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Abstract The black-spotted pond frog Pelophylax nigromaculatus is a typical temperate-adapted amphibian species,
largely endemic to East Asia. It occurs from central, east, and northeast China, to the Russian Far East, the Korean
Peninsula, and part of Japan. So far, little is known about this frog from the Loess Plateau, a region that has
experienced profound changes in climate and environment since the late Miocene. Particularly, between the Loess
Plateau and the North China Plain, stand the L€
uliang and Taihang mountain ranges, which form an important
geographical divide in East China. Therefore, frogs from the Loess Plateau are indispensable for understanding the
biogeography and evolution of this species. In this study, a total of 933 specimens of P. nigromaculatus collected rangewide were sequenced for the mitochondrial Cyt b gene, with 345 of them being genotyped at 10 nuclear microsatellite
loci. Both mitochondrial and microsatellite data resolved four major frog clades: (i) Loess Plateau clade, containing
only frogs from the Loess Plateau; (ii) East China clade, containing frogs from the rest of China except those from the
Liaodong Peninsula; (iii) Peninsulas clade, comprising frogs from the Korean Peninsula and Liaodong Peninsula; and
(iv) Japan clade. Frogs from the Loess Plateau have deeply diverged from frogs in the remaining regions, with 11.5%–
13.1% sequence divergence, which is comparable to distances between congeneric ranid species. Ecological niche
modeling analysis showed that the potential distribution ranges of the Loess Plateau frogs and the non-Loess Plateau
frogs are rather different; niche identity testing indicated that the environmental niches of frogs from the Loess
Plateau and other regions are not equivalent. Our data thus suggest that the Loess Plateau frogs represent a cryptic
species. The uplift of the L€
uliang Mountains was the most plausible trigger of this cryptic diversiﬁcation.
Key words: cryptic species, Korean Peninsula, Liaodong Peninsula, Loess Plateau pond frog, L€
uliang Mountains, Rana
nigromaculatus, species delimitation.

The black-spotted pond frog Pelophylax nigromaculatus
(Hallowell, 1860) (previously, Rana nigromaculatus), is a typical
temperate-adapted amphibian species, largely endemic to
East Asia. It occurs from central, east, and northeast China,
including the Loess Plateau, to the Russian Far East (Lower
Amur and Ussuri River Valleys), the Korean Peninsula, and part
of Japan (Fei, 1999; Zhao, 1999; Fei et al., 2009), with
populations in the central area of its distribution range having
the highest genetic diversity (Yang et al., 2004). Pelophylax
nigromaculatus is limited to <2000 m a.s.l. in distribution (Fei
et al., 2009). Frogs, like many other amphibians, have low
dispersal ability in general and, therefore, are good models for
biogeographical research.
July 2015 | Volume 53 | Issue 4 | 339–350

The phylogeographical patterns of this frog have been
studied by Yang et al. (2004) and Zhang et al. (2008) using the
mitochondrial Cyt b gene and two divergent lineages were
identiﬁed: one clade included samples from the Korean
Peninsula and the adjacent region in northeast China, and the
other clade included all the remaining Chinese samples and
Japanese samples (Zhang et al., 2008). In addition, Liu et al.
(2010) investigated the historical mitochondrial introgression
between two closely related frog species, P. nigromaculatus
and P. plancyi (Lataste, 1880), with robust molecular
calibration. Their data suggested that the second clade
mentioned above was actually descended from P. plancyi by
mitochondrial introgression, and the observed divergence
© 2015 Institute of Botany, Chinese Academy of Sciences
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represents the separation between the two species; they
further dated the divergence time between the two clades as
2.93 Ma (95% conﬁdence interval, 1.56–4.42).
However, in all these studies, no frog sample from the Loess
Plateau was included. The Loess Plateau is located in
northwest China, at a latitude of 34°–40°N and longitude of
103°–114°E (Fig. 1). It is the largest area of loess deposition in
the world (Zhao et al., 2013). This region, as a transition zone
from the inland arid climatic zone to a monsoon climatic zone
(Zhang et al., 2014), has experienced profound changes in
climate and environment since the late Miocene (Wu et al.,
2006; Xu et al., 2012). The arid environment in this region is
considered to be well correlated with the long-term trend of
cooling and aridiﬁcation in Asia during 1.95–0.40 Ma (Wu et al.,
2013). In addition, between the Loess Plateau and North China
Plain, stand the L€
uliang Mountain range (labeled as ᐭ in Fig. 1)
and the Taihang Mountain range (¤) that form an important
geographical divide in East China. Therefore, frog samples
from the Loess Plateau are indispensable for understanding
the biogeography and evolution of P. nigromaculatus.
In the present study, we have examined the range-wide
genetic diversiﬁcation of P. nigromaculatus using a combination
of the mitochondrial Cyt b gene and 10 nuclear microsatellite
loci, including extensive sampling from the Loess Plateau. We
aim to: (i) investigate the general phylogenetic patterns of
P. nigromaculatus in its distributional range; (ii) examine
whether there is any genetic differentiation between the frogs
from the Loess Plateau and East China; and (iii) if population
genetic splits exist, try to infer the related evolutionary
processes and ecological signiﬁcance by integrated phylogenetic and ecological niche modeling (ENM) analyses.

Material and Methods
Sampling and laboratory protocols
Sampling
A total of 871 specimens were collected from 31 locations in
China between 2000 and 2010 (Table S1, coded as 1–31), plus 30
specimens from South Korea and 32 specimens from Japan
(Table S1, coded as 32 and 33). A small portion of the tip of one
web toe was taken from each frog and preserved in absolute
alcohol. Frogs were then released back to where they were
caught (except the collections in the Loess Plateau where one
individual from each site was brought back to the laboratory
for taxonomic identiﬁcation; these 11 localities are coded as
1–11 in Table S1 and shown as red spots in Fig. 1). Samples were
stored at 4 °C. Frogs from the Loess Plateau were taxonomically examined to be Pelophylax nigromaculatus by Professor
Liang Fei, a respected authority in ranid frog taxonomy at the
Chengdu Institute of Biology, Chinese Academy of Sciences
(Chengdu, China). Morphologically, frogs from the Loess
Plateau were indistinguishable from those of other regions
(Fei L, pers. comm.). The morphological characters of
P. nigromaculatus were described in detail in Fei et al.
(2009, pp. 1062–1064). All these 933 samples were sequenced
at the mitochondrial Cyt b locus. In addition, published Cyt b
sequence data were also included in our analysis (shown in
Table S2). All together, the mitochondrial data covered all the
major landscapes and ecogeographical regions across the
distributional range of P. nigromaculatus (Fig. S1). Furthermore, 345 frogs from 15 localities (Table S3) were subject to
microsatellite genotyping at 10 loci. According to our
preliminary study in the laboratory (e.g. Yang et al., 2004),

Fig. 1. Schematic geographical map of China and sample locations of the black-spotted frogs collected in this study. Indicated on
the map are the main topographical features discussed in the text: the L€
uliang (ᐭ), Taihang (¤), and Qinling (¥) mountain
ranges. Frog samples were collected from the Loess Plateau region (red circles), East China (green triangles), Liaodong and
Korean peninsulas (blue squares), and Japan (purple pentagon). Samples used in the microsatellite analysis are denoted with
black circles. The shapeﬁle (CNTRY92.shp) used in this map was from http://data.crgsc.org/geographic/world/shape/ (note that
this is a schematic map for simple illustration only, it must not be used for any non-science purpose).
J. Syst. Evol. 53 (4): 339–350, 2015
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the 15 localities that we selected for microsatellite analysis
represent the overall distributional and genetic diversity of
this frog in East Asia.
DNA extraction
Genomic DNA was extracted using a modiﬁed phenol–
chloroform procedure (Zhang & Hewitt, 1998). A blank
control was carried out along each set of DNA extractions
to monitor any possible cross-contamination. All specimens
and DNA extracts were deposited at the Laboratory of
Molecular Ecology and Evolution, Institute of Zoology (MEEIOZ), Chinese Academy of Sciences, Beijing, China.
Cyt b sequencing
A 704-bp mitochondrial Cyt b gene sequence was ampliﬁed
with the primers RanaLeuF5d (50 -AAT CCG WAA ATC TCA CCC
CCT-30 ) and RanaCytbB1 (50 -GCT GGT GTA AAA TTG TCT GGG
TC-30 ) (Yang et al., 2004). The polymerase chain reactions
(PCRs) were carried out in volumes of 30 mL consisting of 1
reaction buffer, 1.5 mmol/L MgCl2, 0.2 mmol/L each dNTP,
0.2 mmol/L each primer, 20–30 ng template DNA, and 0.4 U
Taq DNA polymerase (Promega, Shanghai, China). The cycling
conditions are as follows (GeneAmp 9700; Perkin-Elmer,
Waltham, MA, USA): 94 °C denaturation for 2 min, followed by
35 cycles at 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s, and a
ﬁnal extension at 72 °C for 2 min. The PCR products were then
puriﬁed and sequenced on ABI PRISM 3100 and 3700
automated sequencers (Applied Biosystems, Foster City, CA,
USA).
Microsatellite genotyping
Ten polymorphic microsatellite loci were used in this study
(Table 1), of which six were developed in our laboratory and
the rest obtained from cross-species validation of available

341

microsatellites of ranid frogs (Zeisset et al., 2000; Dai & Zhou,
2009). The method used for isolation of the microsatellite loci
was described in Ji et al. (2003).
Genotyping at these 10 microsatellite loci were carried out
on an ABI 3730xl DNA Analyzer using Pop4 gel matrix with
GENESCAN 400HD (ROX) (Applied Biosystems) as the internal
size standard. Sizes of the ampliﬁed microsatellites were
scored by GeneMarker version 1.5 (http://www.softgenetics.
com/GeneMarker.html) and manually checked for every allele.
A blank control was carried out along each set of PCR
ampliﬁcations to monitor any possible cross-contamination.
Samples that did not amplify at more than two loci were
excluded from further analysis.
Mitochondrial data analysis
Phylogenetic analysis
Sequences were aligned using ClustalX 1.83 (Thompson et al.,
1997) and further inspected by eye. The unique haplotypes
were determined using DnaSP version 5.10.01 (Librado &
Rozas, 2009). Modeltest 3.7 (Posada & Crandall, 1998) was
used to select the appropriate model of molecular evolution
with Akaike information criterion. For phylogenetic analysis,
maximum likelihood method (ML) and Bayesian inference (BI)
were used with the programs PhyML (Guindon & Gascuel,
2003) and MrBayes version 3.1.2 (Ronquist & Huelsenbeck,
2003), respectively. Bootstrap analysis was carried out with
1000 replicates for ML. For BI, analyses were initiated with
random starting trees and each analysis ran for 8  106
generations with four Markov chains employed. Two
independent runs were conducted, each with the ﬁrst 10%
of trees being discarded as burn-in after a careful inspection of
the stationary and the convergence of the chains with Tracer
version 1.5 (Rambaut & Drummond, 2007). Trees were

Table 1 Ten microsatellite loci used in this study
Locus

Primer sequence(50 -30 )

Repeat type

Size range (bp)

Annealing
temperature (°C)

Reference

PnIOZ1

F: GTTTAGTTCATGCTATACATTTC
B: AAATGACAATTCCGTGATAGAG
F: TTTTGAGAGCATTTCCACTTTAC
B: ATATTAGGCTCCTGATTATCAC
F: ATTGTGAACGAGCCCTAAAAAAG
B: TTGATACCCACTCCACATGAC
F: AGTCATACTAGTCTTTGGACTT
B: ATGGGCAGTCTTCATTCCTGACTT
F: CTAACCTTAGGGGGCAAGTC
B: GTCGTACATCTGAAGCCCTCATA
F: TAGATGAAAGAGCAGCAAGTGA
B: AGATGCCGCCTTAAATGCCTTTAC
F: TCTAACCTAATTACTGTCAATG
B: GAGAAACTGTGTAATATTGCT
F: ACTTAGGGGGCACTGCACTAT
B: TAGCTTGCTTGGCTTGTCTGA
F: CAATGCCTTGGTAGTTCAAAT
B: CTAAGGAGCGACCATCAATCT
F: CTGGCAATGTTTAGCAATGAA
B: GCTCAACAAACCCAACTACAAG

(TG)9

89–109

53

This paper

(GT)13

132–164

56

This paper

(CA)(TA) complex

302–324

56

This paper

(AC)9

121–159

56

This paper

(ATG)7

90–116

53

This paper

(TATG)6

304–340

54

This paper

(CT)11

146–190

50

Dai & Zhou, 2009

(CT)14

141–203

50

Dai & Zhou, 2009

(GA)5GG(GA)7

227–287

50

Dai & Zhou, 2009

(GT)15

112–136

54

Zeisset et al., 2000

PnIOZ2
PnIOZ3
PnIOZ4
PnIOZ5
PnIOZ6
Pla34
Pla81
Pla96
Res5

Loci PnIOZ1–6 were developed in our laboratory, the rest from cross-species validation of published resources. B, backward; F,
forward.
www.jse.ac.cn
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sampled every 100 generations and the “temperature”
parameter was set to 0.1.
The mitochondrial Cyt b sequences from 933
P. nigromaculatus individuals sequenced in our study comprised 215 haplotypes, of which 28 were from the Loess
Plateau specimens. Another 54 haplotypes from GenBank
included in our analysis were from Kim et al. (2004) and Zhang
et al. (2008) (Table S2). In addition, the Cyt b sequence of
P. fukienensis (Pope, 1929) (GU977277, Liu et al., 2010) was
used as the outgroup here and in subsequent molecular
calibration analysis (see also in Table S2).
Estimation of divergence times
A Bayesian coalescent approach was used to estimate
divergence time of various clades using Beast version 1.6.1
(Drummond & Rambaut, 2007). As no fossil record is available
for P. nigromaculatus or closely related groups of frogs, we
used two calibration points according to the results of Liu
et al. (2010): the divergence of P. fukienensis and
P. nigromaculatus at 6.25 Ma (95% highest posterior density
[HPD], 3.539.24 Ma; C1), and the separation of the Korean
clade from the ancestor of the Chinese clade and Japanese
clade at 2.93 Ma (95% HPD, 1.56–4.42 Ma; C2). We aimed to
estimate the divergence times of the major clades, therefore,
a simpliﬁed dataset comprising 16 haplotypes was used
(Fig. S2). HKYþG was selected as the suitable model by
Modeltest 3.7. Yule process was used to describe speciation.
As the standard deviation of log rate on branches is not large
(s ¼ 0.63) (Brown & Yang, 2011), the strict molecular clock
model was used (Drummond & Rambaut, 2007). Three
independent runs with MCMC chain length of 1  108 were
carried out and parameter values recorded every 1000
generations. Log ﬁles were analyzed in Tracer version 1.5
(Rambaut & Drummond, 2007), the effective sample sizes
(>200) and the posterior probability density of the parameters were used to check whether each parameter has
converged on a stationary distribution.
Estimation of between-groups mean distance
Genetic distances between the major lineages/clades were
also estimated based on the pairwise matrix of sequence
divergences calculated under Kimura’s two-parameter and
TN93 (Tamura & Nei, 1993) models in mega 5.2 (Tamura et al.,
2011; note that the HKY model is not implemented in MEGA
and the TN93 model is very close to it). Variance of genetic
distances was estimated with 1000 bootstrap replications.
Microsatellite DNA analysis
Null alleles were examined across all loci with Micro-Checker
version 2.2.3 (van Oosterhout et al., 2004). Basic population
genetic parameters (e.g. the number of alleles, the observed
and expected heterozygosity per locus) were estimated with
MSTools 3.0, the widely circulated Excel macros written by
S. D. E. Park (e.g. Zhang et al., 2009; Andrews et al., 2010).
Hardy–Weinberg equilibrium and linkage disequilibrium were
tested using Arlequin version 3.5 (Excofﬁer & Lischer, 2010),
with sequential Bonferroni correction.
A Bayesian clustering analysis was carried out using the
program STRUCTURE version 2.3.3 (Pritchard et al., 2000) to
infer population structure. The admixture model was used
with the number of clusters (K) varying from 2 to 6. For each K,
15 independent runs were executed each for 1  106 iterations
J. Syst. Evol. 53 (4): 339–350, 2015

with the ﬁrst 100 000 iterations as burn-in. They yielded largely
consistent results. The delta K statistic (Evanno et al., 2005)
along with the likelihood scores were calculated by Structure
Harvester (Earl & vonHoldt, 2012) to choose the reasonable K.
Graphical display of the results of STRUCTURE was realized
with the program DISTRUCT version 1.1 (Rosenberg, 2004).
As a complementary approach, principal component
analysis (PCA) was carried out with PCA-GEN version 1.2.1
(Goudet, 1999) and GenAlEx version 6.4 (Peakall & Smouse,
2006). Principal component analysis is a multivariate method
that does not make strong assumptions of Hardy–Weinberg
equilibrium or linkage equilibrium in the data (Zhang et al.,
2009).
Ecological niche modeling and niche similarity analysis
The maximum entropy modeling implemented in Maxent 3.3.1
(Phillips et al., 2006) was used to predict the potential
distribution region of frogs. The distribution records of
P. nigromaculatus were based on our ﬁeld survey and records
in Fei et al. (2009) and the Amphibia Web (http://amphibiaweb.org/index.html). In total, 26 and 136 presence records
of P. nigromaculatus frogs in Loess Plateau and the other
regions were obtained, respectively. Climate data were
obtained from the WorldClim dataset (Hijmans et al., 2005)
for current climate conditions with resolutions of 2.5 arcminutes and 30 arc-seconds as environment layers, respectively. Model validation was carried out using default settings
with 25% of the data being used for model testing. Results
from the two resolutions (2.5 arc-minutes versus 30 arcseconds) were basically identical, thus we focused our
subsequent study only on the 2.5 arc-minutes resolution, as
it is computationally more efﬁcient.
To measure the niche similarity between frogs from the
Loess Plateau and other regions, ENMTools (Warren et al.,
2010) was used to calculate Schoener’s (1968) D and the I
statistic introduced by Warren et al. (2008). The latter is a
similarity statistic transformed from Hellinger distance that
has been used in ecological studies primarily to compare
community composition across sites (see Warren et al., 2008
for more details). Practically, there is no qualitative difference
between I and D, but the latter carries no predeﬁned biological
assumptions in its mathematical treatment of probability
distributions (Warren et al., 2008). These two statistics range
from 0 (species have completely discordant ENMs) to 1
(species have identical ENMs). The niche identity test was
carried out by comparing the similarity score for ENMs built
from known occurrences of frogs on the Loess Plateau and
other regions to the distribution of similarity scores between
ENMs built from occurrences drawn randomly from the
pooled occurrences for these frogs (100 pseudoreplicates
generated). Statistical signiﬁcance was assessed with Student’s t-test.
Identification of genetic barriers and their geographical
locations
To identify genetic barriers between frog populations and
their geographical locations, Barrier version 2.2 (Manni et al.,
2004), a program that implements Monmonier’s maximum
difference algorithm (Monmonier, 1973), was used. In order to
identify the most important boundary, we started the
computing with the number of barriers set to 1.
www.jse.ac.cn
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A statistical signiﬁcance test was carried out by means of
bootstrap matrices analysis. For both mitochondrial and
microsatellite data, a total of 100 bootstrap resamples were
conducted in Seqboot from the PHYLIP version 3.69 package
(Felsenstein, 2005). Pairwise Cyt b FST matrices between
populations were calculated in DnaSP version 5.10.01 (Librado
& Rozas, 2009) and used as input for Barrier (note that sample
site 9 was excluded because it contains only one individual,
see Table S1). Pairwise Nei’s (1972) genetic distance matrices
of microsatellite data between populations (Table S3) were
calculated in GenDist from the PHYLIP version 3.69 package
(Felsenstein, 2005) and used as input for Barrier.

Results
Phylogenetic analyses
The 933 frogs analyzed in our study resulted in 215
mitochondrial Cyt b haplotypes, of which 28 were speciﬁc
to the Loess Plateau region. Actually, there was no shared
haplotype between frogs from the Loess Plateau region and
other frogs. The ML tree and the Bayesian tree obtained are
highly congruent and differ only in some minor aspects, such
as arrangements of individual haplotypes within major clades.
Figure 2 shows the ML tree with bootstrap support
proportions from the ML analysis listed above the major
clades, along with the posterior probabilities. It resolved four
major clades, with each of them being strongly supported
(Fig. 2): (i) Loess Plateau clade (red), frogs in this clade are
restricted to the Loess Plateau; (ii) East China clade (green),
containing frogs from the rest of China except those from the
Liaodong Peninsula and nearby area in northeast China; (iii)
Peninsulas clade (blue), comprising frogs from the Korean
Peninsula, Liaodong Peninsula, and nearby regions; and (iv)
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Japan clade (purple), including ﬁve haplotypes from Japan.
Between the Loess Plateau clade and the non-Loess Plateau
clades, there are 27 nucleotides of ﬁxed difference, which
indicates a deep divergence. The mean distance between
them is 11.5%13.1% for the Cyt b gene (estimated under
Kimura’s two-parameter model; Table 2).
Population structure
In total, 345 frogs from four localities on the Loess Plateau
(coded as 1–4, Table S3), seven localities from East China (5–11,
Table S3), three localities from the Peninsulas (12–14,
Table S3), and one locality from Japan (15, Table S3) were
genotyped at 10 nuclear microsatellite loci (Table 1). Figure 3
shows the results of Bayesian clustering analysis using the
software STRUCTURE. A plot of Evanno et al.’s (2005), delta K
statistic for detecting the reasonable K is shown in Fig. S3.
There is a clear peak at K ¼ 3. At various deﬁned K values (see
Fig. 3, K ¼ 2–6), the Loess Plateau frogs remain as a ﬁxed
cluster. When K is 5 or larger, four major groups are evident,
corresponding to the four clades identiﬁed in the aforementioned phylogenetic approach (cf. Fig. 2). Note also that the
JLCC sample is separate from the East China group when K is 4
or larger, suggesting possible within-group differentiation
(which deserves further analysis and veriﬁcation with more
samples from this region).
The result of PCA of the microsatellite genotype data
(Fig. 4) was congruent with the results of the Bayesian
clustering and phylogenetic analyses. That is, the blackspotted pond frogs form four clusters (Loess Plateau/East
China/Peninsulas/Japan). The ﬁrst two principle component
factors (PC1 and PC2) plotted here account for 87.5% of the
total variance (per axis inertia, PC1 ¼ 79.7%, PC2 ¼ 7.8%). These
two factors are highly signiﬁcant based on statistical tests
with 1000 randomizations (PC1, P ¼ 0.047; PC2, P ¼ 0.001).

Fig. 2. Phylogenetic relationships of the black-spotted frog lineages reconstructed by the maximum likelihood method using
mitochondrial Cyt b gene data. The Bayesian method generated a similar tree. Shown above the branches are bootstrap support
values (%) from 1000 replicates (maximum likelihood analysis) / posterior probabilities (Bayesian inference). Divergence times in
million years (Ma) at the nodes of major clades (labeled as 1, 2, C1 and C2) were estimated in beast using a Bayesian strict
molecular clock approach with the two calibration points based on the results of Liu et al. (2010); values in parentheses are the
corresponding 95% highest posterior density intervals of the relevant nodes. Color codes: blue, Peninsulas clade; green, East
China clade; purple, Japan clade; and red, Loess Plateau clade.
www.jse.ac.cn
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Table 2 Mean genetic distances and their variances estimated with 1000 bootstrap replications of the Cyt b gene between the
main clades calculated under Kimura’s two-parameter (below diagonal) and TN93 (upper diagonal) models

Loess Plateau
East China
Japan
Peninsulas

Loess Plateau

East China

Japan

Peninsulas

–
0.121  0.015
0.131  0.016
0.115  0.015

0.123  0.015
–
0.032  0.006
0.075  0.011

0.133  0.016
0.032  0.006
–
0.070  0.010

0.117  0.015
0.075  0.011
0.071  0.011
–

Divergence time estimates
Based on the dating results of Liu et al. (2010), the divergence
time between the Loess Plateau clade and the ancestral
lineage leading to the other three clades was estimated to be
4.93 Ma (mean; 95% HPD, 2.62–7.21 Ma), as shown in Fig. 2. The
Peninsulas clade diverged from the clade composed of the
East China and Japan clades at 2.51 Ma (mean; 95% HPD, 1.38–
3.68 Ma). The divergence time between the East China and
Japan clades is 1.10 Ma (mean; 95% HPD, 0.52–1.69 Ma).
Ecological niche modeling and niche similarity
Figure 5 shows the predicted distribution of the frogs based
on the maximum entropy model implemented in Maxent, with
a very high modeling accuracy (AUC ¼ 0.98). The predicted
distribution range of the frogs on Loess Plateau (referred to as
the “Loess Plateau frogs”) was much larger than its actual
distribution (Fig. 5A), whereas that of the other frogs in East
Asia (the “non-Loess Plateau frogs”) was similar to the actual
distribution (Fig. 5B).
The result of the niche identity test between frogs on the
Loess Plateau and other regions is shown in Fig. 6. The
observed values of D and I were signiﬁcantly lower than the
expected degree of niche overlap when samples were drawn

from the same distribution (null model) (t-test, P < 0.001),
indicating that the environmental niches of frogs on the Loess
Plateau and other regions are not equivalent.
Genetic barrier
Figure 7 shows the primary genetic barrier and its geographical locations identiﬁed by Barrier version 2.2 (Manni et al.,
2004). Both mitochondrial and microsatellite data revealed a
major genetic barrier between the frogs from the Loess
Plateau and frogs from the other regions. The geographical
location of the barrier coincides with the geographical divide
formed by the L€
uliang Mountain range.

Discussion
Cryptic diversification of the black-spotted pond frog on the
Loess Plateau
Both the mitochondrial Cyt b sequence data and the
multilocus nuclear microsatellite genotyping data revealed
that the black-spotted pond frogs in East Asia have
differentiated into four distinct clades/groups: the Loess
Plateau clade, the East China clade, the Peninsulas clade, and
the Japan clade (Figs. 1–4). The last three major clades

Fig. 3. Bayesian estimation of the population structure of the black-spotted frog using multilocus microsatellite genotyping data.
K is the number of distinct clusters (groups) simulated with the data using the program structure. Each vertical bar represents
one individual, and is partitioned into colored segments that represent the individual’s estimated membership fractions in K
clusters. Black lines separate different populations. Blue, Peninsulas clade; green, East China clade; purple, Japan clade; red,
Loess Plateau clade. HBDZ, Dingzhou, Hebei; HBHH, Honghu, Hubei; HBQHD, Qinhuangdao, Hebei; JLCC, Changchun, Jilin; JSXZ,
Xuzhou, Jiangsu; LNDG, Donggang, Liaoning; LNZH, Zhuanghe, Liaoning; SDPY, Pingyuan, Shandong; SXDT, Datong, Shanxi;
SXFX, Fengxiang, Shaanxi; SXTG, Taigu, Shanxi; SXYA, Yan’an, Shaanxi; SXYL, Yulin, Shaanxi.
J. Syst. Evol. 53 (4): 339–350, 2015
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Fig. 4. Results of principal component analysis of genetic
distance data of the black-spotted frog from 10 microsatellite
loci. The ﬁrst two principle component factors (PC1 and PC2)
plotted here account for 87.5% of the total variance (per axis
inertia, PC1 ¼ 79.7%, PC2 ¼ 7.8%). These two factors are highly
signiﬁcant based on statistical tests with 1000 randomizations.
Blue, Peninsulas clade; green, East China clade; purple, Japan
clade; red, Loess Plateau clade.

Fig. 6. Results of the identity test on black-spotted frogs
using two statistics. A, Schoener’s D statistic. B, I statistic. The
bar indicates null distributions of the statistic, which are
generated from 100 replicates randomly sampled from the
data points pooled from the pair of frogs from Loess Plateau
and other regions. The horizontal axis represents values of D
or I, the vertical axis the frequency (number of randomizations). The observed values are indicated by arrows.

Fig. 5. Predicted distribution probability of black-spotted
frogs using the maximum entropy model implemented in
Maxent. A, Predicted distribution of Loess Plateau frogs; note
that it is much larger than their actual distribution. Black dots,
Loess Plateau frogs; gray dots, frogs from other regions. B,
Predicted distribution of non-Loess Plateau frogs in East Asia,
which is similar to their actual distribution. Black dots, nonLoess Plateau frogs; gray dots, Loess Plateau frogs.
www.jse.ac.cn

(collectively referred to as the “non-Loess Plateau clades”)
and their evolutionary relationships are congruent with
results from previous works (Zhang et al., 2008; Liu et al.,
2010). However, the very distinct Loess Plateau clade is
surprising and has not been recognized before.
The Loess Plateau clade and the non-Loess Plateau clades
are reciprocally monophyletic and geographically exclusive
(i.e. allopatric in geographic distribution). The genetic
distances between the Loess Plateau clade and the nonLoess Plateau clades estimated under Kimura’s two-parameter model vary from 11.5% to 13.1% (or 11.7% to 13.3% under the
TN93 model; Table 2), which are considerably larger than
distances between the non-Loess Plateau clades (from 3.2%
to 7.5%; Table 2) but comparable to distances between the
congeneric ranid species (the sequence difference in the Cyt
b gene is 10.38%–11.92% between Pelophylax nigromaculatus
and P. porasa [Cope, 1868], Sumida et al., 1998; and 11.58%
between Rana japonica [Boulenger, 1879] and R. ornativentris
[Werner, 1903], Tanaka et al., 1994), and even larger than
distances between some intergenic taxa (11.49% between
P. nigromaculatus and R. pirica [Matsui, 1991]; Tanaka et al.,
1994).
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Fig. 7. Geographical location of the genetic barrier in black-spotted frog distribution, identiﬁed with Monmonier’s method
implemented in Barrier. Small brown dots represent the localities of frog samples. The thick brown line marks the geographical
boundary of genetic discontinuity. The numbers in brown along this thick line are bootstrap values (note that bootstrap values less
than ﬁve are not shown). For both mitochondrial (A) and microsatellite (B) data, a total of 100 bootstrap replicates were carried out.
The Delaunay triangulation (which connects a set of sample localities by a set of triangles following certain rules) is shown in green,
the Voronoi tessellation (which represents a polygonal neighborhood for each sample) in blue. Small blues dots outside the
triangulation are the “virtual points” (virtual populations) used to close the Voronoi tessellation. This addition is of great importance
because, otherwise, the external links of a Voronoi tessellation tend to approach inﬁnity (see Manni et al., 2004). A, Mitochondria
data. Population numbering: 1, Baotou, Inner Mongolia; 2, Datong, Shanxi; 3, Yinchuan, Ningxia; 4, Yulin, Shaanxi; 5, Yan’an, Shaanxi;
6, Baishui, Shaanxi; 7, Tongchuan, Shaanxi; 8, Fengxiang, Shaanxi; 9, Xi’an, Shaanxi; 10, Chang’an, Shaanxi; 11, Harbin, Heilongjiang; 12,
Changchun, Jilin; 13, Siping, Jilin; 14, Huludao, Liaoning; 15, Qinhuangdao, Hebei; 16, Beijing; 17, Dingzhou, Hebei; 18, Taigu, Shanxi; 19,
Pingyuan, Shandong; 20, Shouguang, Shandong; 21, Xuzhou, Jiangsu; 22, Nantong, Jiangsu; 23, Shanghai; 24, Yichang, Hubei; 25,
Honghu, Hubei; 26, Fuzhou, Fujian; 27, Guilin, Guangxi; 28, Xiuyan, Liaoning; 29, Donggang, Liaoning; 30, Zhuanghe, Liaoning; 31,
Yeonmu, Nonsan, Chungcheongnam-do, Korea; 32, Ogi, Izumisano, Osaka, Japan. B, Microsatellite data. Population numbering: 1,
Fengxiang, Shaanxi; 2, Yan’an, Shaanxi; 3, Yulin, Shaanxi; 4, Datong, Shanxi; 5, Taigu, Shanxi; 6, Changchun, Jilin; 7, Qinhuangdao,
Hebei; 8, Dingzhou, Hebei; 9, Pingyuan, Shandong; 10, Xuzhou, Jiangsu; 11, Honghu, Hubei; 12, Zhuanghe, Liaoning; 13, Donggang,
Liaoning; 14, Yeonmu, Nonsan, Chungcheongnam-do, Korea; 15, Ogi, Izumisano, Osaka, Japan.
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Ecological niche modeling analysis showed that the
potential distribution ranges of the Loess Plateau frogs and
the non-Loess Plateau frogs are rather different (Fig. 5). Note
also that the result of the niche identity test indicates that the
environmental niches of frogs on the Loess Plateau and other
regions are not equivalent (t-test, P < 0.001; Fig. 7). Although
the frogs from the Loess Plateau are morphologically
indistinguishable from those from other places (Fei L, pers.
comm.), the geographical allopatry, the niche difference, and
the clear genetic discontinuity in both mitochondrial and
nuclear genomes together strongly support them as a distinct
species. Therefore, we suggest that the black-spotted frogs
from the Loess Plateau should be regarded as a cryptic species
(referred to as the Loess Plateau pond frog for convenience).
Identifying cryptic species is a challenge, partially because
many alternative species concepts are advocated by biologists
(reviewed in de Queiroz, 2007). For example, the biological,
ecological, evolutionary, and phylogenetic concepts of
species (among others) are deﬁned and used in different
research ﬁelds. The differences between species concepts
largely come from the different biological properties upon
which the alternative concepts are based. All of the concepts
seem to have some merit. Therefore, a multidisciplinary
approach should be adopted to identify cryptic species.
In this study, molecular phylogenic and ENM methods were
used to identify the cryptic divergence between frogs from
the Loess Plateau and those from other regions. Reciprocal
monophyly is fundamental in the phylogenic species concept.
The results of phylogenetic analysis (Fig. 2) show that the
Loess Plateau clade and the non-Loess Plateau clades satisfy
this condition. The ecological species concept emphasizes
that species occupy a distinct niche or adaptive zone. The
results of ENM (Figs. 5, 6) indicated that the environmental
niches of frogs on the Loess Plateau and other regions are not
equivalent. Furthermore, the deep divergence revealed by the
27 nucleotides of ﬁxed difference, a relatively long divergence
time (the mean being 4.93 Ma) and independent evolutionary
histories also support the viewpoint that frogs on the Loess
Plateau should be regarded as a cryptic species. This is in
accordance with the evolutionary species concept, which
emphasizes unique evolutionary role, tendencies, and historical fate (de Queiroz, 2007).
Historically, there exist over 20 allogeneic synonyms for
P. nigromaculatus because of the great morphological
variations across its huge geographical range of distribution,
and no consensus has been reached yet on whether there
exist any divergence of subspecies (Fei et al., 2009; pp. 1069–
1071). Our results further conﬁrm the complexities of
taxonomical identiﬁcation of these frogs and indicate the
necessity in collecting genetic, ecological, and evolutionary
evidence.
L€
uliang Mountains as effective biogeographic barrier and
trigger for cryptic divergence
What caused the cryptic diversiﬁcation? In theory, both
environmental factors (e.g. climate change) and geographic
factors (e.g. physical barrier) could be responsible. Recall that
P. nigromaculatus has not been observed to occur at altitudes
>2000 m a.s.l. (Fei et al., 2009). Therefore, high mountains
should constitute an effective geographic barrier to prevent
the dispersal of these frogs. It may be no coincidence that the
www.jse.ac.cn
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L€
uliang Mountain range (its highest peak, Mount Guandi, is
2880 m a.s.l., with the altitude of quite a large area >2000 m
a.s.l.) is a geographic dividing line between the Loess Plateau
frog clade and the other frog clade: no frogs of the East China
group (and other groups) were observed on the west side of
L€
uliang Mountains (note that the sampling site Datong is
situated at the northeast edge of the Loess Plateau, with an
altitude of 1000–1500 m a.s.l.). Theory says that only when
almost all of the individuals trying to cross a geographic
barrier are stopped, will the barrier cause a drastic change in
gene frequencies at the barrier (Slatkin, 1973). Given the sharp
divergence between the Loess Plateau clade and the nonLoess Plateau clades, it suggests that the L€
uliang Mountains
has been an effective barrier of dispersal, and caused isolation
and divergence of the frogs on both sides. Actually, genetic
barrier analysis conﬁrmed this conjecture: both mitochondrial
and microsatellite data identiﬁed an identical major genetic
barrier in the frogs, with its geographical location coinciding
with the geographical divide formed by the L€
uliang Mountain
range (Fig. 7). Also, no other known causal factor is as apt as
the L€
uliang Mountains to explain the sharp genetic divergence
between frogs west and east of the mountain range.
Of course, it is known that climate change can also trigger
separation and divergence of genetic lineages. Nevertheless,
the following lines of evidence suggest that climate change is
less likely to be the primary factor causing the allopatric
distribution of and deep divergence between frogs in the
Loess Plateau region and the other Chinese regions. First, it is
improbable that the Pleistocene climatic ﬂuctuations acted as
a major driving force to trigger the diversiﬁcation of the frogs
in Loess Plateau. This is simply because the Loess Plateau
frogs and the other frogs diverged 4.93 Ma (mean; 95% HPD,
2.62–7.21 Ma), well before the onset of northern hemisphere
glaciations approximately 2.7 Ma (Raymo, 1994).
Second, ENM analysis predicted a potential distribution
range of the Loess Plateau frogs that is much larger than its
actual distribution (Fig. 5A), with a large area overlapping in the
northern region of the North China Plain and the southwest
region of the Northeast China Plain being predicted to be
suitable for this group of frogs. This largely corresponds to a
semi-arid region, with a climate type rather similar to that on
the Loess Plateau. This suggests that some area on the
periphery of the North China Plain and Northeast China Plain is
potentially ecologically habitable for the Loess Plateau frogs.
However, these frogs are absent from those regions. Also,
rather noticeably, the same analysis has predicted a distribution
of frogs of the East China group that is concordant to its actual
distribution, a reasonable indication of the effectiveness of the
ENM analysis itself. Although the result of such analysis can only
be regarded as inference rather than evidence (ENM mainly
relies on climatic parameters and does not take into account
geographic and other factors), the ENM results suggest that
climate should not on its own disrupt a wider distribution of the
Loess Plateau frogs.
Third, theoretical work suggests that one would not
necessarily expect to observe a rapid change in gene
frequencies or area effects associated with sudden changes
in environmental conditions except in the case of almost
complete restriction of gene ﬂow or very strong selection
(Slatkin, 1973). The ecologically relatively mild cyclic climate
changes in China (Shi et al., 2013) alone were unlikely to be
J. Syst. Evol. 53 (4): 339–350, 2015
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able to cause complete cessation of gene ﬂow and thus the
observed cryptic divergence of the Loess Plateau frogs.
Neither is there any evidence for the exertion of very strong
selection (note that among the 27 ﬁxed differences between
the Loess Plateau clade and the non-Loess Plateau clades, only
one is a non-synonymous mutation that has caused the
replacement of the amino acid isoleucine by valine in the
Loess Plateau frogs. But these two medium-sized residues are
functionally analogous, for example, both have a hydrophobic
aliphatic side chain. In particular, both Tajima’s D test and the
McDonald and Kreitman test failed to detect any signature of
selection (data not shown). Thus, taking the above lines of
evidence together, it suggests that an effective non-climatic
barrier of dispersal should have existed, and the L€
uliang
Mountain range is the best candidate.
Implications for biogeographical research and biodiversity
conservation
For some historical reason, biogeographical research in China
has traditionally focused on the impact of the uplift of the
Qinghai–Tibet Plateau and the vicariance of the Qinling
mountains (which mark the southern margin of the Loess
Plateau; label ¥ in Fig. 1). The latter are believed to be the
most important geographical barrier to dispersal between
south China and north China, preventing exchanges of biota in
the latitudinal direction (reviewed in Zhang, 1999). By
contrast, there is very limited research effort into other
regions, especially in the longitudinal dimension. Actually,
given the eastward-descending terrace-like topography in the
physical relief of China (Fig. 1) and the vast climatic/
geographic/ecological/geologic heterogeneity among regions, longitudinal biogeographical processes are important
for understanding the tempos and patterns of the evolution
of biodiversity in China. Our results thus provide some primary
genetic evidence for the longitudinal vicariant isolation of the
L€
uliang Mountains, which should stimulate more in-depth
phylogeographical and evolutionary investigations on this
issue.
Our results also have clear implications for biodiversity
conservation. The global decrease of amphibian species has
been the focus of much discussion (Houlahan et al., 2000;
Beebee & Grifﬁths, 2005). However, new amphibian species
were unceasingly discovered in recent years (e.g. Hanken,
€ hler et al., 2005), with
1999; Meegaskumbura et al., 2002; Ko
many of them being cryptic species (e.g. Fouquet et al., 2007;
Gehara et al., 2014). Our present ﬁnding proved once more
that frogs are the storehouses of tremendous cryptic diversity
(Stuart et al., 2006). This phenomenon should draw due
attention because some amphibian species may become
extinct even before we realize them. Efforts to catalogue and
explain biodiversity should be put on the agenda, given the
worldwide urbanization and industrialization that is escalating
the destruction and disturbance of natural ecosystems, thus
accelerating extinctions of species (Bickford et al., 2006;
Brook et al., 2006).
The Loess Plateau belongs to the continental monsoon
region with an average annual rainfall varying from 250 mm in
the northwest to 600 mm in the southeast (Zhao et al., 2013).
Frogs, like many other amphibians, rely on fresh water and
have restricted dispersal ability in general, thus are particularly
sensitive to environmental change. The arid climate and
J. Syst. Evol. 53 (4): 339–350, 2015

environment on the Loess Plateau may cause habitat
fragmentation to the frogs in this region. At present, over
two-thirds of the area of the Loess Plateau is dominated by a
gullyhill landscape, owning to massive soil erosion over the
Quaternary and profound human activities in the last few
thousands of years (Zhao et al., 2013). Therefore, biological
conservation efforts should give priority to species in this
region, such as the cryptic Loess Plateau pond frogs reported
here.
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