive linear regression obtained from the Mantel Test (R2 = 0.362; Fig. 3b).
We identified 3 significant genetic barriers segregating
the Kaloula clades in East Asia (Fig. 3b). The first significant barrier matched with the Daba-Mountain range
located in central China, segregating the southern Asian
Mainland from the central Asian Mainland (bootstraps
support 100%; Fig. 3b). The same genetic boundary isolated K. verrucosa and acted as a geographic resistance
between the populations of central Mainland and eastern
Mainland Asia (refer to barrier 1 in Fig. 3c). The second significant barrier was the mountain ranges located
along southern China, from Sichuan to Fuzhou, and segregating the East Asian and Southeast Asian clades (bootstraps support 100%; Fig. 3b and referred to as barrier 2
in Fig. 3c). The third significant barrier was encompassing an area in the South China Sea (refer to barrier 3 in
Fig. 3c), isolating Kaloula spp. distributed in Sundaland
from the Southeast Asian Mainland clades (bootstrap support 60%; Fig. 3b) and the Philippines (bootstrap support
70%; Fig. 3b).

Molecular dating and ancestral range
The 3 divergent dating analyses produced a highly
consistent topology with largely congruent divergence
time estimates, especially for the deeply divergent clades
of the Microhylinae group. However, we observed a
noticeable impact of the priors selected on the molecular
dating and on the interval probabilities of the East Asian
Mainland Kaloula spp. The estimated crown ages of the
East Asian Kaloula spp. clades K. rugifera, K. borealis,
and K. rugifera were estimated to be older with the Yule
prior (Miocene) than with the coalescent exponential
and birth–death priors (Pleistocene; Table 2). However,
the divergence-time estimation with RelTime overlapped
with the average age obtained through the 3 priors
selected in the Bayesian estimates for the East Asian
lineage of Kaloula, and produced a comparable confidence interval range (Table S2, Supporting Information).
All dating analyses suggested the basal split of African
and American microhylids subfamilies: Hoplophryninae,
Gastrophryninae, and Scaphiophryninae, estimated to
have occurred during the Upper Cretaceous, c. 83.48 Ma
(95% HPD interval: 74.40–73.48; Table 2; Fig. 4). Our
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14.70 [5.00–15.63]

The emergence of East
Asian Mainland
Kaloula
The emergence of East
Asian Mainland
Kaloula

33.53 [17.67–49.81]

35.68 [22.62–51.36] 44.02 [29.95–58.22]

The TMRCA of East
Asian lineage of
Kaloula

N/A

20.10 [8.78–30.65]∗
12.07 [3.68–26.51]

N/A

35.72 [21.51–51.38] 38.47 [24.69–53.65]∗

67.2 (7.6)

70.6 (7.7)

81.7 (8.2)

N/A

66.95 [61.90–72.12]

74.84 [67.46–82.84]

83.48 [74.40–93.48]

Average (Median
[HPD 95%]/Ma)

Kurabayashi
et al. (2011)
(Average
estimated
age ± SD)

61.33 [56.58–65.92]

61.53 [56.85–66.16]

66.98 [61.91–72.17] 66.78 [61.73–71.95] 67.08 [62.07–72.23]

Split between
subfamilies of
Microhylinae from
Dyscophinae

Split off between
61.27 [56.47–65.85] 61.18 [56.43–65.75]
Kaloula and the other
genera in subfamily of
Microhylinae:
(Glyphoglossus,
Microhyla, Micryletta
group) with Kaloula

75.12 [67.59–83.14] 74.19 [67.03–82.02] 75.20 [67.76–83.36]

Split between
subfamilies of
Asterophryinae from
Dyscophinae

82.80 [73.82–92.79] 83.54 [74.70–93.61]

84.1 [74.7–94.03]

Relaxed clock with
Yule prior (Median
[HPD 95%]/Ma)

Relaxed clock with
Birth–death prior
(Median [HPD
95%]/Ma)

The basal split among
subfamilies in
Microhylidae
(Hoplophryninae,
Gastrophryninae, and
Scaphiophryninae)

Key nodes

Relaxed clock with
coalescent
exponential prior
(Median [HPD
95%]/Ma)

This study

N/A

N/A

61 [56.6–66.5]

67 [61.6–72.6]

N/A

N/A

Garg and Biju
(2019)
(Average
estimated age
± SD)

Literatures

N/A

(Continued)

22.3 (11.4–33.9)

N/A

N/A

N/A

N/A

Blackburn et al.
(2013) (Average
estimated age ±
SD)

Table 2 Molecular dating estimates for East Asian Kaloula spp. analyzed under uncorrelated lognormal relaxed clocks with 3 different combinations of tree priors
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12
Relaxed clock with
Yule prior (Median
[HPD 95%]/Ma)

13.29 [8.43–18.30]

15.00 [9.69–20.05]

N/A

N/A

N/A

3.06 [0.02–10.90]∗

21.42 [14.06–29.06]

N/A

N/A

N/A

N/A

N/A

N/A

20 [12.0–30.0]

Garg and Biju
(2019)
(Average
estimated age
± SD)

Literatures

11.0 [6.1–18.4]

N/A

N/A

N/A

N/A

31.4 [17.0–48.0]

Blackburn et al.
(2013) (Average
estimated age ±
SD)

The calibration set for all 3 analyses were done using 9 calibration points. The average median and 95% HPD interval were obtained from 3 different priors used to
represent the molecular dating estimation. The (∗ ) indicates the average molecular dating time in comparison to the RelTime method used to address the effect of priors
on the probabilities of the time intervals.

17.19 [11.55–22.72]

14.48 [9.10–19.13]

0.66 [0.01–3.09]

Radiation of Philippines
Kaloula clades

7.51 [0.04–25.49]

2.57 [0.77–1.67]

9.01 [3.66–25.29]∗

N/A

4.32 [0.23–12.05]∗

1.56 [0.11–5.20]

20.60 [13.35–28.17] 23.68 [16.30–31.50] 19.99 [12.53–27.51]

1.02 [0.02–4.11]

The crown clade origin
of Kaloula rugifera in
South-central
Mainland

20.44 [9.05–34.97]

9.23 [0.46–23.90]

The emergence of
Sundanese lineage of
Kaloula

4.02 [1.16–9.24]

2.16 [0.13–7.04]

N/A

Average (Median
[HPD 95%]/Ma)

Kurabayashi
et al. (2011)
(Average
estimated
age ± SD)

23.62 [15.32–34.40] 25.92 [16.79–38.33]∗

Relaxed clock with
Birth–death prior
(Median [HPD
95%]/Ma)

This study

24.25 [15.79–34.75] 29.90 [19.26–45.84]

Relaxed clock with
coalescent
exponential prior
(Median [HPD
95%]/Ma)

The crown clade origin
of K. borealis in the
East Asian Mainland

The crown clade origin
of K. verrucosa in the
central Mainland Asia

The emergence of
Southeast Asian
Mainland Kaloula

Key nodes

Table 2 Continued
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estimates show the initial split of the Microhylinae from
the other subfamilies (Dyscophinae, Asterophryinae,
Gastrophryninae, Scaphiophryninae, and Hoplophryninae) to have occurred between the Upper Cretaceous and
the Lower Palaeocene c. 66.95 Ma (61.90–72.12; Table 2,
Fig. 4). The time of most recent common ancestor (TMRCA) of the East Asian Kaloula clades was estimated to
be between the Lower Eocene and the Upper Oligocene
c. 38.47 Ma (24.69–53.65; Table 2; Fig. 4). We estimated
the divergence between the Southeast Asian Kaloula and
the East Asian Kaloula to have occurred later, during the
Upper Miocene, c. 6.60 Ma (7.32–5.99; Table 2; Fig. 4).
The East Asian Kaloula radiated between Oligocene
to Miocene, c. 20.10 Ma (8.78–30.65; Table 2; Fig. 4),
with an earlier emergence of the Southeast Asian Kaloula
clades, c. 25.92 Ma (16.79–38.33; Table 2; Fig. 4). The
Southeast Asian clade then diversified into 2 groups:
the Southeast Asian Mainland, Oligocene to the Upper
Miocene; c. 21.42 Ma (14.06–29.06; Table 2; Fig. 4), and
the Philippines groups, Lower and Upper Miocene; c.
15.00 Ma (20.05–9.69; Table 2; Fig. 4).
The East Asian Kaloula emerged divided into 3 major
monophyletic clades between the Mid Miocene and the
Pleistocene: K. verrucosa South Central Asia, c. 4.32 Ma
(0.23–12.05; Table 2; Fig. 4), widespread to North Eastern clade, K. borealis, c. 9.01 Ma (3.66–15.29; Table 2;
Fig. 4), and the youngest isolated K. rugifera, restricted
in the South Central Asia, c. 3.06 Ma (0.02–10.90; Table 2; Fig. 4). The calibration with the Yule prior also recovered a young divergence in a population of K. borealis distributed on the eastern Mainland, Upper Miocene
and Upper Pleistocene, c. 6.34 Ma (16.71–0.46; Table 2;
Fig. 4).

DISCUSSION
The radiation and diversification of Kaloula spp. in
East Asia are shaped by generalized patterns of allopatric
speciation, reflecting the influence of the Miocene orogenesis and climatic events on the movement of populations. Dispersal and vicariance are likely the primary

mechanisms for the radiation of K. verrucosa in central Mainland Asia. The presence of the mountains barrier in South-central China also limited the dispersal of
K. verrucosa from southern Mainland Asia, while populations dispersing to the North East Mainland gradually
diverged into K. borealis. In addition, our divergence dating demonstrates the presence of a young mitochondrial
diversification in K. borealis that could be attributed to
allopatric differentiation in separate glacial refugia on the
Asian Mainland and the Korean Peninsula. Additionally,
we also demonstrated that the barrier effect is distorting the classical pattern of IBD, suggesting that physical landscapes such as mountain chain and coastal barrier
are more effective in impeding the dispersal capability of
Kaloula spp. in comparison with real distances.

The origin of East Asian Kaloula
Our estimates highlight an initial split of the Microhylinae clade from the other subfamilies (Dyscophinae,
Asterophryinae, Gastrophryninae, Scaphiophryninae, and
Hoplophryninae) between the Upper Cretaceous and Mid
Paleocene (61.90–72.10 Ma; Fig. 5). This split is contemporary to the time range estimate for the emergence of
Microhylinae in Eurasia (59.60–72.60 Ma: Kurabayashi
et al. 2011; Garg & Biju 2019). Our results are also
consistent with the estimated split (56.60–66.50 Ma:
Garg & Biju 2019; Gorin et al. 2020) between Kaloula
and the South Asian genera Micryletta, Microhyla and
Glyphoglossus within the Microhylinae (Palaeocene:
56.58–65.92; Table 2; Fig. 5). The earliest emergence
of Kaloula in eastern Asia (Lower Eocene to Lower
Oligocene: 53.65–24.69; Fig. 4b) favors the hypothesized
pathway “out of India” followed by “into Eurasia” during
the Lower Eocene landmass formation (Kurabayashi
et al. 2011; Garg & Biju 2019). The predicted dispersal
routes and times (Fig. 4) are also comparable to the
diversification patterns of Microhyla in eastern Asia,
the closely related member within the Microhylinae
(Howlader et al. 2015; Yuan et al. 2016a; Tominaga et al.
2019; Gorin et al. 2020).

Figure 3 Isolation by distance test for Kaloula spp. based on Slatkin’s FST and delineation of genetic barriers. (a) The Mantel test for
Kaloula spp. populations distributed in East Asia and Southeast Asia derived from the concatenated 12S-16S gene fragments (1413 bp)
showing the linear regression between genetic distance and geographical distance. (b) Genetic discontinuities among blocks connected
by Delaunay triangulation, predicted with Monmonier’s algorithm using BARRIER. The black solid line represents the barrier with
number of bootstrap supports written at the side. (c) The topography map of predicted barriers in the landscape where Kaloula spp.
is distributed. The black bar shows the genetic barriers segregating the Kaloula spp. clades. The symbols and numbering used to
represent Kaloula species are depicted in the legend as reference.
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Figure 5 Bayesian Binary MCMC tree summarizing the reconstructed ancestral areas for East Asian Kaloula. The ancestral areas and
the dispersal–extinction–cladogenesis models are built from the 12S-16S mtDNA gene fragments from 76 microhylids and outgroup
taxa. The colors used for the pie charts on the nodes are matching with the colors of predicted ancestral range in the map, while each
mechanism of speciation (dispersal, vicariance, and extinction) is indicated with a specific number. The number of events noted in the
map indicates the speciation events predicted in a specific area.

Multiple divergence following the Miocene QTP
reconstruction
The genus Kaloula on the East Asian Mainland radiated between the Lower Oligocene and the Upper
Miocene, c. 20.10 (8.78–30.65; Table 2; Fig. 4), leading

to the emergence of the K. verrucosa group as a basal
lineage. The dispersal of K. borealis c. 9.01 Ma (3.66–
15.29; Table 2; Fig. 5) is the predominant mechanism explaining the divergence of the widespread clade on the
East Asian Mainland. Dispersion also resulted in speciation through vicariance from the shared ancestor with
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Table 3 Predicted dispersal routes and the most likely range of ancestral of Kaloula spp. in the East Asia
Description (node)
Root node of the outgroup (153)

Time (Ma)

Most probable
ancestral area

Probability

Dispersal

Vicariance

Extinction

104.21

J

0.018

0

1

0

TMRCA of ranoids and microhylids (156)

94.50

J

0.012

1

0

0

The split of African and American
microhylids subfamilies:
Hoplophryninae, Gastrophryninae and
Scaphiophryninae (152)

87.80

I+J

0.006

1

0

0

The emergence of Asterophryne (146)

74.19

I

0.001

3

1

0

The emergence of Dyscophrynae (145)

66.78

I

0.003

3

0

1

The TMRCA of Microhylinae represented
genera of Microhyla, Glyphoglossus, and
Micryletta (94)

49.04

E+H

0.020

0

1

0

TMRCA of East Asian lineages of Kaloula
spp. (142)

44.02

D+E

0.036

1

1

0

Emergence of Southeast Asian Kaloula spp.
(120)

29.90

EF

0.074

1

0

0

Crown clade of K. borealis lineages (138)

20.44

AB

0.230

1

0

0

Subclade of Eastern Mainland and Korean
K. borealis (134)

15.94

AB

0.528

2

0

0

Subclade of Eastern Mainland K. borealis
(137)

6.34

B

0.925

0

0

0

Crown clade formation of K. verrucosa
(140)

9.23

D

0.830

0

0

0

Crown clade formation of K. rugifera (122)

7.51

D

0.890

0

0

0

Clades divergence between Kaloula spp. in
Southeast Asian Mainland (119)

23.68

EF

0.06

1

0

0

Crown node formation of Philippines
Kaloula spp. (107)

17.19

EF

0.74

0

0

0

K. verrucosa (Table 3; Fig. 5). The existing paleogeological record from the final extension of the QTP uplift
demonstrates the establishment of mountain ranges on the
eastern edge of the QTP (10.00 Ma–present; Favre et al.
2015), supporting an early Miocene diversification. Accordingly for other genera, the massive mountains belts of
the QTP and adjacent ranges triggered the diversification
of new sub-species (spiny frogs of the genera Quasipaa
and Nanorana; Miocene; Hu et al. 2011; Zhou et al. 2017)
and gave rise to the ancestors of some Asian amphibian through vicariance such as the Asiatic toads from the
Bufo gargarizans complex (Miocene; Macey et al. 1998)
and the Chinese brown frog, Rana chensinensis complex
(Miocene; Zhou et al. 2012).
In addition, K. borealis individuals that dispersed
to northern latitudes are likely to have become locally
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adapted, and diverged from their tropical biogeographical
origin (Dutta et al. 2004). For instance, the digging strategy displayed by K. borealis as a specialization to temperate climate (Boring & Liu 1937) resulted in changes to its
osteological structure such as wider skull and longer femur, in comparison to Microhylinae from lower latitude
(Zhang et al. 2020).
The emergence of Kaloula spp. in the Southeastern
Asia was determined to have happened during the
Miocene as well, but at an earlier date, c. 25.92 Ma
(16.79–38.33; Table 2; Fig. 4) than the typical Pleistocene estimates for other widespread species such as
the four-lined treefrog, Polypedates leucomystax (Sundaland; Upper Pleistocene; Kuraishi et al. 2013), and
the Asian black-spined toad, Duttaphrynus melanostictus (Wallacea; Mid Pleistocene; Othman et al. 2020).
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The Miocene emergence of the Southeast Asian Kaloula
clades is also supported by the presence of close Microhylinae relatives in Australia-New Guinea (family: Asterophryinae), likely to have dispersed from Sundaland
prior to the final split of Australia from Antarctica (Lower
Oligocene; 33.50–30.20 Ma; Cande & Stock 2004; Stickley et al. 2004) and New Guinea from Eurasia (25.00–
4.00 Ma; Petterson et al. 1999).
We estimated the Kaloula spp. radiation in the Philippines to have occurred during the Mid Miocene, c. 15.00
Ma (9.69–20.05; Table 2; Fig. 5), in agreement with previously determined timelines (Mid to Upper Miocene,
18.00–11.00 Ma: Blackburn et al. 2013). The collision of
tectonic plates during the Plio-Pleistocene resulted in the
orogeny of Northern Luzon (Heaney 1986; Queano et al.
2007), highlighting the roles of paleo-tectonic movements
on the rapid speciation within Kaloula sp. in the region.
We estimated the clades in the Philippines: K. walteri, K.
rigida, K. conjuncta complex, and K. picta to have diverged between the Mid and Upper Pleistocene (0.15–
1.50 Ma; Fig. 5), in agreement with the other clades and
the literature (Kaloula spp.; Pleistocene; Blackburn et al.
2013).

Implication of local refugia on post glacial
colonization
The RASP results predicted the range of K. borealis to
originate from the East Asian Mainland (region B to A;
Table 3; Fig. 5). This indicates that K. borealis was probably present on the margins of the South Western Yellow
Sea, before gradually seeing its range shift towards the
Northern Asian Mainland, primarily through long inland
dispersal (Fig. 5).
Additionally, another wave of recent re-colonization
of the Korean Peninsula is likely to have happened
through dispersal across land bridges due to the “paleodrainage system” of the Yellow Sea (LGM; Lee et al.
2008). The landbridges connected the Korean Peninsula
and the Chinese Mainland south of the permafrost line
(Kong 2000; Zhan & Fu 2011; Yan et al. 2013), enabling gene exchange over the Yellow Sea basin (Ho et al.
2015).
The broad time interval estimate for the colonization of the North Eastern Asian mainland K. borealis
(mid-Miocene to post glaciation period; Table 2; Fig. 4g)
highlights that evolutionary events such as lineage expansion, gradual niche adaptation, hybridization, and fusion
might also have occurred. It is noteworthy to add that
the addition of multilocus nuclear data is needed to clar-

ify such occurrences, and confirm the pattern shown here
through mtDNA data.

Isolation in Korean Peninsula and its
implications
The Eastern mainland K. borealis colonized the southern tip of the Korean Peninsula where the population isolated (Upper Miocene or later; Fig. 4g), likely in relation
with the tectonic activity of Mount Baekdu at the northern reach of the peninsula (Upper Pliocene to Pleistocene;
2.80–1.54 Ma; Wang et al. 2003; Ri et al. 2016). Subsequently, the rise of the Yellow Sea level may also have
reinforced the isolation (Post glaciation; Lee et al. 2008).
As a result, we found a low genetic diversity of K. borealis
on the Korean Peninsula, consistent with an earlier report
(NIBR 2014). The shallow population structure of the Korean clade is likely the outcome of a recent founding event
(Roman & Darling 2007; Dlugosch & Parker 2008) during the last colonization of the peninsula. The lack of
genetic variability may also indicate a high connectivity
between populations (Kim et al. 2002), facilitating gene
exchange. However, the recent founding event hypothesis is supported by the fact that our samples originate
from an island from the Yellow Sea (Yubu island; Table
S1, Supporting Information), as well as from the eastern
edge of the Peninsula (Table S1, Supporting Information),
an area geographically segregated by the Baekdu Mountain Range, a known barrier to genetic flow in amphibians
(Jang et al. 2011). Similar connectivity was demonstrated
for B. gargarizans, which colonized the Korean Peninsula
during the Pleistocene (Borzée et al. 2017). These movements were likely facilitated by the drainage basins of the
Han, Amur, Liao, and Yellow Rivers flowing into a single
water body and into the ocean south of the current Yellow
Sea (Ryu et al. 2008; He et al. 2015). In addition, the development of the monsoon system at the same period is
likely to have helped with dispersion (Wang & Lin 2002;
Lee et al. 2005). However, all main paleo rivers merging in a single water body may have later on resulted in
a fast flowing river, and thus lowering successful dispersion events, such as seen in Dryophytes spp. (Borzée et al.
2020). Alternatively, few successful dispersion events
may explain the low genetic diversity of K. borealis.

Genetic break between East Asian populations
The absence of significant IBD for all 7 designated
Kaloula populations (Fig. 3a) shows that the degree of
isolation is not justified by the geographical distance.
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This means that instead of distance, landscape barriers
are the main factors for geographic isolation of Kaloula
spp. in the Eastern Asia. We determined the presence
of a strong isolation especially between K. rugifera and
K. verrucosa on the East Asia Mainland, highlighting
the genetic discontinuity between central and southern
of Chinese populations. The placement of the most significant genetic barrier matches with the Qinling–Daba
mountain chain (Fig. 3c), most likely explaining the divergence between K. verrucosa and K. rugifera. In the case
of other endemic anurans such as stream salamander, Batrachuperus tibetanus (Huang et al. 2017), Asian mountain frogs, Feirana quadranus, and F. taihangnica (Hu &
Jiang 2018), the elevation associates with Qinling–Daba
contiguous ridge of mountains also promotes the isolation
of the species in central Mainland Asia.
Our study is limited by the fact that divergence dating and biogeographical scenarios are exclusively derived
from mitochondrial DNA markers. The molecular dating
estimates are however consistent with the time frame predicted from closely related microhylids (Blackburn et al.
2013; Tominaga et al. 2019; Gorin et al. 2020). Hence,
this study provides a new phylogeographic understanding of the origin and dispersal routes of Kaloula spp. into
eastern Asia, and provides a base and verification resource
for future studies.

Systematic perspectives
Taxonomically, our mtDNA phylogeny confirms that
Kaloula from the East Asian Mainland lineage shares the
same ancestor as populations from the Southeast Asian
Mainland and the Philippines, in agreement with Blackburn et al. (2013). In addition, past studies were unable to recover the genus Kaloula as a monophyletic
clade (Van Bocxlaer et al. 2006; Blackburn et al. 2013;
Garg & Biju 2019) due to the paraphyletic placement of
Kaloula taprobanica, a South Asian lineage (Sri Lanka).
The problematic species clustered with the sister genus
Metaphrynella from Southeast Asia instead of Kaloula
(Peloso et al. 2016). Interestingly, our hypothesized dispersal routes predict the possibility for a secondary
pathway for South Asian Kaloula to colonize Southeast Asia (Fig. 4e,f) via the Miocene land bridge which
connected the Indian subcontinent to Southeast Asia in
present day Myanmar (Garg & Biju 2019). The minimum
time (17.0–48.0 Ma) for the origin of the TMRCA of
K. taprobanica and Metaphrynella group suggested by
Blackburn et al. (2013) is similar to the estimated time
and dispersal routes of Kaloula (Fig. 4e). This perhaps
could be one of the distributional explanations on the
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paraphyletic problem present in the taxonomy of genus
Kaloula.
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using Bayesian (BEAST) and relative time (RelTime)
approaches.
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