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Abstract

Berdmore’s narrow-mouthed frog, Microhyla berdmorei (Blyth, 1856), is the largest member of the genus Microhyla and is distribut-
ed all over Southeast Asia, from Northeast India and southern China to Sumatra and Borneo in Indonesia. Here we demonstrate that
M. berdmorei represents a complex of four species that are morphologically, acoustically, and genetically distinct from each other,
and we implement taxonomic revisions. Phylogenetic analyses of three mitochondrial DNA (hereafter mtDNA, including COI, 12S,
and 16S rRNA; 3119 bp) and one nuclear (BDNF; 716 bp) gene sequences are corroborated by phylogenomic analyses of 2700
ddRAD-seq loci (387,270 bp). All support that the M. berdmorei complex, which originates from the early Miocene (ca. 19.7 mya),
consists of two clades that we date to the late Miocene (ca. 7.5 mya). The first clade, which regroups populations of large-sized indi-
viduals, is distributed in Indo-Burma and includes a lineage from Northeast India, Bangladesh, and Myanmar (M. berdmorei sensu
stricto) and a lineage from West Malaysia, Thailand, Laos, Cambodia, and Vietnam (for which we propose to resurrect the species
M. malcolmi Cochran, 1927). The second clade, which regroups populations of small-sized individuals, occurs in Sundaland and
also includes two lineages for which we provide taxonomic descriptions on species rank. The first new species is widely distributed
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from Peninsular Malaysia to the islands of Borneo and Sumatra (described herein as M. sundaica sp. nov.), while the second one

is restricted to the Malay Peninsula and occurs in extreme southern Thailand and adjacent Malaysia (M. peninsularis sp. nov.). We

further provide evidence for the synonymy of Callula natatrix Cope, 1867 with M. berdmorei sensu stricto, and M. fowleri Taylor,

1934 with M. malcolmi. Our study illustrates the high diversity of Southeast Asian amphibians, especially in the genus Microhyla,

which presently totals 54 species.

Keywords

Advertisement call, biodiversity, ddRAD-seq, Indochina, molecular phylogeny, morphology, mtDNA, narrow-mouthed frogs, new

species, Sundaland

Introduction

The narrow-mouthed frogs, or Microhyla Tschudi, 1838,
represent the most species-rich genus of the subfamily
Microhylinae and are widely distributed from India, Pa-
kistan, and Sri Lanka in the west to the Ryukyu Islands of
Japan in the east, and southwards to the Indonesian Islands
west of the Wallace Line (Gorin et al. 2020, 2021). Gorin
et al. (2020) analyzed the phylogenetic relationships and
historical biogeography of Microhyla and recognized
eight species groups within this genus, namely Microhyla
achatina, M. fissipes, M. berdmorei, M. superciliaris, M.
ornata, M. butleri, M. palmipes, and M. annectens spe-
cies groups, with the latter being subsequently transferred
to the newly established genus Nanohyla (Gorin et al.
2021). Currently, Microhyla includes 51 nominal species,
with over half of this diversity (31 species) having been
described within the last 15 years (see Frost 2024). This
surge of species descriptions can be partly explained by a
wider application of the integrative taxonomic approach,
in which detailed morphological, molecular, and bio-
acoustic analyses led to the discovery of numerous previ-
ously unnoticed lineages worthy of taxonomic attention.
For instance, new species have been described almost
every year among the different Microhyla species com-
plexes, such as in the M. achatina complex (Eprilurah-
man et al. 2021), the M. butleri complex (Nguyen et al.
2019; Poyarkov et al. 2020a), the M. heymonsi complex
(Poyarkov et al. 2020b; Hoang et al. 2021, 2022; Garg et
al. 2022; Eprilurahman et al. 2023), the M. fissipes com-
plex (Li et al. 2019; Matsui and Tominaga 2020; Zhang
et al. 2022), and the M. superciliaris complex (Biju et al.
2019; Garg et al. 2019; Poyarkov et al. 2020c). Most spe-
cies of Microhyla have limited distributions, except for
a few taxa with extensive ranges that encompass almost
the entire Indo-Burma Region. The systematic and phy-
logeography of wide-ranged Microhyla species complex-
es yet remains insufficiently studied, and these may hide
more candidate taxa than currently appreciated. However,
available research is essentially based on mtDNA genetic
markers, which are often insufficient to draw taxonomic
conclusions (Dufresnes and Jablonski, 2022).
Berdmore’s narrow-mouthed frog, M. berdmorei
(Blyth, 1856), is the largest species of the genus, with
adult females reaching up to 46 mm (Poyarkov et al.

2014); together with the other large-sized species M.
pulchra (Hallowell, 1861), M. picta Schenkel, 1901 and
M. darevskii Poyarkov et al., 2014, these taxa form the
M. berdmorei species group (Gorin et al. 2020). As cur-
rently understood, M. berdmorei is widely distributed
throughout Bangladesh, India, China, Myanmar, Laos,
Cambodia, Vietnam, Thailand, Malaysia, and Indonesia
(Poyarkov et al. 2014, 2021; Frost 2024). However, the
differentiation of M. berdmorei populations across this
extensive geographic range has not been comprehensive-
ly studied. Microhyla berdmorei was originally described
from “Pegu, Burma” (now Bago Region, Myanmar)
under the name Engystoma berdmorei by Blyth (1856).
Currently, three taxa are regarded as subjective junior
synonyms of M. berdmorei (see Frost 2024): Callula
natatrix Cope, 1867 (type locality: near Yangon Region,
Myanmar); M. malcolmi Cochran, 1927 (type locality:
Pak Chong, Nakhon Ratchasima Province, Thailand);
and M. fowleri Taylor, 1934 (type locality: Chiang Mai
Province, Thailand). However, the status of M. berdmorei
and its synonyms still remains controversial, largely due
to a significant number of misidentifications that were
made in the past (e.g., see note in Garg et al. 2019: 15).
The taxonomic history of the M. berdmorei complex is
summarized in Table 1. The validity of M. fowleri was
first doubted based on its morphological similarity to M.
berdmorei (see Bourret 1942; Taylor 1962) and Matsui
et al. (2011), based on mtDNA sequences of topotypic
specimens from Thailand, also suggested that these two
taxa might be conspecific. However, M. fowleri is still
recognized as a valid species by some authors (e.g., Yang
and Rao 2008; Fei et al. 2009, 2010, 2012; Poyarkov et
al. 2014; Li et al. 2019). In fact, the seminal work by
Matsui et al. (2011), which represents the first molecu-
lar assessment of the subfamily Microhylinae, reported
significant molecular divergence between populations of
M. berdmorei in Malaysia and Indonesia and populations
assigned to “M. fowleri” in Thailand. Subsequent studies
provided further evidence for the existence of high genet-
ic diversity and candidate taxa within the M. berdmorei
complex (see Garg et al. 2019; Nguyen et al. 2019; Gorin
et al. 2020; Kundu et al. 2021). However, a comprehen-
sive, geographically-explicit analysis of the morphologi-
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Table 1. Species-level scientific names erected for the members of the Microhyla berdmorei complex and the proposed taxonomic

status.
No. | Authority Original taxon name Type locality Previous taxonomy* Proposed taxonomy
1 | Blyth (1856 [“1855™]) | Engystoma (?) berdmorei | Bago, Myanmar Microhyla berdmorei Microhyla berdmorei
Subjective junior synonym Subjective junior
2 | Cope (1867) Callula natatrix near Yangon, Myanmar ) . J ynony synonym of Micro-
of Microhyla berdmorei .
hyla berdmorei

3 | Cochran (1927) Microhyla malcolmi

Thailand

Pak Chong, Nakhon Ratchasima,

Subjective junior synonym

of Microhyla berdmorei Microhyla malcolmi

4 | Taylor (1934) Microhyla fowleri

Chiang Mai, Thailand

Subjective junior
synonym of Micro-
hyla malcolmi

Subjective junior synonym
of Microhyla berdmorei

5 | This study Microhyla peninsularis

Thailand

Lam Plok Waterfall, Trang,

Microhyla peninsu-
laris sp. nov.

6 | This study Microhyla sundaica

Sungai Tua, Selangor, Malaysia | —

Microhyla sundaica
Sp. nov.

* Previous taxonomy is given following Frost (2024).

cal and molecular variation of the M. berdmorei complex
across its entire range, from which to imlement robust
taxonomic revisions, is presently lacking.

In this study, we use multilocus molecular, bioacoustic
and morphological data to investigate the diversity and
taxonomy of the M. berdmorei species complex, based
on an extensive sampling from all over its range. Our
analyses partially confirm and extend previous molecu-
lar studies (Garg et al. 2019; Gorin et al. 2020; Kundu et
al. 2021) to populations that have never been examined.
Our results support a hypothesis of four genetically and
morphologically distinct species within the M. berdmorei
species complex, of which two represent species new to
science, described below.

Material and Methods

Species delimitation

In the lack of direct evidence for reproductive barriers, as
revealed by absent or limited gene flow across secondary
contact zones, species are herein delimited as sets of pop-
ulations that belong to deeply-diverged, robustly support-
ed lineages, eventually accompanied by external differ-
ences (“species lineages”, sensu Hillis 2019; Dufresnes
et al. 2023; Vences et al. 2024). This approach has the ad-
vantage of combining the principles taken from the gen-
eral lineage concept (GLC: de Queiroz 2007), in which
a species constitutes a population of organisms evolving
independently from other populations owing to a lack of
gene flow (and thus represents an evolutionarly-indepen-
dent lineage), with the biological species concept, where
the lack of gene flow and genetic divergence reflects ef-
ficient reproductive isolation). To this end, mitochondrial
data was used to identify candidate species lineages, i.c.,
monophyletic groups of individuals—the grouping stage
of Hillis (2019) — that are further supported by the anal-
yses of genome-wide nuclear data. Morphological data

were then used to search for unique characters and pat-
terns consistent with these hypotheses—the construction
of boundaries representing the hypothesis-testing step of
Hillis (2019)—thus providing independent diagnoses in
complement to molecular criteria.

Sample collection

A total of 85 ethanol-preserved specimens from the
M. berdmorei complex were sampled for genetic anal-
yses (Table S1). Specimens and tissues originated from
the herpetological collections of the Zoological Museum
of Moscow University (ZMMU, Moscow, Russia), the
School of Agriculture and Natural Resources, the Univer-
sity of Phayao (AUP, Phayao, Thailand), the Joint Viet-
nam - Russia Tropical Science and Technology Research
Center (VRTC/PVY, Hanoi, Vietnam), the Institute for
Amphibian Biology, Hiroshima University (IABHU, Hi-
gashihiroshima, Japan), and the Departmental Museum
of Zoology, Mizoram University (MZMU, Mizoram, In-
dia). The location of the examined populations and the
distribution of the M. berdmorei species complex are
shown in Figure 1. DNA was subsequently isolated from
the thigh muscles or liver of vouchered specimens. Mor-
phometric data were taken for 44 males and 32 females
(the data summarized in Table 2 and Table S2).

For the purposes of this study, we additionally collect-
ed a series of M. berdmorei specimens from Vietnam and
Thailand during our fieldwork in 2009-2022. Specimens
were collected by hand during excursions along forest
trails or in proximity to breeding sites, including tempo-
rary rain pools, rice fields, and swamps. Geographic coor-
dinates and altitude data were accurately captured using
a Garmin GPSMAP 60CSx GPS receiver and recorded
in the WGS 84 datum. The specimens were euthanized
using a 20% benzocaine solution. Prior to preservation,
tissue samples were extracted for genetic analysis and
stored in 96% ethanol; these samples included either fem-
oral muscles or a piece of liver. Specimens were fixed
in 10% buffered formalin and later transferred to 70%
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Table 2 — Part A. Measurements (in mm) of the type series of Microhyla sundaica sp. nov. and M. peninsularis sp. nov.

No. | Species ll\l/l)“se“m Sex | Status | Location SVL| HL | HW | SL | EL |N-EL| IND | IOD | UEW

M. peninsularis | ZMMU Para- | Thailand, Trang, Namtok

1 Sp. OV, A-8017 M type Khao Chong 22.1 | 7.1 89 | 32 | 22 1.8 2.1 2.6 1.8
M. peninsularis | ZMMU Para- | Thailand, Trang, Namtok

2 sp. nov. A-8018 M type | Khao Chong 222 69 | 76 | 32 | 25 1.8 2.0 2.5 1.3
M. peninsularis | ZMMU Para- | Thailand, Trang, Lam

3 $p. 0V, A-8015 F type Plok W 332199 | 106 | 46 | 2.8 2.6 2.5 2.8 1.7
M. peninsularis | ZMMU Holo- | Thailand, Trang, Lam

4 sp. nov. A-8016 F type | Plok WE. 309 9.0 | 11.1 | 39 | 3.8 | 2.1 2.7 2.8 2.4

5 M. sundaica ZMMU M Para- | Malaysia, Pahang, Kuala 278 | 114 | 108 | 39 | 30 29 29 31 19
Sp. nov. A-6158 type Tahan

6 M. sundaica ZMMU M Para- Malay_s1a, Selangor, 2791 90 | 104 38 | 28 | 21 26 27 19
Sp. nov. A-8014 type Sungai Tua

B M. sundaica ZMMU M Para- Malay§1a, Selangor, 2751 89 | 113137 | 25 20 24 29 29
Sp. nov. A-8012 type Sungai Tua

8 M. sundaica ZMMU F Para- Malay.s1a, Selangor, 2841 94 | 102] 39 | 28 19 23 32 20
Sp. nov. A-8010 type Sungai Tua

9 M. sundaica ZMMU F Holo- Malaygla, Selangor, 314 96 | 112 43 | 32 | 22 26 33 29
Sp. nov. A-8011 type Sungai Tua

10 M. sundaica ZMMU F Para- Malay:51a, Selangor, 2831 99 | 106 | 41 | 3.0 24 03 30 18
Sp. nov. A-8013 type Sungai Tua

Table 2 — Part B. Measurements (in mm) of the type series of Microhyla sundaica sp. nov. and M. peninsularis sp. nov.

No. | Species ll\lfl)useum Sex | FLL | LAL | HAL | 1FL | IPTL | OPTL | 3FDD | HLL | TL | FL | IMTL | 1ITOEL | OMTL | 4TDD
M. penin-

1 |sularis il}g](\;ig M [ 123 101 | 55 | 1.5 0.5 1.0 0.7 | 452 ]169(13.7| 0.9 2.7 1.0 1.3
Sp. nov.
M. penin-

2 | sularis ilf/;l(\)/lllé M | 11.1 | 10.1 | 55 | 1.8 | 0.7 1.1 0.7 |493 |17.7(143| 13 2.6 0.8 1.4
Sp. nov.
M. penin-

3 |sularis iﬁg/g F [ 159 |135| 74 | 22| 0.7 1.1 0.9 68.0 |25.7(18.7| 0.9 4.1 0.8 2.0
Sp. nov.
M. penin-

4 | sularis il}/;l(\)/ll[é F [ 156|123 ] 7.1 | 2.1 1.1 1.3 1.0 65.6 |23.4(17.5| 1.0 3.1 1.9 2.0
Sp. nov.
M. sun-

5 |daica il_véﬁg M [160 126 | 54 | 1.8 1.1 1.1 0.7 58.7 |21.5[159| 1.0 3.8 1.0 1.7
Sp. nov.
M. sun-

6 |daica i]}g](\)/[l[i M [ 144 | 118 | 73 | 22 1.0 1.4 0.8 563 |21.4(16.6| 1.7 3.6 1.6 1.7
Sp. nov.
M. sun-

7 |daica il};l(\;[llzj M [ 148 | 123 | 69 | 23 1.0 1.4 1.1 584 121.0(164| 1.6 3.6 1.6 1.7
Sp. nov.
M. sun-

8 |daica il}g](;dlg F | 145122 ] 72 |22 1.1 1.3 1.0 60.6 |22.9(17.8| 1.5 3.8 1.6 1.0
Sp. nov.
M. sun-

9 |daica ilj/;l(\)/llllJ F [ 168|139 ] 79 | 2.8 1.0 1.4 1.1 66.4 |23.6(19.5| 14 4.6 2.0 1.9
Sp. nov.
M. sun-

10 |daica iﬁg/ﬁg F [ 152 |126| 74 | 1.8 | 0.8 1.0 1.1 57.1 |21.2(16.8| 1.3 3.7 2.0 1.7
Sp. nov.

ethanol. Permissions to conduct fieldwork and collect
specimens were granted by the Department of Forestry,
Ministry of Agriculture and Rural Development of Viet-
nam (permit numbers #547/TCLN-BTTN; #432/TCLN-

BTTN; #822/TCLN-BTTN; #142/SNgV-VP; #1539/
TCLN-DDPH; #1700/UBND.VX); the Forest Protec-
tion Departments of the Peoples’ Committees of Gia
Lai Province (permit numbers #530/UBND-NC; #1951/
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UBND-NV), Phu Yen Province (permit number #05/UB-
ND-KT); Phu Tho Province (permit number #2394/UB-
ND-TH3); Thanh Hoa Province (permit number #3532/
UBND-THKH); and Quang Nam Province (permit num-
ber #308/SNgV-LS), Vietnam; by the Department of For-
estry, Ministry of Agriculture and Forestry of Lao PDR
(permit number #271/08, form #511); by the Forestry
Department of Peninsular Malaysia (permit number #KT
01-16/2015); by the Chief Wildlife Warden, Department
of Environment, Forest and Climate Change, Goverment
of Mizoram, India (permit number No.A.33011/2/99-CL-
WL/225); and by the Institute of Animals for Scientific
Purpose Development (IAD), Bangkok, Thailand (permit
number U1-01205-2558). Specimen collection protocols
and animal operations followed the Institutional Ethical
Committee of Animal Experimentation of the Universi-
ty of Phayao, Phayao, Thailand (certificate number UP-
AE61-01-04-0022).

Overall, we examined morphological, genetic and
photographic data from the material deposited in the fol-
lowing herpetological collections: ANSP: Academy of
Natural Sciences of Philadelphia, Philadelphia, Pennsyl-
vania, USA; AUP: School of Agriculture and Natural Re-
sources, University of Phayao, Phayao, Thailand; CAS:
California Academy of Sciences Museum, San Francisco,
California, USA; DFBSFMSTU: Department of Fisher-
ies, Bangamata Sheikh Fazilatunnesa Mujib Science &
Technology University, Jamalpur, Bangladesh; FRIM:
Forest Research Institute Malaysia, Kuala Lumpur, Ma-
laysia; IABHU: Institute for Amphibian Biology, Hiro-
shima University, Hiroshima, Japan; ITB: Institute of
Tropical Biology, Ho Chi Minh, Vietnam; KUHE: Grad-
uate School of Human and Environmental Studies, Kyoto
University, Kyoto, Japan; MCZ: Museum of Compara-
tive Zoology, Harvard University, Cambridge, Massa-
chusetts, USA; MZB: Museum Zoologicum Bogoriense,
Java, Indonesia; MZMU: Museum of the Zoology De-
partment, Mizoram University, Mizoram, India; RMBR:
Danum Valley Conservation Area, Sabah, Malaysia;
SDBNU: Systematics Lab, University of Delhi, Dehil, In-
dia; UNIMAS: Institute of Biodiversity and Environmen-
tal Conservation, Universiti Malaysia Sarawak, Sarawak,
Malaysia; USNM: National Museum of Natural History,
Smithsonian Institution, Washington, DC, USA; VRTC:
Joint Vietnam — Russia Tropical Science and Technology
Research Center, Hanoi, Vietnam; WII: Wildlife Institute
of India, Uttarakhand, India; ZISP: Zoological Institute,
Russian Academy of Sciences, St. Petersburg, Russia;
ZMMU: Zoological Museum of Moscow State Univer-
sity, Moscow, Russia.

Morphological description and
analyses

For this study, a total of 66 preserved specimens of the
M. berdmorei species complex were examined for their
external morphological characters (see Tables 2, 3, S2).
We also examined photographs of the syntype (MCZ
A-1587) of Callula natatrix Cope, the holotype (USNM

72172) of M. malcolmi Cochran, as well as the holotype
(ANSP 19903) of M. fowleri Taylor. Measurements were
taken using a Mitutoyo digital caliper to the nearest 0.01
mm and subsequently rounded to the nearest 0.1 mm. We
used an Olympus stereoscopic light binocular microscope
when necessary. All measurements were taken on the
right side of the examined specimen.

The morphometrics of adults and character terminol-
ogy followed Poyarkov et al. (2014, 2018a, 2019) and
included the following measurements: (1) snout-vent
length (SVL; distance from tip of snout to cloaca); (2)
head length (HL; distance from tip of snout to the poste-
rior border of jaw angle); (3) snout length (SL; distance
from anterior corner of eye to tip of snout); (4) eye length
(EL; distance between anterior and posterior corners of
the eye); (5) nostril-eye length (N-EL; distance between
anterior corner of eye and nostril center); (6) head width
(HW; maximum width of the head at level of mouth an-
gles in ventral view); (7) internarial distance (IND; dis-
tance between central points of nostrils); (8) interorbital
distance (IOD; shortest distance between medial edges of
eyeballs in dorsal view); (9) upper eyelid width (UEW,;
maximum distance between medial edge of eyeball and
lateral edge of upper eyelid, in dorsal view); (10) fore-
limb length (FLL; length of straightened forelimb from
axilla to tip of third finger); (11) lower arm and hand
length (LAL; distance between elbow and tip of third fin-
ger); (12) hand length (HAL; distance between proximal
end of outer palmar (metacarpal) tubercle and tip of third
finger); (13) first finger length (1FL, distance between tip
and distal end of inner palmar tubercle); (14) inner pal-
mar tubercle length (IPTL; maximum distance between
proximal and distal ends of inner palmar tubercle); (15)
outer palmar tubercle length (OPTL; maximum diameter
of outer palmar tubercle); (16) third finger disk diameter
(3FDD); (17) hindlimb length (HLL; length of straight-
ened hindlimb from groin to tip of fourth toe); (18) tibia
length (TL; distance between knee and tibiotarsal articu-
lation); (19) foot length (FL; distance between distal end
of tibia and tip of fourth toe); (20) inner metatarsal tuber-
cle length (IMTL; maximum length of inner metatarsal
tubercle); (21) outer metatarsal tubercle length (OMTL);
(22) first toe length (1TOEL), from distal end of inner
metatarsal tubercle to tip of first toe; and (23) fourth toe
disk diameter (4TDD). Toe webbing and subarticular tu-
bercle formulas were described following Savage (1975).
The sex and maturity of the specimens were checked
by minor dissections and direct observation of calling
in living males prior to collection. Other abbreviations:
Dist.: District; FR: Forest Reserve; Mt.: Mountain; NP:
National Park; NR: Natural Reserve; Prov.: Province.
Among the examined populations, SVL was compared
using a one-way ANOVA with the Tukey-Kramer test.
The percentage ratio (R) of each morphometric charac-
ter to SVL was subsequently calculated; we compared
22 character ratios against SVL among populations using
the Kruskal-Wallis test. PCA was conducted to examine
overall morphological variation among populations using
log,-transformed metric values following Nishikawa et
al. (2007). When a high correlation between certain pairs
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of characters was found, we omitted one of them from
the analyses to exclude possible overweighting effects.
Statistical analyses were performed with Statistica 6.0
(StatSoft Inc. 2001). The significance level was P < 0.05.

For comparison with other taxa of the M. berdmorei
species group, we relied on previously published data
(e.g., Blyth 1856; Hallowell 1861; Cope 1867; Schenkel
1901; Cochran 1927; Taylor 1934, 1962; Fei et al. 2009,
2010, 2012; Poyarkov et al. 2014).

Laboratory methods

For mtDNA and BDNF gene sequencing, we extracted to-
tal genomic DNA from ethanol-preserved femoral or liver
muscle tissue using standard phenol-chloroform-protein-
ase K extraction with consequent isopropanol precipita-
tion for a final concentration of ~1 mg/mL (protocols fol-
lowed by Hillis et al. 1996; Russell and Sambrook 2001).
For ddRAD-seq analysis, DNA was isolated using an ad
hoc salt protocol (Bruford et al. 1992). We visualized the
isolated total genomic DNA using agarose electrophore-
sis in the presence of ethidium bromide or midori green
stain.

We amplified two mtDNA fragments, namely a frag-
ment partially covering the 12S rRNA-16S rRNA genes
and the complete sequence of tRNA-Val (up to 2474 bp)
and a fragment covering the 5’-end of the COI mtDNA
gene (up to 645 bp), totalling 3119 bp. These markers
have proven to offer a sufficient resolution for species
discovery and identification in the genus Microhyla (e.g.,
Matsui 2011; Hasan et al. 2012, 2014; Matsui et al. 2013;
Wijayathilaka et al. 2016; Garg et al. 2019; Poyarkov et
al. 2019, 2020b, 2020c; Gorin et al. 2020). DNA amplifi-
cation was performed in 20-uL reactions using ca. 50 ng
genomic DNA, 10 nmol of each primer, 15 nmol of each
dNTP, 50 nmol additional MgCl2, Taq PCR buffer (10
mM Tris-HCI, pH 8.3, 50 mM KCI, 1.1 mM MgCl2, and
0.01% gelatine), and 1 U of 185 Taq DNA polymerase.
Additionally, for nuDNA species barcoding, we ampli-
fied a 716 bp-long fragment of the brain-derived neuro-
trophic factor gene (BDNF). This marker has according-
ly been used in biodiversity and phylogenetic analyses of
Microhyla (see Biju et al. 2019; Garg et al. 2019; Gorin
et al. 2020).

Primers used in PCR and sequencing for the 12S rR-
NA-16S rRNA mtDNA fragment and the BDNF gene,
along with the PCR conditions, followed Gorin et al.
(2020). Primers used in PCR and sequencing and the
PCR conditions for the COI mtDNA gene followed Che
et al. (2012) and Vences et al. (2012). Primers used for
DNA amplification and sequencing are summarized in
Table S3. PCRs were run on a Bio-Rad T100TM Ther-
mal Cycler. The PCR conditions for amplifying mtDNA
fragments included an initial denaturation step of 5 min at
94°C, 40 cycles of denaturation for 1 min at 94°C, a prim-
er annealing step for 1 min with the TouchDown program
from 65°C reducing 1°C every cycle to 55°C, an exten-
sion step for 1 min at 72°C, and the final extension step
for 5 min at 72°C. The PCR conditions for amplifying

the BDNF gene followed van der Meijden et al. (2007)
and included an initial denaturation step of 5 min at 94°C
followed by 32 cycles of denaturation for 1 min at 94°C, a
primer annealing step for 1 min at 50°C, and an extension
for 1 min at 72°C, with a final extension step for 5 min
at 72°C.

The PCR products were loaded onto 1.5% agarose
gels in the presence of ethidium bromide and visualized
in electrophoresis. The successful targeted PCR products
were outsourced to Evrogen® (Moscow, Russia) for PCR
purification and bidirectional sequencing from both the
forward and reverse primers. Sequence data collection
andvisualization were carried out on an ABI 3730x1 Au-
tomated Sequencer (Applied Biosystems). We deposit-
ed the newly obtained sequences in GenBank under the
accession numbers PP790531-PP790548, PP778115—
PP778197, and PP795498-PP795544 (see Table S1 for
details).

Phylogenetic analyses of mtDNA
markers and the BDNF gene

The matrilineal genealogy of Microhyla was reconstruct-
ed using a concatenated dataset comprising 12S—16S
rRNA and COI mtDNA sequences of M. berdmorei com-
plex members obtained from GenBank and our newly
acquired sequences. The final analysis incorporated data
from 135 specimens, including a sequence of Kaloula
pulchra Gray, 1831, which was used as outgroup to root
the phylogenetic tree (see Table S1 for details). The DNA
sequences were initially aligned using MAFFT v.6 (Ka-
toh et al. 2002) with default parameters, followed by mi-
nor adjustments in BioEdit v.7.0.5.2 (Hall 1999). The av-
erage uncorrected genetic distances (p distances) between
individuals were computed using MEGA 6.0 (Tamura et
al. 2013). The IQ-TREE web server (Nguyen et al. 2015;
Trifinopoulos et al. 2016) was employed to determine
the optimal evolutionary models for subsequent analysis.
The best-fit DNA evolution models are summarized in
Table S4.

The matrilineal genealogy was inferred using both
Maximum Likelihood (ML) and Bayesian Inference
(BI) methodologies. The ML analysis was conducted on
the IQ-TREE webserver. We employed 10000 bootstrap
pseudoreplicates via the ultrafast bootstrap (hereafter
ML UFBS; Hoang et al. 2018) approximation algorithm
to infer confidence in tree nodes. Nodes with ML UFBS
values of 95 and above were considered highly support-
ed, while nodes with values ranging from 90 to 94 were
regarded as well-supported (following Bui et al. 2013).
The BI analysis was implemented in MrBayes v. 3.1.2
(Ronquist and Huelsenbeck 2003). Metropolis-coupled
Markov chain Monte Carlo (MCMCMC) analyses were
run with one cold and three heated chains over 20 million
generations, with sampling conducted every 2000 genera-
tions. Two independent MCMCMC runs were performed,
and the effective sample sizes (ESSs) were confirmed to
be above 200 by examining the likelihood plots using
TRACER v. 1.6 (Rambaut et al. 2014). The initial 1000
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trees were discarded as burned-in. In BI analysis, the con-
fidence in tree topology was assessed by the frequency of
nodal resolution (posterior probability; hereafter BI PP)
(Huelsenbeck and Ronquist 2001). Tree nodes with BI
PP values over 0.95 were considered to be strongly sup-
ported; values between 0.95 and 0.90 were regarded as
moderately supported, while values lower than 0.90 were
considered to lack nodal support (Huelsenbeck and Hillis
1993). The allele network for the BDNF gene was con-
structed using the median-joining method in PopArt ver.
1.5 (Leigh and Bryant 2015) with a 95% connection limit.

ddRAD-seq analyses

To infer the nuclear differentiation of the candidate spe-
cies identified by the mitochondrial analyses, we analyzed
16 Microhyla individuals (Table S1), including 12 from
the M. berdmorei species complex (11 localities, repre-
sentative of all candidate species lineages) and four from
M. pulchra to be used as outgroups through double-digest
Restriction Associated DNA sequencing (ddRAD-seq).
To this end, the individuals were included in a genom-
ic library prepared with a custom protocol (http://dx.doi.
org/10.17504/protocols.io.kxygx3nzwg8j/vl), adapt-
ed from Brelsford et al. (2016), and sequenced on an
DNBSEQ-G400 with the PE150kit. Single-end reads were
demultiplexed with STACKS 2.63 (Catchen et al. 2013)
and the denovo_map.pl pipeline was applied for RAD
loci construction, assembly, and cataloguing (default -m,
-n, and -M values). A supermatrix alignment (phylip for-
mat, including variable and invariable sites) was obtained
with the module population of STACKS, by considering
the loci sequenced in at least 12 of the 16 samples (-p 12
-phylip-var-all). The alignment was converted to fasta for-
mat using an online tool (https://www.hiv.lanl.gov/con-
tent/sequence/ FORMAT CONVERSION/form.html). A
maximume-likelihood tree was then built with IQ-TREE
1.6 (Trifinopoulos et al. 2016), using the model finder tool
to find and apply the best model of sequence evolution,
and 1000 ultrafast bootstrap replicates to assess node sup-
port. Functions from various R packages (ggtree, tidytree,
dplyr) were employed to visualize and edit the obtained
phylogenomic tree. Raw demultiplexed RAD-sequencing
reads were deposited on NCBI Sequence Read Archive
(SRA) under BioProject PRINA949685 (accession num-
bers SAMN44502878-SAMN44502893).

Divergence time estimation

We performed molecular divergence dating using BEAST
v2.6.5 (Bouckaert et al. 2019). For the analysis, we used
additional datasets from taxon-wise broader research
on the Microhyla-Nanohyla-Glyphoglossus assemblage
(Gorin et al. 2020, 2021, 2023), with M. berdmorei sam-
pling cut to one lineage per clade and other species repre-
sented by one lineage each (Table S5). Calibration points
and molecular clock assumptions followed Gorin et al.
(2020), and included three secondary calibartions from

Kurabayashi et al. (2011), and three calibrations based on
geological or fossil data (from Holman 2003, Fromhage
et al. 2004, and Vences et al. 2003) (summarized in Ta-
ble S6). Partitioning schemes followed those used in ML/
BI analyses, with substitution models adjusted due to the
limitations of BEAST software. We used the GTR+I+G
model for the 12S-16S rRNA mtDNA fragment, TN93/
HKY+G/GTR+G for 1/2/3 codon positions of the COI
gene of mtDNA, respectively, and GTR+G/HKY/GTR+G
for 1/2/3 codon positions of the BDNF gene of nuDNA,
respectively. Chain length was set to 400 million genera-
tions, and trees were sampled every 40,000 generations,
resulting in a set of 10,000 trees. We used Tracer v1.6
(Rambaut et al. 2014) to ensure that the effective sample
sizes (ESS) were all above 200, with 10% of generations
discarded as burn-in. Finally, we used TreeAnnotator
v2.6.3 (from the BEAST 2 software package) to calculate
the maximum clade credibility tree (MCC) with median
node heights based on the set of trees obtained earlier.

Acoustic analysis

Advertisement calls of three populations of the M. berd-
morei species complex were recorded using a portable dig-
ital audio recorder Zoom h5 (ZOOM Corporation, Tokyo,
Japan) in stereo mode with 48 kHz sampling frequency
and 16-bit precision. The records were taken in Song Hinh
Forest Reserve, Phu Yen Province, Vietnam (locality 10,
see Fig. 1; on 12 and 13 January 2021 at 22.45 h and at
17°C), in Aizawl, Mizoram State, India (locality 33, see
Fig. 1; on 20 November 2022 at 21.00 h and at 23°C),
and in Gunung Jerai Mt., Kedah, Peninsular Malaysia (on
30 January 2010 at 20.00 h and at 25°C). The ambient
temperature was measured at the calling site immediately
after the audio recording with a digital thermometer KTJ
TA218A Digital LCD Thermometer-Hydrometer. Males
were observed calling from the banks of a small tempo-
rary water pools, while hiding under the leaves approxi-
mately in 5-10 cm from the waters’ edge. When disturbed
males stopped calling and hid in leaf litter. At each locali-
ty, calls from three individual males were recorded.

Calls were analyzed using Avisoft SASLab Pro soft-
ware v.5.2.14 (Avisoft Bioacoustics, Germany). Before
analysis, we reduced the background noise using a low-
pass filter (up to 500 Hz). All temporal parameters were
analyzed with the standard marker cursor in the main
window of Avisoft and frequencies of the maximum am-
plitude of calls and pulses were measured in the power
spectrum. The spectrogram for analysis was created using
a Hamming window, with FFTlength 512 points, frame
75%, and overlap 93.75%. For graphic representation
of spectrograms, we lowered the sampling rate to 22.05
kHz. Figures of spectrograms were created using a Ham-
ming window, with FFT-length 512 points, frame 50%,
and overlap 93.75%. In total, we measured 35 calls from
three males of the M. berdmorei complex from three dif-
ferent localities.

Due to the poor quality of the recordings, we were able
to measure six temporal parameters: i.e., number of calls
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Figure 1. Distribution of the species lineages of the Microhyla berdmorei species complex as identified in the phylogenetic analyses.
Star denotes type localities, with their corresponding taxon names in colored clouds; synonyms are shown in quotes; colors corre-
spond to those used in Figures 2—5; symbol shapes denote mtDNA lineages shown in Figure 2. Base map created using simplemappr.
net. For locality information see Table S1. Photos by A. V. Trofimets, A. M. Bragin, P. Pawangkhanant and N. A. Poyarkov.
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base pairs were obtained from the two concatenated mtD-
NA fragments; partial sequences of the BDNF gene were
up to 716 bp in length. We translated protein-coding se-
quences into amino acids to verify the absence of ampli-
fied pseudogenes (which would have been revealed by
stop codons). Sequence characteristics, including the es-
timated transition/transversion bias, nucleotide frequen-
cies, and suggested models of DNA evolution for each
genetic marker, are summarized in Table S4.

The ddRAD-seq catalog contained 747,507 loci with
a mean effective per-sample coverage of 23.6x. The con-
catenated sequence alignment contained 2,700 loci, total-
ling 387,270 bp.

A @ M. sundaica sp. nov.

M. peninsularis sp. nov.

M. berdmorei
complex 1001

M. pulchra
[7.5ma]

Phylogenetic relationships based on
DNA barcoding genes

The ML and BI analyses of mtDNA data recovered trees
with identical topologies, except for a few nodes that do
not affect our interpretations of the results (Fig. 2B; full
tree presented in Figure S1). Our updated matrilineal ge-
nealogy was consistent with those of Gorin et al. (2020)
and Poyarkov et al. (2020b, 2020c) and unambiguously
confirmed the monophyly of the M. berdmorei species
group (100/1.0; hereafter, node support values are given
for ML UFBS and BIPP values, respectively). Within the
M. berdmorei species group, two deeply-diverged clades
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Figure 2. Phylogenetic relationships among the Microhyla berdmorei species group and other related Microhyla species based on
single gene sequences. A: Nuclear allele median-joining network of BDNF gene haplotypes (716 bp) sequenced in the Microhyla
berdmorei species group. Circle sizes are proportional to the number of samples/sequences (n); small open circles indicate hypothet-
ical haplotypes (alleles). B: ML-tree of Microhyla derived from the analysis of 3119 bp of concatenated alignment including 12S
rRNA, tRNAY, 16S rRNA, and COI mtDNA gene fragments. Full version of this tree is presented in Figure S1. For voucher speci-
men information and GenBank accession numbers see Table S1. Numbers at tree nodes correspond to ML UFBS / BI PP support val-
ues, respectively. Values at tree nodes in square brackets correspond to the median divergence times as estimated in BEAST, which
are detailed in Figure S2. Colors of the circles in the network and the mitochondrial lineages in the tree correspond to the colors
used in Figures 1-5. Photographs by A. V. Trofimets, A. M. Bragin, P. Pawangkhanant and N. A. Poyarkov; scale bar equals 10 mm.
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Table 4. Uncorrected p distances (percentage) between the sequences of 16S rRNA mtDNA gene of members of the Microhyla

berdmorei complex.

Taxon M. malcolmi M. berdmorei M. sundaica sp. nov. M. peninsularis
(mOTU1) sensu stricto (mOTU3) Sp. nov.
(mOTU2) (mOTU4)
Clade Al A2 A3 B1 B2 C1 C2 Cc3 D1 D2
' ' Al 0.31%
Agifg}’%’f)m“’”’m’ A2 | 0.94% | 0.76%
A3 0.92% | 0.79% | 0.07%
Microhyla berdmorei sensu stricto Bl 2.02% | 1.98% | 1.92% | 0.09%
(mOTU2) B2 1.77% | 1.76% | 1.77% | 0.71% | 0.08%
' . C1 222% | 2.31% | 1.49% | 2.79% | 2.89% | 0.08%
ﬁg;’gg‘w"d‘”m Sp. nov. C2 | 2.88% | 2.92% | 2.06% | 3.29% | 3.55% | 0.81% | 0.67%
C3 2.83% | 2.86% | 2.18% | 3.03% | 3.03% | 1.59% | 2.05% | 0.62%
Microhyla peninsularis sp. nov. DI 3.34% | 3.35% | 2.49% | 3.79% | 3.55% | 1.90% | 2.48% | 2.16% | 0.00%
(mOTU4) D2 2.93% | 2.91% | 2.07% | 2.95% | 3.13% | 1.49% | 2.05% | 2.16% | 1.24% n/c

were recovered: one corresponding to the M. berdmorei
species complex and one regrouping M. pulchra and M.
picta, though with a moderate level of support in ML
analysis (95/1.0). The monophyly of the M. berdmorei
complex was strongly supported (100/1.0); it included
in total four mOTUs (molecular operational taxonomic
units) arranged in two clades.

The first clade (98/1.0) is distributed in the mainland In-
do-Burma Region and the northern part of the Thai-Ma-
lay Peninsula and includes two mOTUs (see Fig. 2B):
mOTU1 (98/1.0), which comprises populations from the
mainland Indochina, including southern Vietnam (local-
ities 1-21, 23; subclade A1), central and northern Indo-
china (localities 13—25; subclade A2), and peninsular
Thailand (localities 26—32; subclade A3). The range of
mOTUI includes the type localities of M. malcolmi Co-
chran, 1927, and M. fowleri Taylor, 1934 (Fig. 1).

mOTU2 (100/1.0) which comprises populations from
the western Indo-Burma Region, including northeast India
and Bangladesh (localities 32—42; subclade B1) and Myan-
mar (localities 43—45; subclade B2). The range of mOTU2
includes the type localities of Engystoma berdmorei Blyth,
1856, and Callula natatrix Cope, 1867 (Fig. 1).

The second clade (99/1.0) is distributed across the Sun-
daland, including the islands of Borneo, Sumatra, and
Peninsular Malaysia; the ranges of two clades overlaps in
southern Peninsular Thailand (see Fig. 1). This clade also
includes two mOTUs (see Fig. 2B): mOTU3 (100/1.0),
which comprises populations from Peninsular Malay-
sia (localities 46—49; subclade C1), Sumatra (localities
52-53; subclade C2), and Borneo (localities 50—51; sub-
clade C3).

mOTU4 (100/1.0), which comprises populations from
the Thai-Malay Peninsula, including Trang Province of
Thailand (localities 54—55; subclade D1) and Terengganu
State in Malaysia (locality 56; subclade D2).

In summary, the matrilineal genealogy reveals four
mOTUs grouped in two clades within the M. berdmorei

species complex: one with distribution in the continental
Indo-Burma Region and another in the Sundaland Re-
gion.

In the BDNF gene haplotype network, the M. berd-
morei species complex is separated from its closest rel-
atives, M. pulchra and M. picta, by at least eight muta-
tional steps (Fig. 2A). Within the M. berdmorei complex,
mOTU1 and mOTU2 share the same BDNF haplotype,
while mOTU3 and mOTU4 each corresponds to a distinct
BDNF haplotype, separated by at least one mutational
step (Fig. 2A).

16S Genetic distances

The uncorrected p distances for the 16S rRNA mtDNA
fragment among the members of the M. berdmorei species
complex are summarized in Table 4. The interspecific dis-
tances among the members of the M. berdmorei complex
varied from p = 1.86% (between mOTU1 and mOTU2;
range 1.76%—2.02%) to p = 3.51% (between mOTU?2 and
mOTU4; range 2.95%-3.79%). Inter-group genetic dif-
ferentiation among the subcades within the revealed mO-
TUs was small and varied from p = 0.7% (between the
subclades B1 and B2 of mOTU2; range 0.0%—-1.06%) to
p = 1.6% (between the subclades C1 and C3 of mOTU3;
range 1.22%—-2.04%); therefore, the genetic distances for
comparisons between mOTU and within mOTU slightly
overlapped.

Phylogenomic analyses

The ddRAD-seq phylogenomics fully supported the mi-
tochondrial analyses. Samples belonging to separate mO-
TUs from the M. berdmorei complex correspond to diver-
gent nuclear lineages, which phylogenetic relationships
matched the mtDNA tree topology. (Fig. 3). Namely,
this includes two clades, each with two sets of samples:
mOTU1 + mOTU2 and mOTU3 + mOTU4. Within the
widespread mOTU1, the ddRADseq analysis also recov-
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bootstraps
° 270%
0 >295%
@ 100%

NAP-06744 | ZMMU A-6158 | M. sundaica sp. nov. | Kuala Tahan, MY (49)
NAP-06743 / ZMMU A-6157 | M. sundaica sp. nov. | Kuala Tahan, MY (49)
NAP-12746 / ZMMU A-8015 | M. peninsularis sp. nov. | Khao Pa Pa, TH (54) | IMOTUS
NAP-05348 | M. pulchra (outgroup)
NAP-10205 | M. pulchra (outgroup)
NAP-03686 | M. pulchra (outgroup)
NAP-01598 | M. pulchra (outgroup)

mOTU3

Figure 3. Phylogenetic relationship among the candidate species lineages of the Microhyla berdmorei species complex based on an

ML analysis of 2700 ddRAD-seq loci (387,270 bp). Sequences of M. pulchra were used as outgroups. Colors correspond to those

used in Figures 1-5; locality numbers given in brackets are presented in Figure 1 and detailed in Table S1.

ers the geographic structuring suspected from the mtDNA
analyses: samples from southern Thailand, corresponding
to the mtDNA subclade A3, formed a separate lineage,
while samples bearing the mtDNA subclades Al and A2
also form separate, although closely related and moderaly
supported lineages (Fig. 3).

Divergence time estimation

The calibrated phylogenetic analysis in BEAST provided
a time tree that is presented in Figure S2. Since the topol-
ogy and node age estimations are generally concordant
with the results of Gorin et al. (2020, 2021), here we only
report on age estimates relevant to the M. berdmorei spe-
cies group. According to the present analyses, the most
recent common ancestor (MRCA) of the M. berdmorei
group is dated to the early Miocene, ca. 19.7 million years
ago (mya) [12.0—27.5], while the split between M. pic-
ta and M. pulchra is estimated to have taken place ca.
15.4 mya. The diversification of the M. berdmorei spe-
cies complex likely started in the late Miocene at ca. 7.5
mya [5.31-10.97]. The split between mOTU4 from the
Thai-Malay Peninsula and mOTU3 from the Sundaland
arca was also dated to the Miocene-Pliocene transition,
ca. 5.7 mya [3.6-9.1], shortly followed by the divergence
between mOTU1 and mOTU2, ca. 5.2 mya [3.1-8.1].
Estimated node ages and the 95% highest posterior den-
sity (95% HPD) for the main nodes are presented in Fig-
ure S2; median age estimates for the key nodes are also
summarized in Figure 2B.

Morphological differentiation

Among the mOTUs examined, the mean SVL varies sub-
stantially, ranging from 22.1 to 41.8 mm in males and
from 28.3 to 43.8 mm in females (summarized in Tables 4,
S2). Body size variation among adult males and females
of M. berdmorei complex members is shown in figure 4.

46
44 n=14

g 9 & 9 4 ¢ 3 ¢

m is.str. M. icasp.nov. M. is sp. nov.

sex | species

=

Figure 4. Boxplots of SVL (in mm) showing size variation
among adult frogs in the Microhyla berdmorei species complex.
Squares within each box represent the median, and boxes en-
compass the 75" and 25" quartiles; n indicates sample sizes.
Box color corresponds to colors in Figures 1-5.

The four mOTUs are characterized by different adult body
sizes, with the populations from the mainland Indo-Bur-
ma (including mOTU1 and mOTU2) being larger than
the Sundaland lineages from the Thai-Malay Peninsula
(including mOTU3 and mOTU4) (Fig. 4). Adult males
of mOTU4 are the smallest, being reproductively active
(calling) at a body size of 22.1—22.2 mm, which was pre-
viously not reported for the M. berdmorei species com-
plex. At the same time, adult females of mOTU4 are larger
(30.9-33.2 mm) than that of mOTU3 (28.3—31.4 mm), but
much smaller than that of mOTUI-mOTU2 (36.0—43.8
mm). However, the small sample sizes of the mOTU2-
mOTU4 specimens examined are not adequate to test for
statistical significance of the observed differences in body
size variation within the M. berdmorei species complex.



607

Vertebrate Zoology 74, 2024, 595-641

8910°0 €r€0°0 72060 9LS6°0 82600 SE10°0 ¥6L0°0 96¥7L°0 €100 €CCS0 88260 YL8T0 95260 S6£C0 SEET0 9¢81°0 | YNLOW sA ¢NLOW

8650°0 86SL°0 9I¥1°0 $685°0 1960°0 S100°0 01850 72960 S10L°0 0¥$9°0 PeSE0 YL19°0 ¥8€L0 19vC°0 6L279°0 S€T0°0 | YNLOW sA ZNLOW

96€€°0 1€ce0 Y9L1°0 112S°0 €81¥°0 685CT0 0S10°0 1L6€°0 6900°0 §9CT0 060€°0 80ST0 S681°0 SE9Y°0 ¢601°0 0€00°0 €NLOW sA ZNLOW sopewog
6v11°0 9290 879¢°0 SY61°0 yS81°0 €98¢°0 L0200 02680 Y1S1°0 ¥8€0°0 81,60 €L8¢€°0 £665°0 165T°0 91500 S000°0 | YNLOW SA [N LOW

¥+00°0 23 AN0 8Y€T0 €011°0 §209°0 91610 0000°0 1L9Y°0 1000°0 €100°0 0Tr6'0 §269°0 6SLS°0 11¥6°0 I¥61°0 0000°0 €NLOW sA [N LOW

€590°0 08660 SL06°0 19LT°0 16L6°0 0L80°0 $620°0 6116°0 LE9TO 98+0°0 989C°0 0r19°0 1656°0 €0S€°0 8L70°0 CCLO0 | TNLOW SsA [NLOW

89L8°0 LLY0°0 SI8¢€0 L8LS0 06590 6£0€°0 $656°0 LTY80 1891°0 886¢€°0 SYo1°0 9€10°0 [4%:340 6£¥S0 98010 10000 | vNLOW sA ¢NLOW

06910 1S8L°0 120¥°0 96260 L9890 LS00 €090°0 8¢68°0 98L1°0 e LETO°0 €vr0°0 8430 91CL0 c8T0 I1S00°0 | vLOW sAZALOW

SEPY0 97800 $9+0°0 10690 C9LLO 820CT0 9CC6'0 YLSS0 6519°0 £568°0 ¥L0S0 0,980 915€0 080 X424V 1200°0 €NLOW sA ZNLOW -
S9S1°0 y120°0 YLITO 8¥€1°0 y¥eeo 9SLTO0 w000 §209°0 8000°0 1000°0 8LLY'0 SSETO 880 1610 20000 00000 | YNLOW SA [N LOW

00<0°0 LETTO 66S1°0 eveCo $20S°0 9YSL0 £€€00°0 YSLTO 17500 20000 €Cr6°0 yS¥8°0 9CIT'0 0,260 6120°0 00000 ENLOW sA [N LOW

9¥00°0 LL900 Pyr80 y6€€°0 YLL6'O 09210 75900 05660 61LS°0 0920°0 99¢€8°0 ¥196°0 1L10°0 6£68°0 60000 7061°0 | TNLOW SA [N LOW

66610 1€06°0 STIL0 1809°0 €S81°0 0ri°0 £6£€°0 99990 £€0S°0 0¥786°0 00850 CTL86'0 5090 6SST0 Orr1o 1€96°0 | vNLOW SA €NLOW

Svre0 9€88°0 €170°0 6€S1°0 8611°0 1210 SYLTO 19180 L8TE0 [T1T0 ¥¥80°0 6€5S°0 68¢€°0 0¥9T°0 19240 §870°0 | YNLOW sAZNLOW

79¢6°0 89SL°0 9620°0 §TE9°0 LE6Y0 8EST0 20€1°0 §991°0 ¥900°0 STST0 8LCI0 4374\ 1€0C°0 ¥269°0 0290°0 2000°0 €NLOW sA ZNILOW pouIquIo))
€L88°0 LOET0 66900 YLY0'0 8610°0 VE€L6'0 2000°0 TEO6L0 ¥101°0 0000°0 81¥9°0 I¥0L°0 £v98°0 w910 2000°0 00000 | YNLOW SA [NLOW

8700°0 SHr0°0 8¥50°0 YLY0'0 €0S€°0 STEE0 0000°0 €IIco 1000°0 0000°0 6¥6°0 6¥19°0 ILSY0 LY6L0 (480 X1] 0000°0 E€NLOW SA [NLOW

€610°0 2600 660 6081°0 L66L°0 $6L0°0 $€00°0 95680 €01¥°0 2000 6€€T0 6280 1L60°0 S068°0 1000°0 ¥69C°0 <NLOW sA [N LOwW
TLIATY T4 LA TIHY T4 TV | aaded AIN aona AN TA-NY 1SY THd MHY THY TAS ared sapadg Jsejeq

"SISO, I S Juopm§ SuIsn paurtuexd 91om SIAJOBIBYD [V JUBOYIUSIS AJ[e01S1E)S PIIOPISUOD oIk P[oq Ul s1djoerey)) “(*aou ds swnsuiuad vjdyo.oyy ‘¢ 10) eisKee]\ pue puerey [ Jejnsurudd

pue ‘(:aou *ds nowpuns vjdyoo1py ‘€ 10O) odulog pue enewng ‘eisAe[ey Iernsuruad ‘(0Jo10s NSUSS 12.L0uwp.2q " ‘TNLO) JewueA\ pue ysope[sueq ‘erpuf ‘(1uqoopu 7 ‘1N 1O) puerey ], rernsuruad

‘BUIYOOPU] UWIdYIIOU PUB [RNUID ‘WRWAIA :Xd[dwod sor0ads 1acoup.iaq vjdyoo1py oy Jo suonendod oryder3oos oy Surredwos sasATeue [eor3ojoydiowr ajereArun woiy sanfea d Sunnsay °s J[qeL,

All examined characters exhibit normal distri-
butions in all datasets. The univariate analysis re-
vealed statistically significant differences between

in body ratios (divided by SVL). The P-values
associated to the univariate morphological com-
parisons among the four mOTUs are summarized
in Table 5. Univariate analyses for both the male,

female, and combined datasets showed signifi-
cant differentiation in the SVL, RHL, REL, RSL,

RIND, RIOD, R3FDD, and RIMTL between the

the members of the M. berdmorei species complex
four mOTUs (Table 5).

PCA plots revealed that all four mOTUs gener-
ally show little to no overlap in the morphospace

(Fig. 5). PCAL1 accounted for 36.72% of the to-

tal variance and loaded most heavily on SVL and
RHL. PCA2 accounted for 27.85% of the total

variance and loaded most heavily on RIND and
R3FDD. More details on the PCA results can be

found in Table S7. Overall, the morphometric data
was distributed in two large clusters that separat-
ed the large-bodied specimens (which belong to

imens (which belong to mOTU3 and mOTU4).

Given their very low sample sizes that might un-
derestimate the true variation found among nat-
ural populations, the inferred morphospace for

mOTU1 and mOTU2) and the small-bodied spec-
mOTU2 (n

4) and mOTU4 (n = 4) on the PCA

must be interpreted cautiously.

Systematics

The updated mtDNA-genealogy presented in our
work is consistent with the results of Gorin et al.

(2020) and Kundu et al. (2021). In parallel, the
ddRAD-seq analysis supports that the mitochon-
drial lineages correspond to equivalent divergence

in the nuclear genome. All the available molecu-

lar evidence thus supports that M. berdmorei as
currently understood (sensu lato) represents a spe-

cies complex composed of four deeply-diverged,
geographically circumscribed lineages (indicated

above as mOTU1-4; see Fig. 2B). The phylo-
genetic relationships between these lineages are

generally well supported in both mitochondrial
and nuclear analyses, which recover two clades,
one corresponding to the mainland populations

dence for nuclear diagnosticity, but only between
mOTU3 and mOTU4, and mOTUl+ mOTU2

The BDNF-gene polymorphism also provide evi-

(mOTU1 and mOTU2), and one corresponding
to Sundaland populations (mOTU3 and mOTU4).

(Fig. 2A).

The 16S divergence among these lineages (p
1.5%—-3.8%) is on the verge of the 3.0% threshold

that is traditionally used to infer species status in
anuran biodiversity surveys (Vences et al. 2005a,
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Figure 5. First and second fac-
tors of PCA built from 29 mor-
phological characters measured

in adult frog specimens of the
Microhyla berdmorei species com-
plex. Colors correspond to colors

in Figures 1-4. Photographs by
A. V. Trofimets, A. M. Bragin,
P. Pawangkhanant, and N. A. Po-

yarkov.
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Figure 6. Dorsal aspects of fourth toes (A, C, E, G) and third fingers (B, D, F, H) of the Microhyla berdmorei species complex
members. A, B M. berdmorei sensu stricto, MZMU A-8005; C, D M. malcolmi, ZMMU A-7973; E, F M. sundaica sp. nov., ZMMU
A-8011, holotype; G, H M. peninsularis sp. nov., ZMMU A-8016, holotype. Scale bar equals to 1 mm. Drawings by A. M. Bragin.

2005b; Vieites et al. 2009). However, this threshold is
rather conservative and may under-estimate species diver-
sity given that many lineages known to feature partial re-
productive isolation bear substantially lower 16S distanc-

es (Dufresnes and Litvinchuk 2022). For instance, about
half of the pairs of lineages with as little as ~1-2% of
divergence at 16S investigated in Western Palearctic an-
urans turn out to be valid species (Dufresnes et al. 2021).
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Figure 7. Members of the Microhyla berdmorei species complex in life. A M. berdmorei sensu stricto, MZMU A-8005 and MZMU
A-8003 (a couple showing cephalic amplexus) from Aizawl, Mizoram State, India; B M. malcolmi, ZMMU A-7973 from Than To,
Yala Province, Thailand; C M. sundaica sp. nov., ZMMU A-8011 (holotype) from environs of Sungai Tua Recreational Forest, Se-
langor State, Malaysia; D M. peninsularis sp. nov., ZMMU A-8016 (holotype) from Lam Plok Waterfall, Trang Province, Thailand.

Photographs by: A. M. Bragin (A), N. A. Poyarkov (B), A. T. Aful (C), P. Pawangkhanant (D).

Accordingly, the lineages were dated to the Mio-Pliocene
transition and earlier, which usually correspond to spe-
cies-level divergence (Dufresnes and Litvinchuk 2022).

Furthermore, even though based on limited sampling
for mOTU2—4, our morphological analyses uncovered
significant morphological differentiation among the
four lineages of the M. berdmorei complex (Figs 4-5).
The mOTUs are differentiated in body size (Fig. 4) and
body proportions (Fig. 5), with their respective differ-
ences broadly following their phylogenetic relationships.
The distinction of these lineages is further corroborated
by stable differences in coloration, pattern, and external
morphology, which are summarized below. Finally, de-
spite the limited number of recordings, we managed to
analyze the main acoustic parameters of male advertise-
ment calls for three out of the four mOTUs (mOTU1-3).
Our analysis revealed consistent variations in temporal
and power call parameters among mOTU1-3, as elabo-
rated upon below.

Therefore, based on the cumulative molecular, bio-
acoustic and morphological evidence (see comparisons
below, Figs 6—7; Table 6), we hypothesize that the four
mOTUs of the M. berdmorei complex should be consid-
ered as four discretely diagnosable evolutionary entities
that should warrant a taxonomic recognition. Moreover,
given their old evolutionary age, we consider all of them
as separate species.

The large-sized lineages mOTU1 and mOTU2 include
populations from the mainland Indo-Burma, which until
recently were defined as M. berdmorei sensu stricto by
Garg et al. (2019), Gorin et al. (2020), and Kundu et al.
(2021). In the present study, we demonstrate that there is
a significant differentiation between the lineages mOTU1
from Indochina and mOTU2 from Myanmar, India, and
Bangladesh. The lineages mOTU1 and mOTU?2 likely di-
verged ca. 5.19 mya (Figs 2, S2); however, they are char-
acterized by a moderate level of divergence in 16S rRNA
gene sequences (p = 1.76-2.02% in the 16S rRNA gene;
see Table 2). At the same time, these two lineages are well
separated in morphospace (Figs 4, 5) and are diagnosed by
stable differences in a number of morphological charac-
ters (see below; Table 6). As the type locality of M. berd-
morei (Blyth, 1856) is located in Bago Region, Myanmar,
this nomen is therefore applicable to mOTU2. Two of the
molecularly examined populations are located in proxim-
ity to the type locality of M. berdmorei (localities 43 and
44, see Fig. 1). The type locality of Callula natatrix Cope,
1867, in Yangon Region, Myanmar (see Fig. 8) is also
located within the mOTU?2 range, suggesting synonymy
of the latter nomen with M. berdmorei (Fig. 1), what also
agrees with morphological data (see below).

The lineage mOTUI is widely distributed across all
of Indochina, including Vietnam, Laos, Cambodia, Thai-
land, including the Thai-Malay Peninsula; it also pene-
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trates to the northernmost portion
of Peninsular Malaysia (Perlis

State, locality 32, see Fig. 1); this
lineage is expected to occur in the
southernmost Yunnan Province of
China (Yang and Rao 2008; Fei
et al. 2009, 2010, 2012; Li et al.

2019). Two nomina were earli-

er proposed for the populations
within the range of mOTU1: M.

malcolmi Cochran, 1927, and M.
10). In our sampling, population

23 is located in close proximity
of the type locality of M. malcol-

fowleri Taylor, 1934 (see Figs 9,

mi (in Pak Chong, Nakhon Rat-
chasima Province, Thailand), and

population 25 originates from the
same province as the type locality

of M. fowleri (in Chiang Mai Prov-
the nomen M. malcolmi Cochran,
1927, has priority for mOTU1. We

ince, Thailand; Fig. 1). Therefore,
herein revalidate this taxon as a

valid species, and suggest M. fow-

The lineages mOTU3—4 have
much smaller adult body sizes
than typically reported for “M.

leri as a junior synonym.

Table 3). The lineage mOTU3 has
an extensive distribution covering

Peninsular Malaysia, Sumatra, and
Borneo, while the lineage mOTU4

berdmorei” populations (Fig. 4;
is restricted to southern Penin-
sular Thailand (Trang Province)
and northern Peninsular Malaysia

(Terengganu State) (Fig. 1). The
distribution of mOTU3, mOTU4,
and (partially) mOTU]1 (subclade
A3) overlaps in southern Thai-
land and Peninsular Malaysia, but
these were not found in sympatry
(Fig. 1). 16S divergence between

= 2.07%—

mOTU3 and mOTU4 is rather
shallow (p = 1.49%-2.48%), with
their divergence from mOTUI1-2
moderately higher (p

3.79%; see Table 2). Their esti-
mated age to the late Miocene (ca.
5.69 mya; Figs 2, S2) are compar-
atively older than the split between
mOTU1 and mOTU2. In parallel,

ble 6), based on morphology (both

the mOTU3 and mOTU4 can be
clearly diagnosed from each other
and from mOTU1-2 (Figs 6-7; Ta-
in body size and proportions), col-
oration, and diagnostic characters
such as the degree of foot webbing
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Figure 8. Microhyla berdmorei sensu stricto in preservative — specimen MCZ A-1587 (syntype of Callula natatrix Cope, 1867)

from “Near Rangoon, Burmah” (now environs of Yangon Region, Myanmar). A Dorsal aspect; B ventral aspect; C lateral view of
head. Scale bar equals 3 mm. Photographs by Harvard University, USA (http://mczbase.mcz.harvard.edu/guid/MCZ:Herp:A-1587).

and toe disk development. Therefore, as previously no
nomina are available for the populations of the M. berd-
morei complex from the Sundaland, we formally describe
mOTU3 and mOTU4 as two new species below.

Microhyla berdmorei species complex

Microhyla berdmorei (Blyth, 1856)

Figures 6A, B, 7A, 8, 9, 10A; Tables 3, 6, S2

Common name. Berdmore’s narrow-mouthed frog.
Synonymy and chresonymy.

Engystoma berdmorei Blyth, 1856 “1855”: 720. Type(s): not stated.

Type locality: “Schwe Gyen” (now Shwegyin) on the Sitang River,
“Pegu” (now Bago Region), Myanmar; Sclater (1892: 23).

Callula natatrix Cope, 1867: 192. Syntypes: MCZ 630 (= MCZ 1587),
and MCZ A-153454-57 (apparently renumbered), according to
Barbour and Loveridge (1929) and Harvard University, USA data
(http://mczbase.mcz.harvard.edu). Type locality: “Near Rangoon,
Burmah” (now Yangon Region, Myanmar); Li et al. (2019: 568).

Diplopelma (Engystoma) berdmorei — Giinther (1868: 146).

Diplopelma pulchrum Theobald (1868: 83, in part) (non Engystoma
pulchrum Hallowell, 1861, now Microhyla pulchra; misidentifica-
tion).

Diplopelma berdmorei — Theobald (1873: 112).

Microhyla berdmorii — Boulenger (1882: 166). Incorrect subsequent
spelling.

Microhyla (Engystoma) berdmorei — Mason (1882: 292).

Microhyla (Engystoma) berdmorei — Boulenger in Mason (1882: 500).

Microhyla berdmorei — Bourret (1942: 509, in part); Frank and Ramus
(1995: 90, in part); Dutta (1997: 58-59, in part); Das and Dutta (1998:
64); Chanda (2002: 36-39, in part); Choudhury (2002: 277, in part);
Devi and Shamungou (2006: 317-324); Sarkar and Ray (2006: 291,
in part); Das and Dutta (2007: 154—181); Wogan et al. (2008: 88, in
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part); Dinesh et al. (2009: 302: in part); Mahony et al. (2009: 80-94);
Mathew and Sen (2010: 65-66); Sengupta et al. (2010: 30); Bjiu et
al. (2019: 103); Garg et al. (2019: 15, in part); Li et al. (2019: 566,
in part); Nguyen et al. (2019: 549-580, in part); Ahmad and Mim
(2020: 36—71); Gorin et al. (2020: 1-47, in part); Hakim et al. (2020:
1239-1268); Poyarkov et al. (2020c: 1525-1558, in part); Gorin et
al. (2021: 97, in part); Kundu et al. (2021: 1586—1591, in part); Zug
(2022: 30, in part); Raj et al. (2023: 57-61); Dinesh et al. (2023: 7, in
part); Frost (2024, page “Microhyla berdmorei” in part).

Microhyla (Microhyla) berdmorei — Dubois (1987: 3).

Microhyla butleri (non Microhyla butleri Boulenger, 1900) — Lalrem-
sanga et al. (2007: 348; misidentification).

Microhyla sp. — Hasan et al. (2012: 162—172).

Types. Not stated in the original publication; ZSIC 9718—
20 (not examined by us) were listed as syntypes by Sclat-
er (1892), although Blyth (1856) provided measurements
for a single specimen. Garg et al. (2019) discussed the
confusing status of the type specimens; see discussion
below.

Revised diagnosis. Microhyla berdmorei sensu stricto is
characterized by a combination of the following morpholog-
ical features: (1) large body size (SVL 33.0 mm in a male,
36.3—38.1 mm in females), with moderately slender and tri-
angular body habitus; (2) head wider than long; (3) dorsal
skin shagreened with occasional small tubercles; (4) snout
rounded in dorsal and ventral views, obtusely pointed in
lateral view; (5) first finger shorter than half of the second
finger length; (6) finger tips with weak disks bearing wide
and shallow dorsomedial grooves; (7) toes with distinct
disks, each bearing a narrow and deep dorsomedial groove;
(8) tibiotarsal articulation of the adpressed limb extending
far beyond snout; (9) toe webbing reaching disks on all toes
except toe IV; webbing formula: 11-1m1-2ml-21v2-1v;
(10) throat and chin dusty gray to almost black in breeding
males; belly yellowish-white; (11) dorsal surfaces of fore-
limbs and hindlimbs with narrow prominent crossbars, up
to 5-6 crossbars on thighs; (12) dark-brown patch above
cloacal opening inverted-U-shaped or crescent-shaped; dark
blotches on both sides of cloaca; (13) dorsum generally with
distinct olive-brown “teddy-bear”-pattern edged with light
brown; dark dorsal markings may be indistinct or complete-
ly absent; (14) body flanks with black irregular spots and
blotches; (15) broad olive-gray lateral band extending from
armpit to middle of trunk; (16) light postocular stripe yel-
lowish-beige with no dark edging; (17) reddish spots on
dorsum and dorsal surfaces of hindlimbs absent; (18) iris
with black stripe below the pupil.

Material examined. In this study, we used morphologi-
cal data from five specimens of M. berdmorei sensu stric-
to from India (see Table S2 for details).

Description of the voucher specimen MZMU A-8003
(Fig. 9). An adult female in a good state of preservation.
Body size large (SVL 36.4 mm; other measurements are
presented in Table S2). Body habitus slender, triangular,
and dorsoventrally flattened (Fig. 9). Head triangular in
dorsal view; wider than long (HW/HL ratio 1.19). Snout

comparatively short and protruding (SL/HL ratio 0.46),
rounded in dorsal view (Fig. 9A), obtusely pointed in
profile, noticeably extending beyond the edge of the
lower jaw (Fig. 9E). Eyes large, protruding in dorsal and
lateral views, significantly shorter than the snout (EL/
SL ratio 0.71), slightly longer than interorbital distance
(IOD/EL ratio 0.90). Canthus rostralis distinct, rounded;
loreal area slightly concave. Nostrils oval-shaped, with
lateral orientation, situated below the canthus rostralis,
slightly closer to tip of snout than to eye. Interorbital
distance greater than internarial distance (IND/IOD ra-
tio 0.86). Upper eyelid length less than the interorbital
distance (UEW/IOD ratio 0.79). Tympanum concealed,
supratympanic fold indistinct, marked by a series of low
tubercles (Fig. 9E). Tongue slender, rounded, free for the
posterior four-fifths of its length; vomerine teeth absent.
Eggs seen through the incision on the left lateral side of
belly; eggs small, rounded, ca. 1.3—1.5 mm in diameter,
pigmented (Fig. 9B).

Forelimbs short and slender (Fig. 9A, B); lower arm
elongated and thin (LAL/FLL ratio 0.85), hand less than
half of forelimb length (HAL/FLL ratio 0.48). Fingers
slender and elongated; finger webbing or skin fringes ab-
sent. First finger well-developed, notably less than half
of the second finger length (Fig. 9D); the relative fin-
ger length formula: I < II < IV < III. Fingertips round-
ed, slightly expanded into disks notably narrower than
the basal phalanges of the respective fingers. Finger
tips lacking peripheral grooves bearing a wide and shal-
low median notch on the dorsal surface of each finger
(Fig. 6B). Finger tips almost equal in width, with the first
finger tip slightly narrower. Subarticular tubercles on fin-
gers distinct, large, rounded, and protruding; the distal
subarticular tubercle on the fourth finger less distinct.
The subarticular tubercle formula: 1, 1, 2, 2 (Fig. 9D).
Two metacarpal tubercles: inner metacarpal tubercle
distinct, protruding, rounded in shape; outer metacarpal
tubercle rounded and flattened, its diameter subequal to
the diameter of inner metacarpal tubercle (OPTL/IPTL
ratio 0.89).

Hindlimbs long, slender, almost four times longer than
the forelimbs (HLL/FLL ratio 3.85). Thighs muscular,
massive (Fig. 9B), shanks elongated and slender, com-
prising approximately one-third of the hindlimb length
(TL/HLL ratio 0.35). When the limbs are positioned at
the right angle to the body, the heels significantly over-
lap. Tibiotarsal articulation of the adpressed limb extends
well beyond the tip of the snout. Foot length comprises
more than one-third of the hindlimb length, being signifi-
cantly shorter than the tibia (FL/HLL ratio 0.31, TL/FL
ratio 1.16). The relative toe lengths: [<II <V <II <IV.
Shanks smooth, inner tarsal fold absent. Tips of all toes
distinctly widened into round disks, notably wider than
the finger tips (4FDD/3FDD ratio 1.75). Toe webbing
fully developed, reaching the disks on all toes except the
toe IV; webbing formula: 11-111-2m1-21v2-1v (Fig. 6A).
Subarticular tubercles on toes distinct, rounded, slightly
protruding, subarticular tubercle formula: 1, 1, 2, 3, 2
(Fig. 9D). Internal metatarsal tubercle of moderate size,
slightly elongated, with indistinct margins, comprising



Vertebrate Zoology 74, 2024, 595-641

613

Figure 9. Microhyla berdmorei sensu stricto in preservative — specimen MZMU A-8003 (adult female) from Aizawl, Mizoram

State, India: A Dorsal aspect; B ventral aspect; C plantar view of the right foot; D volar view of the left hand; E lateral view of head.

Scale bar equals 3 mm. Photographs by A. V. Trofimets.

less than half the length of the first toe (IMTL/1TOEL ra-
tio 0.36, Fig. 9C). Outer metatarsal tubercle small but dis-
tinct, rounded, prominent with well-defined margins, sub-
equal to the length of inner metatarsal tubercle (OMTL/
IMTL ratio 0.94, Fig. 9C).

Skin on dorsum shagreened, with rare small tubercles
getting denser laterally (Fig. 7A). Dorsal surfaces of fore-
limbs almost smooth, with the exception of tiny tubercles
present on forearms. Dorsal surface of hindlimbs with
small tubercles sparsely scattered on thighs and shanks
(Fig. 9A). Upper eyelid smooth. Body flanks smooth, nu-
merous small warts around the tympanal region. Ventral
sides of body and limbs completely smooth (Fig. 9B).
Cloacal opening unmodified, with posterior orientation.

Coloration in life. Dorsum in life olive-brown with a
bronze tint laterally with a dark-brown “teddy-bear” pat-
tern (see Rakotoarison et al. 2017) with irregular borders
(Fig. 7A). Dark-brown triangular interorbital bar located

between the posterior parts of upper eyelids continues
posteriorly, sharply narrowing at the level of head base
and broadening at the scapular area. A pair of dark-brown
blotches edged with beige form a trapezoidal dark mark-
ing around the cloacal opening. A yellowish-beige light
postocular stripe running from the posterior corner of the
eye to the axilla (Fig. 7A).

Body and head flanks slightly darker than the later-
al sides of the dorsum. Snout olive-brown lacking dark
markings. Broad dark olive-gray band running posteriorly
from the eye. Upper jaw dark-brown with a few irregular
light-brown or cream spots below the eye. Narrow cream
stripe running from the posterior corner of the eye to the
axilla. Except for the upper arm, limbs dorsally with in-
distinct brownish crossbars and spots: two crossbars vis-
ible on lower arms, three crossbars on thighs and shanks.
Fingers and toes with brown transverse dorsal bars.

Belly and chest yellowish-white, with a few irregular
grayish spots in chest area (Fig. 7A). Throat and chin
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with dense dark-gray mottling, which gets darker along
the edges of mandible and mouth corners. Ventral surfac-
es of limbs beige to bluish-gray lacking dark markings
(Fig. 9C,D); feet ventrally with dark-brown marking ex-
tending from the tibiotarsal joint to the ventral surfaces of
toes and toe webbing (Fig. 9C). Iris bronze with a distinct
vertical dark stripe ventrally. Pupil round, black, outlined
with a thin golden circle.

Coloration in preservative. After two years in preser-
vative, the pattern described above generally remains
unchanged (Fig. 9). Dorsal background color faded to
light-gray, and the dark dorsal markings became less dis-
cernible. The characteristic dark spot above the cloacal
opening, the “teddy-bear” pattern, and other dark mark-
ings remain visible. Limbs fade to yellowish-gray, but the
dark crossbars on the limbs remain visible. Ventral sur-
faces fade to light-beige; however, the dark markings on
the chin still remain notable as brownish-gray mottling.

Variation. The examined individuals are overall quite
similar in appearance. Differences in size and body pro-
portions are provided in Tables 4 and 5. In females, the
body length (SVL) ranges from 36.3 to 38.1 mm (n = 3);
the single examined male had a smaller body size (SVL
33.0 mm). Dorsal background coloration of the examined
specimens varied from olive-brown to yellowish-brown.
The male specimen had a notably darker chin than the
examined females (Fig. 7A).

Etymology. The species name “berdmorei” was given
in honor of Captain Major Thomas Matthew Berdmore
(1811-1859), a British officer and naturalist who was
stationed in Myanmar during the mid-19* century. M. T.
M. Berdmore was famous for the collection of numer-
ous animal specimens, including this particular species
of frog. Recommended common names: “Berdmore’s
narrow-mouthed frog” (English); “Nhdi bau Béc-mo”
(Vietnamese); “uzkorot Berdmora” (y3kopot bepamopa,
Russian); “Changping” (Mizo; literally meaning “spindle
frog”); “Eung mae nao Pama” (5«@%1&73@1, Thai).

Distribution. Based on our definition of M. berdmorei
sensu stricto, the actual range of this taxon (Fig. 1) is re-
stricted to: India (northeastern part of the country: Megha-
laya, Assam, Tripura, and Mizoram states), Bangladesh
(central, northeastern, and southeastern parts of the coun-
try), and Myanmar (northwestern and central parts of the
country). The earlier records of the occurrence of M. berd-
morei in Indochina, Malaysia, and Indonesia refer to other
species of the M. berdmorei complex described below.

Natural history notes. Microhyla berdmorei sensu stricto
inhabits various types of moist evergreen forests, includ-
ing monsoon and perennial rainforest types. It is gener-
ally associated with hilly regions and is often found near
streams; it also occurs in secondary forests. Specimens of
this species are active day and night, often hiding in the
leaf litter on the forest floor. When disturbed, they make
extraordinary long and vigorous jumps to escape. In As-

sam State, India, breeding activity typically occurs in still
pools between October and November (Garg et al. 2019;
TUCN 2022). The noisy rasping call of M. berdmorei sen-
su stricto can be heard at night from beside forest pools;
we have observed specimens of this species displaying
cephalic amplexus (Fig. 7A). In India, Garg et al. (2019)
recorded specimens from thickly vegetated swampy areas
near the water bodies, either inside secondary forests or
adjacent to human settlements. In Lawachara N. P., Ban-
gladesh, Hakim et al. (2020) found M. berdmorei on trails,
roads, and leaf litter in mature forests, degraded forests,
tea plantations, and village habitats. Microhyla berdmorei
coexists with M. mymensinghensis Hasan et al., 2014 in
the northeastern (Dinajpur, Parbatipur) region of Bangla-
desh (Hasan et al. 2014). This species was found either in
the grass below large trees, referred to as “Lendi Korui”
by the locals, or in expansive fields with some vegeta-
tion and somewhat damp and loose soil. Indigenous to
the region, this species is commonly referred to as “Boro
Laubichi Bang”, and its diet mostly includes ants and oth-
er small insects (Hasan et al. 2014). In Mizoram, India,
the species prefers waterbodies with sandy to gravel bot-
toms for breeding (Raj et al. 2023).

Tadpole. Raj et al. (2023) presented a detailed description
of the larval morphology of M. berdmorei from Aizawl,
Mizoram, India. Tadpoles at Gosner stage 34 reach 20-21
mm in length; at Gosner stage 39 they reach 27-28 mm
in length. At Gosner stage 37, body large, oval-shaped in
dorsal view; body length comprises 37% of total length;
snout broad and truncate in dorsal view, acutely rounded
in lateral view; eyes with lateral orientation; eye-nostril
distance comprises 69% of eye-snout distance; interor-
bital distance ca. three times greater than internarial dis-
tance; spiracle large, medial, located on ventral surface;
spiracle-snout distance comprises 83% of body length;
vent tube opening medial, reaching ventral fin edge; ven-
tral tail fin deeper than dorsal tail fin, reaching its maximal
height at tail mid-length; caudal musculature comprises
40% of tail height; tail tip sharply pointed, flagellated.
Oral disc terminal, comprising a half of interorbital dis-
tance in width; lacking papillae or keratinized structures;
a U-shaped medial notch protrudes from the mouth be-
tween the two semicircular labial flaps (Lalremsanga and
Muansanga 2022; Raj et al. 2023). In life, head, body, and
caudal musculature translucent and white with numerous
tiny melanophores; posterior parts of body darker due to
pigmentation of inner integument; ventrally milky white
and transparent with gut coils visible; few large melano-
phores present on both tail fins; smaller melanophores
present on tail musculature. Tadpoles of M. berdmorei are
lentic suspension feeders.

Advertisement call. The male advertisement call of M.
berdmorei represents a series of short rasping sounds re-
sembling the sound of a ratchet. In an unpublished doctor-
al thesis, Lalremsanga (2011: 102) provided a description
of the advertisement call for the M. berdmorei population
from Mizoram, Northeast India. The call series consisted
of one to seven calls emitted at a 3 s interval; a single call



Vertebrate Zoology 74, 2024, 595-641

615

A. M. berdmorei (Mizoram, India)

Figure 10. Male advertisement
call of the M. berdmorei species
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series lasted for 1.4-1.6 s. Each call consisted of 7-12
pulses and lasted for 0.2 s at an interval of 0.06 s. The
amplitude of the call increased slowly and reached a peak
in the middle, which then decreased slowly until the end.
The frequency spectra ranged between 1484 and 2046
Hz, with the dominant frequency being 1677 Hz.

Our recording of male advertisement call series of M.
berdmorei from Aizawl, Mizoram State, India, consist-
ed of several calls (2-5; average 3.6+1.2) emitted at a
2.540.2 s (1.47-3.20 s) interval. A single call lasted for
0.20+0.07 s (0.12—0.33) on average. Each call consist-

Rel. amp.

o

o3

xp. Rel. amp.

ed of 11£2.0 (9-13) pulses emitted at an interval of 0.06
s. The call’s amplitude increased slowly and reached a
peak in the middle of the call, after which it gradually
decreased; thus, each call’s relative amplitude profile has
a symmetrical shape (Fig. 10A). The peak frequency of
a call comprised 1892482 Hz (1781-1969 Hz), which is
notably higher than the earlier estimates of Lalremsanga
(2011).

Comparisons. Microhyla berdmorei sensu stricto can be
distinguished from all other known Microhyla species
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currently known from South and Southeast Asia by its
complete foot webbing, extending well beyond the first
subarticular tubercle on either sides of toe IV and reach-
ing up to the disks on the remaining toes (vs. rudimenta-
ry to medium foot webbing in all other species); by ter-
minal phalanges of toes Y-shaped (vs. simple, knobbed,
or T-shaped in all other species; see Garg et al. 2019);
and by toe tips enlarged into disks with dorso-terminal
grooves (vs. almost absent). This species can be differen-
tiated from its close genetic congener M. darevskii by fin-
ger I length less than half of finger II length (F1 <'4F2 vs.
F1 > 4F2); by weak disks present on fingers (vs. finger
disks totally absent); by ventral color lightly colored, yel-
lowish-white with irregular grayish spots (vs. no yellow
color on groin and belly); by pattern on flanks and shanks
consisting of brown or black irregular spots and blotches
(vs. absent); by iris coloration bronze with a distinct dark
vertical stripe below the pupil (vs. golden with black re-
ticulation); and by foot webbing reaching to disks except
toe IV (vs. reaching to disks on all toes) (see Blyth 1856;
Poyarkov et al. 2014; Garg et al. 2019; our data).

For comparisons of M. berdmorei sensu stricto with
other closely related members of the M. berdmorei spe-
cies complex, see below.

Microhyla malcolmi Cochran, 1927
Figures 6C-D, 7B, 10B, 11, 12, 13; Tables 3, 6, S2

Suggested common name. Malcolm’s narrow-mouthed
frog.

Synonymy and chresonymy.

Microhyla malcolmi Cochran, 1927: 182. Holotype: USNM 72172 (Fig.
11). Type locality: “Pak Jong, Siam”, now Pak Chong District, Na-
khon Ratchasima Province, Thailand — Parker (1928: 473-499);
Barbour and Loveridge (1929: 235); Bourret (1942: 509); Li et al.
(2019: 568).

Microhyla fowleri Taylor, 1934: 284. Holotype: ANSP 19903 (Fig. 12).
Type locality: “Chieng Mai, Siam”, now Chiang Mai Province, Thai-
land — Dubois (1987: 3); Bourret (1942: 509); Taylor (1962: 560);
Fei (1999: 292-293); Yang and Rao (2008: 124); Fei et al. (2009:
890-894); Fei et al. (2010: 481); Matsui (2011: 33-49); Matsui et al.
(2011: 168, 171, 174, in part); Fei et al. (2012: 567); Poyarkov et al.
(2014: 89-148); Pradana et al. (2017: 70-90); Li et al. (2019: 568).

Microhyla (Microhyla) fowleri — Dubois (1987: 3).

Microhyla berdmorei — Bourret (1942: 509, in part); Parker (1928:
473-499, in part); Barbour and Loveridge (1929: 235); Parker (1934:
127, in part); Taylor (1962: 560, in part); Heyer (1971: 64-66, in
part); Berry (1975: 118-119, in part); Dubois (1987: 3, in part); Stuart
(1999: 49, in part); Orlov et al. (2002: 99, in part); Ohler et al. (2002:
465-481, in part); Chan-ard (2003: 102, in part); Teynié et al. (2004:
35, in part); Nguyen et al. (2005: 44, in part); Stuart (2005: 35); Devi
and Shamungou (2006: 317-324, in part); Grismer et al. (2006: 63,
in part); Stuart and Emmett (2006: 6); Das and Yaakob (2007: 68,
in part); Grismer and Aun (2008: 277, in part); Neang and Holden,
(2008: 63, in part); Wogan et al. (2008: 88, in part); Chan et al. (2009:
278, in part); Nguyen et al. (2009: 97, in part); Chan-ard et al. (2011:
131, in part); Thong-aree et al. (2011: 99-106, in part); Grismer et

al. (2004: 18, in part); Manthey and Denzer (2014: 3-21, in part);
Poyarkov et al. (2014: 89-148, in part); Sumarli et al. (2015: 8, in
part); Vassilieva et al. (2016: 72—73, in part); Do et al. (2017: 8889,
in part); Mulcahy et al. (2018: 95, in part); Nguyen et al. (2019:
549-580, in part); Geissler et al. (2019: 40-63); Niyomwan et al.
(2019: 222-223, in part); Garg et al. (2019: 15, in part); Poyarkov
et al. (2020b: 136163, in part); Gorin et al. (2020: 147, in part);
Makchai et al. (2020: 116, in part); Poyarkov et al. (2021: 40, in part);
Gorin et al. (2021: 97, in part); Zug (2022: 30, in part); Hoang et al.
(2022: 35, in part); Frost (2024: page “Microhyla berdmorei” in part).

Holotype. USNM 72172 (adult female), by original des-
ignation (not physically examined by us, but see Fig. 11).
Type locality: “Pak Jong, Siam”, now Pak Chong Dis-
trict, Nakhon Ratchasima Province, Thailand (see Fig. 9).

Revised diagnosis. Microhyla malcolmi is characterized
by the following combination of morphological attributes:
(1) large body size (SVL 33.2—41.8 mm in males, 36.0—
43.8 mm in females), with slender and triangular body hab-
itus; (2) head longer than wide; (3) skin on dorsum slightly
shagreened, laterally with sparse tiny tubercles; (4) snout
obtusely pointed in dorsal, ventral, and lateral views; (5)
first finger shorter than half of second finger length; (6) fin-
ger tips with weak disks lacking dorsomedial grooves; (7)
toes with well-developed disks lacking or bearing rudimen-
tary dorsomedial grooves; (8) tibiotarsal articulation of an
adpressed limb extends far beyond snout; (9) toe webbing
complete, reaching disks on all toes; webbing formula: 11-
lnl-1m1-11vI-1v; (10) throat and chin dark-gray to almost
black in males; belly bluish-gray anteriorly, yellowish poste-
riorly; (11) dorsal surfaces of fore- and hind limbs with wide
dark crossbars, up to 3—4 crossbars on thighs; (12) brown
patch above cloacal opening of variable shape and indis-
tinct edges; (13) dark-brown dorsal “teddy-bear”-pattern
distinct, usually edged with light-brown or beige anterior-
ly; (14) black spots and blotches of irregular shape on body
flanks; (15) broad grayish-brown lateral band lateral stripe
extending from armpit to groin; (16) light postocular stripe
beige with black edging; (17) reddish spots on dorsum and
dorsal surfaces of hindlimbs absent; (18) iris with black
stripe below the pupil.

Material examined. In this study, we used morpholog-
ical data from 52 specimens of M. malcolmi from Thai-
land, Laos, and Vietnam (see Table S2 for details).

Description of the specimen ZMMU A-7973 (Fig. 13).
An adult male specimen in a very good state of preser-
vation. Body size large (SVL 37.1 mm; other measure-
ments are presented in Table S2). Body habitus slender,
triangular, dorsoventrally flattened (Fig. 13E). Head tri-
angular in dorsal view; longer than wide (HW/HL ratio
0.94). Snout comparatively long and protruding (SL/HL
ratio 0.34), obtusely pointed in dorsal view (Fig. 13A),
gently obtusely pointed in profile, and noticeably ex-
tending beyond the edge of the lower jaw (Fig. 13E).
Eyes large, protruding in dorsal and lateral views, sig-
nificantly shorter than the snout (EL/SL ratio 0.75), and
longer than the interorbital distance (IOD/EL ratio 0.88).
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Figure 11. Microhyla malcolmi in preservative — specimen USNM 72172 (holotype, adult female) from Pak Chong, Nakhon Rat-

chasima Province, Thailand. A Dorsal aspect; B ventral aspect; C plantar view of the left foot; D volar view of the left hand; E lateral

view of head. Scale bar equals 3 mm. Photographs by T. Hsu.

Canthus rostralis distinct, rounded; loreal area notably
concave, smooth. Nostrils oval-shaped, with lateral ori-
entation, located below the canthus rostralis; closer to
eye than to the tip of snout. Interorbital distance broader
than internarial distance (IND/IOD ratio 0.72). Upper
eyelid smaller than interorbital distance (UEW/IOD ratio
0.69). Tympanum concealed, faintly developed glandular
supratympanic fold extending from the posterior corner
of eye to axilla (Fig. 13E). At the level of mouth corner,
supratympanic fold bends posteriorly and extends to the
forelimb insertion. Tongue slender, rounded, free behind
for half of its length; vomerine teeth absent; gular vocal
sac present, single.

Forelimbs short and slender (Fig. 13A); lower arm
elongated and thin (LAL/FLL ratio 0.75), hand less than

half of forelimb length (HAL/FLL ratio 0.42). Fingers
slender and elongated, webbing or skin fringes on fingers
absent. First finger well-developed, subequal to half of
the second finger length (Fig. 13D); the relative finger
length formula: I < IT < IV < III. Fingertips rounded,
slightly expanded, noticeably narrower than the basal
phalanges of the respective fingers. Finger tips lacking
peripheral grooves, dorsomedial grooves absent, or pres-
ent as a very shallow rudimentary medial notch (Fig. 6D).
Finger tips almost uniform in width, with the tip of the
first finger being slightly narrower. Subarticular tubercles
on fingers distinct, large, rounded, and protruding, with
the distal subarticular tubercle on the fourth finger being
less distinct. Subarticular tubercle formula: 1, 1, 2, 2.
Nuptial pad absent (Fig. 13D). Two metacarpal tubercles:
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Figure 12. Microhyla malcolmi in preservative — specimen ANSP 19903 (holotype of Microhyla fowleri Taylor, 1934, adult female)

from “Chieng Mai, Siam” (now Chiang Mai Province, Thailand). A Dorsal aspect; B ventral aspect; C plantar view of the left foot;

D volar view of the left hand; E lateral view of head. Scale bar equals 3 mm. Photographs by N. Gilmore.

inner metacarpal tubercle distinct, protruding, rounded in
shape; outer metacarpal tubercle rounded, flattened, its
diameter equal to the diameter of inner metacarpal tuber-
cle (OPTL/IPTL ratio 1.0).

Hindlimbs long and strong, slender, almost four times
longer than the forelimbs (HLL/FLL ratio 3.66). Thighs
robust and muscular (Fig. 13B), shanks elongated and
slender, comprising approximately one-third of the hind-
limb length (TL/HLL ratio 0.37). When the limbs are
held at the right angle to the body, the heels significant-
ly overlap. Tibiotarsal articulation of the adpressed limb
extends well beyond the tip of the snout. Foot length
comprises more than one-third of the hindlimb length,
being significantly shorter than tibia (FL/HLL ratio 0.27;
TL/FL ratio 1.36). The relative toe lengths: I<II <V <
IIT < I'V. Shanks smooth, inner tarsal fold absent. Tips of
all toes distinctly widened into small round disks wider
than finger tips (4FDD/3FDD ratio 2.05). Dorsomedial
longitudinal grooves absent on all toes or present as ru-

dimentary median notch at the medial edge of toe disk
(Fig. 6C). The relative width of toes disks: I <V <1I
< III < IV. Toe webbing fully developed, web reaching
disks on all toes; webbing formula: 11-111-1ml-11v1-1v
(Fig. 6C). Subarticular tubercles on toes distinct, round-
ed, slightly protruding, subarticular tubercle formula: 1,
1, 2, 3, 2. Internal metatarsal tubercle of moderate size,
oval, slightly elongated, with indistinct margins, less
than half the length of the first toe (IMTL/ITOEL ratio
0.45). Outer metatarsal tubercle small but very distinct,
rounded, prominent with well-defined margins, slightly
longer than inner metatarsal tubercle (OMTL/IMTL ratio
1.12, Fig. 13C).

Skin texture is generally similar to that described for
M. berdmorei (see above, Fig. 7A,B). Skin on dorsum
slightly shagreened, with sparse small tubercles getting
denser on the lateral sides of dorsum (Fig. 7B). Dorsal
surfaces of forelimbs almost smooth, few tiny tubercles
present on forearms. Dorsal surfaces of hindlimbs with
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Figure 13. Microhyla malcolmi in preservative — ZMMU A-7973 (adult male) from Than To, Yala Province, Thailand. A Dorsal
aspect; B ventral aspect; C plantar view of the left foot; D volar view of the left hand; E lateral view of head. Scale bar equals 3 mm.

Photographs by N. A. Poyarkov.

sparse tubercles scattered across thighs and shanks; these
tubercles are noticeably smaller than those on dorsum
(Fig. 13A). Upper eyelid smooth. Body flanks smooth,
numerous small warts present around the tympanal re-
gion. Ventral surfaces of body and limbs completely
smooth (Fig. 13B). Cloacal opening unmodified, with
posterior orientation.

Coloration in life. Dorsal background coloration gray-
brown with a bronze tinge on the sides of the back, with
a faint brown “teddy-bear” pattern medially (Fig. 7B).
“Teddy-bear” marking with more distinct borders and
beige edging anteriorly; the pattern becoming less dis-
tinct posteriorly, beige edging not discernible posteriorly.
Interorbital dark bar incomplete, present as two indistinct
dark-brown blotches between posterior parts of upper
eyelids. Indistinct gray-brown marking in the shape of
an inverted triangle between interorbital blotches and the
“teddy-bear” pattern on dorsum (Fig. 13A). Posterior part

of dorsum brownish with indistinct gray blotches. A wide
beige light postocular stripe running under the supratym-
panic fold from the posterior corner of eye to axilla, dor-
sally edged with black (Fig. 7B).

The lateral surfaces of the body and head slightly
lighter than the dorsum. Snout, canthus rostralis and lo-
real area uniformly light olive-brown; dark-gray mottling
present on the upper jaw; a few irregular black or brown-
ish spots present below the eye. A broad grayish-brown
band running from the posterior margin of the eye along
the supratympanic fold. A narrow blackish-brown inter-
rupted stripe running from the posterior corner of the eye
to the axilla. A series of irregular black blotches and spots
on body flanks between the axilla and groin. Except for
the upper arm, limbs dorsally bearing indistinct dark-gray
crossbars with indistinct edges; two crossbars visible on
the lower arms; three crossbars present on each thigh and
shank. Fingers and toes dorsally with narrow blackish
transverse crossbars.
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Belly lightly colored; anterior part of the belly blu-
ish-gray, posterior portion of the belly, groin, ventral sur-
faces of upper arms, and thighs yellow to yellowish-gray
with indistinct gray mottling on thighs (Fig. 7B). Gular
area dark-gray; chin covered with dense gray mottling
which gets darker at the edges of the mandible, mouth
corners and gradually fades to bluish-gray towards the
chest. Shanks ventrally light yellowish-gray, small black
spots present on the ventral surfaces of the limbs. Fore-
and hindlimbs ventrally grayish-yellow to yellowish.
Ventral surfaces of hands (Fig. 13D) show no distinct
pattern; feet ventrally with dark blackish-brown marking
extending from the tibiotarsal joint to the ventral surfaces
of toes and toe webbing (Fig. 13C). Iris bronze with black
reticulations and a distinct black vertical stripe ventrally
(Fig. 7B). Pupil round, black, outlined with a thin golden
circle.

Coloration in preservative. After two years in preser-
vative, the pattern described above generally remains
unchanged, though light colors, like the yellowish color-
ation of the ventral surfaces and the olive-bronze color-
ation of dorsum faded to off-white and light gray, respec-
tively. The dark dorsal pattern have become slightly less
discernible. The characteristic dark spot above the cloa-
cal opening, black spots and blotches on flanks, and dark
markings on feet remain visible, they have turned dark
grayish-brown. The limbs have turned yellowish-gray,
and the dark crossbars still visible as indistinct dark-gray
patterns. The ventral surfaces have faded to light beige;
however, the dark markings on the chin have turned
dark-gray but are still well discernible.

Variation. The examined individuals are overall quite
similar in appearance. Differences in size and body pro-
portions of the examined specimens are provided in Ta-
bles 4 and 5. In females, the body length (SVL) ranges
from 33.1 to 43.8 mm (n = 17); in males, the SVL ranges
25.4-41.8 mm (n = 35). The dorsal background color-
ation varies from gray-brown to gray. Some male speci-
mens demonstrate a darker and more contrasting dorsal
“teddy-bear”-pattern (ZMMU A-5073, ZMMU A-4710).
Breeding males have a darker-colored chin (dark-gray to
blackish) than females (gray).

Etymology. The species was named after Dr. Malcolm
Arthur Smith (1875-1958), a famous British herpetol-
ogist and physician, who collected many specimens
in the early 20" century across Thailand, Vietnam and
Malaysia. Recommended common names: “Malcolm’s
narrow-mouthed frog” (English); “Nhai bau Mao-
com” (Vietnamese); “uzkorot Malkolma” (y3kopor
ManskonsMma, Russian); “Eung mae nao” (3susvum, Thai).

Distribution. Based on our revalidation and definition of
M. malcolmi, we define the range of this species as fol-
lows (Fig. 1): China (extreme south of Yunnan Province:
Jinghong, Mengla, and Mengyang counties), Vietnam
(northwestern, central, and southern parts of the coun-
try), Laos (entire country), Cambodia (entire country),

and Thailand (entire country). The southernmost record
is known from Perlis State in Peninsular Malaysia (Fig. 1,
locality 32). Microhyla malcolmi is also expected to oc-
cur in eastern Myanmar, though further studies are need-
ed to clarify the extent of its distribution.

Natural history notes. Microhyla malcolmi inhabits var-
ious habitats, including primary and secondary forests as
well as human-modified rural landscapes in lowland and
hilly areas at elevations up to 2200 m a.s.l. In the lowland
monsoon forests of southern Vietnam, this species ap-
pears to be associated with bamboo tangles (Vassilieva et
al. 2016) and is also often recorded along forest streams.
Microhyla malcolmi is active both day and night; accord-
ing to Vassilieva et al. (2016), its diet consists mainly of
ants. Breeding was observed in Vietnam and Cambodia
and usually had two peaks of reproductive activity: in
May-June and October-December (Neang and Holden
2008; Vassilieva et al. 2016). The noisy rasping call of
breeding males can be heard at night from beside forest
pools (Neang and Holden 2008). Breeding mainly takes
place in slowly-flowing forest streams, ponds, rain pools,
puddles and other similar still waterbodies; the reproduc-
tive activity usually starts after heavy rains. Clutches in-
clude hundreds of small (1.6—1.7 mm) pigmented floating
eggs. In Thailand, the species prefers waterbodies with
dead leaves and branches on silty bottoms for breeding
(Meewattana 2022).

Tadpole. A detailed description of the larval morphology
of M. malcolmi from Thailand was presented by Mee-
wattana (2022) (referred to as M. berdmorei in his work).
Tadpoles at late developmental stages reach 20-30 mm in
length with large body, oval-shaped in dorsal view; inter-
orbital distance ca. five times greater than internarial dis-
tance; mouth-snout distance equal to snout-eye distance;
anal tube with vertical orientation reaching the edge of
ventral fin; ventral tail fin less than twice as deep as dorsal
tail fin; both fins deeper than tail musculature at the level
of fourth proximal segment; tail tip tapering (Meewattana
2022). Oral disc terminal, comprising a half of interor-
bital distance in width; lacking papillae, jaw sheaths, or
labial teeth (Meewattana 2022). In life, head, body, and
caudal musculature pale grayish; posterior part of body
dark-gray or black; dorsally with a weak dark marking
between the eyes; tail fins transparent. Tadpoles of M.
malcolmi are lentic suspension feeders.

Advertisement call. The male advertisement call of M.
malcolmi represents a series of noisy rasping sounds that
resemble the sound of a ratchet to the human ear. Heyer
(1971) provided a brief description of an advertisement
call for a M. malcolmi population from Sakaerat Experi-
mental Station, Nakhon Ratchasima Prov., Thailand (re-
ferred to as M. berdmorei in his work). The duration of
the call was 0.09—-0.26 s, with each call consisting of 3-9
pulses at a pulse rate of 33-35 pulses per second, and the
peak frequency of the call estimated at 1500-1800 Hz.
Our recording of M. malcolmi advertisement calls
taken in Song Hinh Forest Reserve, Phu Yen Province,
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Vietnam, included call series, each of them consisting of
several calls (4-6; average 5.2+1.4) emitted ata 2.3+1.5 s
(0.97-3.79 s) interval; a single call lasted for 0.22+0.04 s
(0.16-0.31) on average. Each call consisted of 9+1.1 (8—
10) pulses. The call’s amplitude increased sharply, reached
its peak in the first 0.05-0.10 s of call duration, and then
gradually decreased towards the call’s end; the last half of
the call duration had a notably lower amplitude (491+57
Hz) than the first half (Fig. 10B). We estimated the call
peak frequency to be 1631+£93 Hz (1507-1809 Hz), which
agrees well with the estimates of Heyer (1971).

Comparisons. Microhyla malcolmi was previously con-
sidered as a junior synonym of M. berdmorei, but this
species can be differentiated from M. berdmorei sensu
stricto by having: fully-developed foot webbing (I11-1111-
HI1-1IV1-1V vs. I1-1111-2I111-2IV2-1V); supratym-
panic fold distinct (vs. indistinct); comparativey short-
er snout (SL/HL ratio 0.31-0.39 [avg. 0.34, n = 21] in
males, 0.32—0.37 [avg. 0.35, n = 9] in females of M. mal-
colmi vs. 0.46 in male [n = 1], 0.45-0.46 [avg. 0.45, n =
3] in females of M. berdmorei sensu stricto); snout shape
in dorsal and ventral views (obtusely pointed vs. round-
ed); crossbars on thighs wide, 3—4 crossbars on each
thigh (vs. crossbars narrow, up to 5—6 crossbars on each
thigh); background color of dorsum grayish-brown (vs.
olive-brown with a bronze tinge); head longer than wide
(vs. head wider than long); finger tips with weak disks
lacking dorsomedial grooves (vs. finger tips with weak
disks bearing wide and shallow dorsomedial grooves); and
toes with well-developed disks lacking or bearing rudimen-
tary dorsomedial grooves (vs. toes with distinct disks, each
bearing narrow and deep dorsomedial groove).

For comparisons of M. malcolmi with other members
of the M. berdmorei species complex, see below.

Microhyla sundaica sp. nov.

https://zoobank.org/4D1D46BF-FED6-4A6C-8EE9-
8017399D570E

Figures 6E-F, 7C, 10C, 14, 15C-D; Tables 2, 3, 6

Suggested common name. Sundaic narrow-mouthed
frog.

Chresonymy.

Microhyla berdmorei — Inger (1966: 149—151, in part); Grandison
(1972: 59, in part); Dring (1979: 194, in part); Malkmus et al.
(2002: 130-131, in part); Grismer et al. (2004: 18, in part); Das and
Yaakob (2007: 68, in part); Grismer and Aun (2008: 277, in part);
Chan et al. (2010: 203, in part); Teynié¢ et al. (2010: 8); Matsui
(2011: 35, 39); Matsui et al. (2011: 168, 171, 174, in part); Pradana
etal. (2017: 70-90, in part); Firdaus et al. (2018: 1-6, in part); Haas
et al. (2018: 89—114); Chan et al. (2019: 1057, in part); Nguyen et
al. (2019: 549-580, in part); Gorin et al. (2020: 1-47, in part); Gorin
et al. (2021: 97, in part); Poyarkov et al. (2021: 40, in part); Haas et
al. (2022: 304-305); Badli-Sham et a 1. (2023: 49, 82, in part); Frost
(2024: page “Microhyla berdmorei” in part).

Holotype. ZMMU A-8011, adult female from environs of
Sungai Tua Recreational Forest, Selangor State, Malaysia
(approximate coordinates: 3.32°N, 101.70°E), collected
on January 27, 2003, by A. T. Aful.

Paratypes (n = 5). Two adult males: ZMMU A-8012 and
ZMMU A-8014 and two adult females: ZMMU A-8010,
ZMMU A-8013, all collection data are the same as for
the holotype. One adult male: ZMMU A-6158 from Kua-
la Tahan District, Pahang State, Malaysia (approximate
coordinates: 3.96°N, 102.44°E) collected on January 18,
2003, by A. T. Aful.

Diagnosis. Microhyla sundaica sp. nov. is characterized
by a combination of the following morphological features:
(1) medium body size (27.5—27.9 mm in males, 28.3-31.4
mm in females), with moderately stocky and triangular
body habitus; (2) head wider than long; (3) dorsal skin
shagreened with numerous small tubercles; (4) snout
pointed in dorsal and ventral views, bluntly rounded in
lateral view; (5) first finger notably longer than half the
length of second finger; (6) finger tips with well-devel-
oped disks bearing wide and deep dorsomedial grooves;
(7) toes dilated in wide disks, each with complete and deep
dorsomedial groove, separating the toe disk into a pair of
scale-like pads; (8) tibiotarsal articulation of the adpressed
limb extending far beyond the snout tip; (9) toe webbing
reaching to the disks on all toes; webbing formula: 11-1111-
2m1l-11v1-1v; (10) throat and chin dark-gray in males, beige
in females; belly bright yellow in life; (11) dorsal surfaces
of forelimbs without prominent crossbars, hindlimbs with
2-3 dark-brown crossbars on thighs and shanks; (12) two
black blotches above cloacal opening edged with beige; (13)
gray-brown dorsal “teddy-bear”-pattern distinct, edged with
beige or white, anteriorly connecting with the dark interor-
bital bar; (13) dark spots and blotches on body flanks ab-
sent or scarce; (15) grayish lateral band with irregular edges
extending from armpit to groin; (16) light postocular stripe
absent; (17) reddish spots on dorsum and dorsal surfaces
of hindlimbs absent; (18) iris uniform grayish-bronze, no
black stripe below the pupil.

Description of the holotype (Fig. 14). An adult female
specimen in a very good state of preservation. Body size
medium (SVL 31.4 mm; other measurements are pre-
sented in Table 2). Body habitus stocky, triangular, and
significantly dorsoventrally flattened (Fig. 14E). Head
triangular in dorsal view; wider than long (HW/HL ra-
tio 1.16). Snout comparatively short and protruding (SL/
HL ratio 0.45), appearing pointed in dorsal and ven-
tral views (Fig. 14E), smoothly rounded in profile, and
slightly extending beyond the edge of the lower jaw (Fig.
14E). Eyes comparatively small, slightly protruding in
lateral view, not protruding in dorsal view, significantly
shorter than the snout (EL/SL ratio 0.76), and slightly
shorter than the interorbital distance (IOD/EL ratio 1.03).
Canthus rostralis distinct, rounded; loreal area slightly
concave. Nostrils oval-shaped, with dorso-lateral orien-
tation, situated almost on the canthus rostralis, closer to
tip of snout than to eye. Interorbital distance broader than


https://zoobank.org/4D1D46BF-FED6-4A6C-8EE9-8017399D570E
https://zoobank.org/4D1D46BF-FED6-4A6C-8EE9-8017399D570E

622 Trofimets AV et al.: Integrative taxonomy of the Microhyla berdmorei complex

Figure 14. Microhyla sundaica sp. nov. in preservative — ZMMU A-8011 (holotype, adult male) from environs of Sungai Tua

Recreational Forest, Selangor State, Malaysia: A Dorsal aspect; B ventral aspect; C plantar view of the right foot; D volar view of

the left hand; E lateral view of head. Scale bar equals 3 mm. Photographs by A. V. Trofimets.

the internarial distance (IND/IOD ratio 0.77). Upper eye-
lid length narrower than the interorbital distance (UEW/
IOD ratio 0.66). Tympanum concealed, supratympanic
fold absent (Fig. 14E). Tongue slender, rounded, free for
the posterior four-fifths of its length; vomerine teeth ab-
sent. Eggs seen through the incision on the left lateral
side of belly small, rounded, ca. 1.0—1.1 mm in diameter,
pigmented.

Forelimbs short and slender (Fig. 14A); lower arm
elongated and thin (LAL/FLL ratio 0.83), hand less than
half of forelimb length (HAL/FLL ratio 0.47). Fingers
slender and elongated, webbing or skin fringes on fingers
absent. First finger well-developed, notably longer than
half of the second finger length (Fig. 14D); the relative
finger lengths as follows: I < II < IV < III. Fingertips
rounded, expanded into well-developed disks narrower
than the basal phalanges of the respective fingers. Finger
tips with peripheral grooves, dorsally with a wide and
deep dorsomedial notch (Fig. 6F). Finger tips almost

equal in width, with the first fingertip slightly narrower.
Subarticular tubercles on fingers distinct, large, rounded,
and protruding; edges of the distal subarticular tubercle
on the fourth finger less distinct. Subarticular tubercle
formula: 1, 1, 2, 2 (Fig. 14D). Two metacarpal tubercles:
inner metacarpal tubercle distinct, protruding, rounded in
shape; outer metacarpal tubercle rounded, flattened, its
diameter much less than the diameter of inner metacarpal
tubercle (OPTL/IPTL ratio 1.40).

Hindlimbs long, slender, almost four times longer
than the forelimbs (HLL/FLL ratio 3.96). Thighs robust
and muscular (Fig. 14B), shanks notably elongated and
slender, comprising approximately one-third the length
of the hindlimb (TL/HLL ratio 0.35). When the limbs are
held the right angle to the body, the heels significantly
overlap. Tibiotarsal articulation of the adpressed limb
extends well beyond the tip of the snout. The foot length
is more than one-third of the hindlimb length and sig-
nificantly shorter than shanks (FL/HLL ratio 0.29; TL/



Vertebrate Zoology 74, 2024, 595-641

623

Figure 15. Natural habitat of Microhyla sundaica sp. nov. at the type locality in Sungai Tua, Selangor State, Peninsular Malaysia

(A), and in Gunung Jerai Mt., Kedah State, Peninsular Malaysia (B); calling males of M. sundaica sp. nov. from Sedim, Kedah
State, Peninsular Malaysia in situ (C, D) (not collected). Photographs by M. A. Muin.

FL ratio 1.21). The relative toe lengths as follows: I <II
<V <III <1V. Shanks smooth, with the inner tarsal fold
absent. The tips of all toes distinctly widened into wide
heart-shaped disks, almost twice as wide as finger disks
(4TDD/3FDD ratio 1.77). Toe webbing fully developed,
reaching the disks of all toes; webbing formula: 11-1111-
2ml-11vl-1v (Figs 6E, 14C). Toe subarticular tubercles
distinct, rounded, slightly protruding, subarticular tuber-
cle formula: 1, 1, 2, 3, 2. The internal metatarsal tubercle
of moderate size, oval, slightly elongated, with indistinct
margins, less than half the length of the first toe (IMTL/
ITOEL ratio 0.31). Outer metatarsal tubercle small but
distinct, rounded, prominent with well-defined margins,
slightly larger than the inner metatarsal tubercle (OMTL/
IMTL ratio 1.45).

Skin on the dorsum slightly tuberculated with numer-
ous small tubercles covering both the middle and the
lateral parts of the dorsum (Fig. 7C). Dorsal surfaces
of forelimbs smooth. Dorsal surface of hindlimbs with
numerous sparse tubercles scattered across thighs and
shanks; the tubercles on the hindlimbs notably smaller
than those on dorsum (Fig. 14A). Upper eyelid smooth.
Body flanks smooth. Numerous small warts present
around the tympanal region. Ventral surfaces of body and
limbs smooth (Fig. 14B). Cloacal opening unmodified,
directed posteriorly.

Coloration in life. The dorsal background coloration in
life was gray-bronze with a light-gray tint on the sides
of the dorsum, with a faint gray-brown “teddy-bear’-pat-
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tern in the middle of the dorsum (Fig. 7C). The “ted-
dy-bear”-pattern has regular light edging, which becomes
less distinct posteriorly. A pronounced gray-brown inter-
orbital band in the shape of an inverted triangle with ir-
regular borders runs across the head between the posteri-
or parts of the upper eyelids, and is posteriorly connected
with the “teddy-bear”-pattern on the dorsum. The lateral
sides of the dorsum are lighter and have a light gray-
ish-brown tint. A pair of black spots, edged with beige,
located above the cloacal opening.

Body flanks and head lateral sides slightly lighter than
the dorsum. Bronze blotches on both sides of the head
on canthus rostralis; snout uniformly dark olive-brown.
Upper jaw bronze-brown with a few irregular gray or
white spots below the eye. Light postocular stripe or
other markings in tympanal area or around axilla absent.
On forelimbs, no conspicuous stripes or spots; two gray-
ish-brown crossbars with indistinct border present on
thighs and shanks. Dorsal surfaces of fingers and toes
uniformly gray, lacking transverse stripes or dark spots.

Belly and chest bright yellow, with a few irregular
grayish spots on throat and chin, covered with sparse
dark-gray spotting (Fig. 7C). This coloration becomes
notably darker along the edges of the mandible and the
mouth corners. Ventral surfaces of the limbs yellow to
grayish-yellow with rare gray spots and mottling. Ventral
surfaces of arms (Fig. 14D) and feet (Fig. 14C) with ir-
regular brownish-black blotches. Iris light grayish-bronze
without dark reticulations and lacking the dark vertical
stripe below the pupil. Pupil round, black, outlined with
a thin bronze circle.

Coloration in preservative. After 21 years in preser-
vative, the pattern described above generally remained
unchanged, but bright yellow and light-brown colors fad-
ed to off-white and gray. The dorsal pattern became less
prominent, but all the dark markings on dorsum remain
discernible. The dark transverse crossbands and spots on
fore- and hindlimbs became less distinct. The gray mark-
ings on the chin were still visible as faint gray mottling.

Variation. The examined members of the type series are
overall quite similar in appearance. Differences in size
and body proportions are presented in Tables 4 and 5. We
observed sexual differences in body length, with males
(SVL 27.5-27.9 mm, n = 3) having significantly smaller
SVL than females (SVL 28.3—31.4 mm, n = 3). No differ-
ences in coloration between males and females were ob-
served except for the darker coloration of throat and chin
in males; the dorsal coloration varies from gray-bronze to
light-brown. The dorsal “teddy-bear”-pattern has a dark-
er coloration; in some individuals (ZMMU A-8012 and
ZMMU A-8014), the dorsal pattern was more contrasting
and had more clear edges. In other individuals, the dorsal
pattern was duller with less distinct borders. Two females
(ZMMU A-8010 and ZMMU A-8013) had somewhat
brighter light-brown coloration of the hindlimbs differ-
ent from that of the dorsum. In all examined individuals,
there were no signs of the presence of a vertical brown
stripe on iris except ZMMU A-6158, which showed a ru-

dimentary dark stripe below the pupil that did not reach
the ventral edge of the iris.

Etymology. The species epithet “sundaica” is a lati-
nized adjective in nominative singular, adjusted to the
feminine gender of the genus name “Microhyla”, and is
given in reference to the distribution of the new species,
which inhabits the three major landmasses of the Sunda-
land, or Sundaic Region, namely: Peninsular Malaysia,
Sumatra, and Borneo. “Sundaica” is the Latin name for
Sundaland. Recommended common names: “Sunda-
ic narrow-mouthed frog” (English); “Nhéi bau Sunda”
(Vietnamese); “Zondskiy uzkorot” (30HICKHH y3KOPOT,
Russian); “Eung mae nao Malayu” (Bsuswunuaty, Thai);
“Katak mulut sempit Sunda” (Malay).

Distribution. According to our data, M. sundaica sp.
nov. inhabits Malaysia (the continental part of the coun-
try, and Sabah State on the island of Borneo), Indonesia
(on the islands of Borneo (South Kalimantan Province)
and Sumatra (Bengkulu and Sumatera Selatan provinces)
(Fig. 1). It is likely that the actual distribution of M. sun-
daica sp. nov. is wider, and it can be found in other parts
of Sundaland, including Sarawak State of Malaysia, and
other provinces of Sumatra. Despite our repeated efforts,
we failed to record M. sundaica sp. nov. in southern Thai-
land, though the possibility that this species occurs in the
southernmost provinces of the country (Narathiwat and
Yala provinces) cannot be ruled out completely.

Natural history notes. The new species is often recorded
while calling from the banks or in shallow rain puddles or
swamps (Fig. 15A—B). Although most of the M. sundai-
ca sp. nov. records came from recreational forest areas,
this species is also likely to inhabit pristine forests, being
especially abundant along the streams or near shallow in-
termittent pools. Inger et al. (2017) reported that in Bor-
neo male individuals of this species (which he referred
to as M. berdmorei) were encountered during vocaliza-
tion activity while they were hiding in burrows or under
dead leaves in the leaf litter; usually males call from ca.
1-5 meters from waterpools or stream banks. In Borneo,
this species prefers stagnant temporary waterbodies for
reproduction (Inger et al. 2017). Microhyla sundaica sp.
nov. has mostly crepuscular activity and is often observed
at night actively foraging after heavy rains, usually from
19:00 to 23:00 h. The diet and predators of the new spe-
cies remain unknown. At the type locality in environs of
Sungai Tua Recreational Forest, Selangor State, Malaysia
(Fig. 15A), M. sundaica sp. nov. was recorded in sym-
patry with Ingerophrynus parvus (Boulenger, 1887), Ka-
lophrynus kiewi Matsui, Eto, Belabut & Nishikawa, 2017
and M. butleri Boulenger, 1900. Inger et al. (2017) noted
that the new species occurs in mature and secondary for-
ests, mostly at low elevations. Sumarli et al. (2015) re-
ported that male specimens of this species were recorded
at night while calling from the top of a boulder at the wa-
ter’s edge within small puddles; while some specimens
were found sitting on mud or in flooded ruts, most were
hiding in vegetation along the forest trails. In Peninsu-
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lar Malaysia, the new species was recorded in sympatry
with M. heymonsi Vogt, 1911, and with M. butleri (Su-
marli et al. 2015). Dring (1979) reported that in Borneo,
M. sundaica sp. nov. males were calling in one chorus
with M. borneensis Parker, 1928. In Selangor and Kedah
State, Peninsular Malaysia, the species prefers temporary,
stagnant pools of water for breeding, with rich leaf litter
around (Leong 2004; our observations); males usually
call from small holes in the ground on the bank ca. 15-25
cm from the wateredge, or while floating on the water
surface (Fig. 15C-D).

Tadpole. A detailed description of the larval morphol-
ogy of M. sundaica sp. nov. from Selangor, Peninsular
Malaysia, was presented by Leong (2004); additional in-
formation was provided by Haas et al. (2022). Tadpole
total length not exceeding 23 mm. At late development
stages, body large, elliptial in dorsal view, body length
comprises 162%—168% of body width; dorsum flattened,;
venter rounded; at Gosner stage 37, body length compris-
es 39% of total length; snout rounded in dorsal and lateral
views; eyes with lateral orientation; nostril located closer
to snout tip than to eye; interorbital distance ca. five times
greater than internarial distance; spiracle medial with a
smooth convex margin, located on ventral surface; spir-
acle-snout distance comprises 83%—88% of body length;
vent tube opening medial, directed ventrally, continuous
with ventral fin; ventral tail fin deeper than dorsal tail fin
for proximal half; tail gradually tapering towards a nar-
rowly pointed tip lacking terminal filament. Oral disc
terminal, lacking papillae or keratinized structures; lower
labium not expanded, with distinct median ‘U’-shaped
arch. In life, dorsal and lateral surfaces of head and body
yellowish; body wall translucent, and caudal musculature
whitish; posterior parts of body darker; tail fins clear or
have very light pigmentation (Leong 2004). Tadpoles of
M. sundaica sp. nov. are lentic suspension feeders.

Advertisement call. We recorded the advertisement call
of the new species in Gunung Jerai Mt., Kedah, Peninsu-
lar Malaysia. The male advertisement call of M. sundaica
sp. nov. consists of a series of short nasal rasping squeaks.
Each call series consisted of usually seven calls (6-8)
emitted at a 1.8+0.3 s (1.34-2.30 s) interval; a single call
series lasted for 3.8+2.3 s (2.5-6.7). Individual calls last-
ed for 0.16+0.03 s (0.12-0.21), and each call consisted of
13+2.3 (8-16) pulses. Each call consisted of two syllables:
the introductory note and the main call; the frequency of
the introductory note was much lower (739+112 Hz) than
that of the main call; the relative amplitude sharply in-
creased in the middle of the call, reaching its maximum in
the second half of its duration, and then slowly decreased
towards the call end (Fig. 10C). The call’s peak frequency
was 2029+106 Hz (1898-2203 Hz).

Comparisons. We here compare M. sundaica sp. nov.
with the six other species of the M. berdmorei group spe-
cies (M. berdmorei sensu stricto, M. malcolmi, M. penin-
sularis sp. nov. (described below), M. darevskii, M. picta,
and Mi. pulchra). The main diagnostic characters separat-

ing the new species from these congeners are summarized
in Table 5.

Microhyla sundaica sp. nov. is distinguished from
M. berdmorei sensu stricto by having: smaller body size
in both sexes (SVL 27.5-27.9 mm in males, 28.3-31.4
mm in females vs. 33.0 mm in male, 36.3—38.1 mm in
females); finger I length greater than half of finger II
length (F1 > AF2 vs. F1 < 4F2); body habitus stocky
(vs. slender); toe webbing complete, webbing formula:
11-1u1-2ml-11vI-1v (vs. webbing formula: 11-111-2m11-
21v2-1v); dorsomedial grooves on finger and toe disks
present (vs. weak or rudimentary); snout in lateral profile
bluntly rounded (vs. obtusely pointed); dorsal color gray-
bronze with a grayish tint (vs. olive-brown); interorbital
markings gray-brown (vs. dark-brown or black); limbs
lacking transverse dark crossbars (vs. up to 5—-6 narrow
prominent crossbars on thighs); iris coloration gray-
bronze lacking reticulation and dark vertical stripe (vs.
bronze with a black reticulation and a dark vertical stripe
below the pupil).

Microhyla sundaica sp. nov. is further distinguished
from M. malcolmi by having: small body size in both
sexes (SVL 27.5-27.9 mm in males, 28.3—-31.4 mm in
females vs. 33.2—41.8 mm in males, 36.0—43.8 mm in fe-
males); body habitus stocky (vs. slender); finger I length
greater than half of finger II length (F1 > 42F2 vs. F1 <
14F2); snout in lateral profile rounded (vs. obtusely point-
ed); dorsomedial grooves on finger and toe disks present
(vs. absent); dorsal color gray-bronze with a grayish tint
(vs. gray-brown); limbs with faint gray spots or stripes
lacking transverse crossbars (vs. up to 3—4 dark trans-
verse crossbars); iris coloration gray-bronze lacking re-
ticulation and dark vertical stripe (vs. bronze with a black
reticulation and a dark vertical stripe below the pupil).

Microhyla sundaica sp. nov. is distinguished from M.
darevskii by having: finger disks present (vs. absent); dor-
somedial grooves on toe disks present (vs. absent); slight-
ly less developed foot webbing (I1-1111-2IIT1-1IVI-1V
vs. IT1-1II1-1TIT1-11V1-1V); dorsal color gray-bronze
with grayish tint (vs. brown); interorbital markings gray-
brown blotches (vs. dark-brown band); belly color in life
bright yellow with irregular grayish spots (vs. no yellow
color on belly); limbs with faint gray spots or stripes (vs.
absent); iris coloration gray-bronze without reticulation
(vs. golden with a black reticulation).

Microhyla sundaica sp. nov. further differs from M.
picta by having: body habitus stocky (vs. stout); dorsum
slighthly tuberculated with small tubercles (vs. strongly
tubercular with large warts); finger I length greater than
half of finger II length (F1 > 2F2 vs. F1 < )4F2); finger
disks present (vs. absent); toe disks present (vs. absent);
dorsomedial grooves on toe disks present (vs. absent);
tibiotarsal articulation of an adpressed limb reaching
well beyond snout (vs. eye level); better development
of foot webbing (I1-1111-2II11-1IVI-1V vs. 12-2%111%-
2%41112%4-3%1V4-2'4V); dorsal color gray-bronze with
grayish tint (vs. brown to sandy); interorbital markings
gray-brown blotches (vs. dark-brown band); belly color
bright yellow with irregular grayish spots (vs. no yellow
color on belly); limbs with faint gray spots or stripes (vs.
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brown transverse crossbars); iris coloration gray-bronze
without reticulation (vs. golden with a black reticulation
and with a distinct vertical dark stripe).

Microhyla sundaica sp. nov. can be further differen-
tiated from M. pulchra by having: skin on dorsum sha-
greened with numerous small tubercles (vs. completely
smooth); finger I length greater than half of finger II
length (F1 > 2F2 vs. F1 < )4F2); finger disks present
(vs. absent); toe disks present (vs. absent); dorsomedi-
al grooves on toe disks present (vs. absent); tibiotarsal
articulation of an adpressed limb reaching well beyond
snout (vs. to snout or just beyond); better developed foot
webbing (I1-1111-2ITT1-11V1-1V vs. 11%-2111-31112-
3%1V3'4-2V); dorsal color gray-bronze with grayish tint
(vs. characteristic agate pattern consisting of numerous
light and dark brown lines); interorbital markings as gray-
brown blotches (vs. brown transverse band); limbs with
faint gray spots or stripes (vs. dark-brown to olive-brown
transverse crossbars); iris coloration gray-bronze without
reticulation (vs. gray with black reticulation and with a
distinct vertical dark stripe).

For comparisons of the new species with M. peninsu-
laris sp. nov., see below.

Microhyla peninsularis sp. nov.

https://zoobank.org/31BB3D43-22A7-44C1-AF02-68DF9B-
COA564

Figures 6G, H, 7D, 16; Tables 2, 3, 6

Suggested common name. Peninsular narrow-mouthed
frog.

Chresonymy.

Microhyla berdmorei — Berry (1975: 118-119, in part); Dring (1979:
194, in part); Manthey and Grossmann (1997: 60, in part); Das and
Yaakob (2007: 68, in part); Grismer and Aun (2008: 277, in part);
Chan et al. (2010: 203, in part); Matsui et al. (2011: 168, 171, 174, in
part), Thong-aree et al. (2011: 99106, in part); Sumarli et al. (2015:
8, in part); Firdaus et al (2018: 1-6, in part); Nguyen et al. (2019:
549-580, in part); Niyomwan et al. (2019: 222-223, in part); Gorin
et al. (2020: 1-47, in part); Makchai et al. (2020: 116, in part); Epri-
lurahman et al. (2021: 456); Gorin et al. (2021: 97, in part); Poyarkov
et al. (2021: 40, in part); Frost (2024, page “Microhyla berdmorei”
in part).

Holotype. ZMMU A-8016 (field number NAP-12747),
an adult female from the Lam Plok Waterfall, Trang
Province, Thailand (7.584°N, 99.799°E; elevation 200 m
a.s.l.), collected on August 20, 2022, by

Paratypes (n = 3). One adult female ZMMU A-8015
(field number NAP-12746), with collection data the same
as for the holotype. Two adult males, ZMMU A-8017
(field number NAP-13182) and ZMMU A-8018 (field
number NAP-13183), from Namtok Khao Chong, Trang
Province, Thailand (7.649°N, 99.739°E; elevation 92 m
a.s.l.) collected on August 24, 2021, by P. Pawangkhanant.

Diagnosis. Microhyla peninsularis sp. nov. is character-
ized by the following combination of morphological fea-
tures: (1) medium body size (SVL 22.1-22.2 mm in males,
30.9-33.2 mm in females), with moderately stocky and tri-
angular body habitus; (2) head wider than long; (2) dorsal
skin almost smooth; (3) snout short and bluntly rounded
in dorsal, ventral, and lateral views; (4) first finger lon-
ger than half of the length of second finger; (5) finger tips
weakly expanded into small disks with wide and deep
dorsomedial grooves; (6) toes with distinct disks, each with
wide and shallow dorsomedial groove separating the disk
into a pair of scale-like pads; (7) tibiotarsal articulation of
an adpressed limb extending far beyond the snout tip; (8)
toe webbing reaching toe disks on all toes except the fourth
and third toes; webbing formula: 11-11u1-2ml-11v2-1v; (9)
throat and chin gray in females, with dark-gray mottling in
males; belly in life yellowish-white lacking dark markings;
(10) dorsal surfaces of forelimbs without prominent dark
crossbars, hindlimbs with 1-3 weak and indistinct brownish
crossbars; (11) two dark-brown blotches above cloacal open-
ing; (12) dorsum rusty-bronze with indistinct darker “ted-
dy-bear”-pattern lacking clear borders and light edging; (13)
dark spots and blotches on body flanks absent or scarce; (14)
grayish-bronze lateral band with irregular edges extending
from armpit to groin; (16) light postocular stripe absent; (17)
reddish spots on dorsum and dorsal surfaces of hindlimbs
absent; (18) iris with short black stripe below the pupil.

Description of the holotype (Fig. 16). An adult male
specimen in a very good state of preservation. Body size
medium (SVL 30.9 mm; other measurements are pre-
sented in Table 2). Body habitus stocky, triangular, and
slightly dorsoventrally flattened (Figs 7D, 16E). Head
short, triangular in dorsal view; wider than long (HW/
HL ratio 1.23). Snout very short (SL/HL ratio 0.43) and
slightly protruding, bluntly rounded in dorsal and ventral
views (Fig. 16A,B), bluntly rounded in profile, and only
slightly extending beyond the edge of the lower jaw (Fig.
16E). Eyes comparatively small, slightly protruding in
lateral view, not protruding in dorsal view (Fig. 16A),
eye length subequal to snout length (EL/SL ratio 0.99),
and significantly larger than interorbital distance (IOD/
EL ratio 0.74). Canthus rostralis indistinct; loreal area
slightly concave. Nostrils oval-shaped, with lateral ori-
entation, located closer to tip of snout than to eye. Inter-
orbital distance slightly wider than internarial distance
(IND/IOD ratio 0.95). Upper eyelid length less than in-
terorbital distance (UEW/IOD ratio 0.86). Tympanum
concealed, supratympanic fold indistinct (Fig. 16E).
Tongue slender, rounded, free for the posterior four-fifths
of its length; vomerine teeth absent.

Forelimbs short and slender (Fig. 16A); lower arm
elongated and thin (LAL/FLL 0.79), hand less than half
of forelimb length (HAL/FLL 0.46). Fingers slender and
elongated, webbing or skin fringes on fingers absent.
First finger well-developed, notably longer than half of
the second finger length (Fig. 16D); the relative finger
lengths as follows: I < II <1V <III. Fingertips rounded,
weakly expanded into small disks, noticeably narrower
than the basal phalanges of the respective fingers. Finger
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Figure 16. Microhyla peninsularis sp. nov. in preservative — Specimen ZMMU A-8016 (holotype, adult female) from Lam Plok

Waterfall, Trang Province, Thailand: A Dorsal aspect; B ventral aspect; C plantar view of the right foot; D volar view of the left

hand; E lateral view of head. Scale bar equals 3 mm. Photographs by A. V. Trofimets.

tips with peripheral grooves and a wide and deep dorso-
medial notch present on the dorsal surface of each finger
disk (Fig. 6H). Finger disks almost equal in width, with
the first finger disk being slightly narrower. Subarticular
tubercles on fingers distinct, large, rounded, and protrud-
ing; edges of the distal subarticular tubercle on the fourth
finger less distinct. The subarticular tubercle formula: 1,
1, 2, 2; nuptial pad absent (Fig. 16D). Two metacarpal
tubercles: inner metacarpal tubercle distinct, protruding,
rounded in shape; outer metacarpal tubercle rounded,
flattened, its diameter slightly exceeding the diameter of
inner metacarpal tubercle (OPTL/IPTL ratio 1.18).
Hindlimbs long, slender, almost four times longer
than forelimbs (HLL/FLL ratio 4.21). Thighs robust and
muscular (Fig. 16B), shanks moderately elongated and
slender, comprising approximately one-third the length
of the hindlimb (TL/HLL ratio 0.36). When the limbs are
held at the right angle to the body, the heels significant-
ly overlap. Tibiotarsal articulation of the adpressed limb

extends well beyond the tip of the snout. Foot length
comprises more than one-third of the hindlimb length
(FL/HLL ratio 0.23), being significantly shorter than
the tibia (TL/FL ratio 1.34). The relative toe lengths as
follows: I < II <V < III < IV. Shanks smooth, inner tar-
sal fold absent. Tips of all toes distinctly widened into
oval-shaped disks, toe disks twice as wide as finger disks
(4FDD/3FDD ratio 1.97) and the proximal phalnges of
respective toes. Toes webbing complete fully developed,
reaching toe disks on all toes except fourth and third toes;
webbing formula: 11-1nl-2ml-11v2-1v (Figs 6G, 16C).
Toe subarticular tubercles distinct, rounded, slightly pro-
truding, subarticular tubercle formula: 1, 1, 2, 3, 2. The
internal metatarsal tubercle oval, slightly elongated, with
indistinct margins, comprising less than half the length
of the first toe (IMTL/ITOEL ratio 0.32). The outer
metatarsal tubercle small but distinct, rounded, promi-
nent with well-defined margins, almost twice as long as
the inner metatarsal tubercle (OMTL/IMTL ratio 1.90).
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Skin on dorsum smooth skin with few tiny tubercles
at head base and on lateral sides of the dorsum (Fig. 7D).
Dorsal surfaces of forelimbs smooth. Dorsal surfaces of
hindlimbs with sparse tiny tubercles scattered on thighs
and shanks (Fig. 16A). Upper eyelid smooth. Body flanks
smooth, few tiny tubercles in tympanal region. Ventral
surfaces of body and limbs completely smooth (Fig.
16B). Cloacal opening unmodified, directed posteriorly.

Coloration in life. Dorsal background coloration in life
rusty-bronze with indistinct grayish-brown blotch corre-
sponding to the “teddy-bear”-pattern in the middle of the
dorsum (Fig. 7D). Dorsal “teddy-bear”-pattern is thus al-
most indistinct and has faint and irregular borders. Tiny
rusty-red spots scattered across the dorsum and the dorsal
surfaces of the hindlimbs (Fig. 7D). An indistinct rusty-
brown interorbital band in the shape of an irregular blotch
with indistinct borders runs across the head between the
posterior parts of the upper eyelids. Light postocular
stripe or other markings in tympanal area or around axilla
absent. A dark blotch at the head base connects the inter-
orbital bar with the dark marking in the middle of the dor-
sum. Dark markings on dorsum have no light edging. The
lateral sides of dorsum slightly lighter, grayish-bronze. A
pair of black spots edged with light-brown located above
the cloacal opening.

Body and head flanks slightly lighter than the dor-
sum. Loreal area grayish-bronze lacking dark markings,
the upper jaw bronze with indistinct off-white and gray-
ish mottling below the eye, snout uniformly dark ol-
ive-brown. Light postocular stripe or dark markings in
the tympanal region absent. On forelimbs, there are no
conspicuous stripes or spots; hindlimbs with 1-3 weak and
indistinct brownish crossbars. Transverse crossbars on fin-
gers and toes absent.

Ventral surfaces lightly colored; belly and chest dull
yellowish-white, with a few irregular grayish spots and
mottling on throat and along the jaw margins. Rare gray
spots and mottling on the ventral surfaces of the limbs.
Ventral surfaces of forelimbs yellowish-gray, and the
ventral surfaces of hindlimbs greenish-yellow. Ventral
surfaces of hands with brown mottling (Fig. 16D), feet
with brownish blotches running from the tibiotarsal ar-
ticulation to the web (Fig. 16C). Iris light-bronze with in-
dictinct brown reticulation; a short black stripe below the
pupil not reaching the ventral edge of the iris (Fig. 7D).
Pupil round, black, outlined with a thin bronze circle.

Coloration in preservative. After two years in preser-
vative, the coloration pattern described above did not
fade, and dark markings on dorsal surfaces of body and
limbs became more prominent, especially the brown
transverse crossbars on the hindlimbs (Fig. 16). The
dorsal background color faded to brown. Traces of
rusty-brown markings were observed as faded patterns;
rusty-red spots on dorsum and dorsal surfaces of hind-
limbs faded completely. The characteristic dark blotch-
es above the cloacal opening remain unchanged. The
bright-yellow coloration of the ventral surfaces faded
completely; the ventral surface turned light-beige, but

the gray markings on the chin are still visible as a light-
gray mottling.

Variation. The individuals in the type series are all very
similar in appearance. Individual differences in size and
body proportions are presented in Tables 4 and 5. In
two females, the body length (SVL) ranges from 30.93
to 33.23 mm (n = 2); in two males, the SVL was much
smaller, 22.05-22.18 mm (n = 2). There were no signif-
icant differences in the coloration of male paratypes and
females, except that males had a darker throat coloration.
The background coloration of the dorsum varied from
rusty-bronze to yellowish-bronze. There is a certain vari-
ation in the degree of development of dark dorsal mark-
ings among the individuals; the male paratypes ZMMU
A-8017 and ZMMU A-8018 had somewhat darker and
more contrasting dorsal patterns. In females, the dorsal
pattern is generally duller with faint borders.

Etymology. The species epithet “peninsularis” is a Latin
adjective in nominative singular, meaning “peninsular”,
and is given in reference to the distribution of the new
species, which is presently only known from the south-
ern part of the Thai-Malay Peninsula in Trang Province
of Thailand and Terengganu State of Malaysia. Recom-
mended common names: “Peninsular narrow-mouthed
frog” (English); “Nhai bau ban diao Ma Lai” (Vietnam-
ese); “Malayskiy uzkorot” (Mamaiickuii y3kopoT, Rus-
sian); “Eung mae nao pak sun” (Ssuswunihndu, Thai);
“Katak mulut sempit semenanjung” (Malay).

Distribution. Currently, M. peninsularis sp. nov. is
known only from two localities in the Thai-Malay Penin-
sula (Fig. 1): Trang Province of Thailand and Terengganu
State of northern Peninsular Malaysia. However, the ac-
tual extent of distribution of the new species remains
unknown, and though it is unlikely that M. peninsularis
sp. nov. is widely distributed, the discovery of additional
populations of this species from southernmost Thailand
and Peninsular Malaysia is anticipated.

Natural history notes. Microhyla peninsularis sp. nov.
inhabits lowland dipterocarp forest habitats, where it was
recorded at elevations of 80-200 m a.s.l. (Fig. 17). The
lowland dipterocarp forest at the type locality (at Pa Lean
District, Trang Province, Thailand) was dominated by
trees of the families Dipterocarpaceae (4nisoptera costa-
ta Korth., Hopea odorata Roxb., Dipterocarpus graci-
lis Blume, and Parashorea stellata Kurz), Dilleniaceae
(Dillenia indica L., D. pentagyna Roxb.), and Moraceae
(Artocarpus chama Buch.). All type specimens were col-
lected at night from 19:00 to 23:00 h after heavy rains
and were mostly recorded while sitting in leaf litter or
on rotten logs nearby sandy, slow-moving streams. The
diet and predators of the new species are unknown. At
the type locality, M. peninsularis sp. nov. was found in
sympatry with M. heymonsi, M. mantheyi Das, Yaakob
& Sukumaran, 2007, Kaloula latidisca Chan, Grismer &
Brown, 2014, Micryletta cf. lineata (Taylor, 1962) (Mi-
crohylidae), Humerana miopus (Boulenger, 1918), Sylvi-
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Figure 17. Natural habitat of Microhyla peninsularis sp. nov. at Pa Lean District, Trang Province, Thailand, the lowland dipterocarp

forest at the type locality. Photograph by P. Pawangkhanant.

rana cf. malayana Sheridan & Stuart, 2018 (Ranidae),
and Polypedates discantus Rujirawan, Stuart & Aowphol,
2013 (Rhacophoridae).

Tadpole. Larval morphology and biology of the new spe-
cies are unknown.

Advertisement call. The male advertisement call of the
new species represents a series of rasping sounds resem-
bling the sound of a ratchet; it was not recorded, and the
call parameters remain unknown.

Comparisons. We here compare M. peninsularis sp. nov.
with the six other members of the M. berdmorei species
group (M. berdmorei sensu stricto, M. malcolmi, M. sun-
daica sp. nov. (described above), M. darevskii, M. picta,
and M. pulchra). The main diagnostic characters separat-
ing the new species from its congeners are summarized
in Table 5.

Microhyla peninsularis sp. nov. is distinguished from
M. berdmorei sensu stricto by having: smaller body size in
both sexes (SVL 22.1-22.2 mm in males, 30.9-33.2 mm
in females vs. 33 mm in male, 36.3—38.1 mm in females);
finger I length greater than half of finger II length (F1 >
¥%F2 vs. F1 < '4F2); body habitus stocky (vs. slender);
dorsomedial grooves on toe disks present (vs. weak); dor-
sal color rusty-bronze (vs. olive-brown); dark markings
on the dorsum and dorsal surfaces of the head indistinct
with faint borders (vs. dorsal “teddy-bear”’-pattern and in-
terorbital bar dark, contrasting, with light edging); limbs

generally have no dark transverse crossbars, or have 1-3
weak crossbars on thighs and shanks (vs. up to 56 dark
crossbars on thighs); iris coloration bright bronze with
brown reticulum and short vertical stripe down from the
pupil not reaching the ventral edge of the iris (vs. bronze
with a black reticulation and a distinct black stripe below
the pupil reaching the ventral edge of the iris).
Microhyla peninsularis sp. nov. is distinguished from
M. malcolmi by having: smaller body size in both sexes
(SVL 22.1-22.2 mm in males, 30.9-33.2 mm in females
vs. 33.2—41.8 mm in males, 36.0—43.8 mm in females);
finger I length greater than half of finger II length (F1 >
1F2 vs. F1 < 4F2); body habitus stocky (vs. slender);
dorsomedial grooves on toe disks present (vs. absent);
slightly less developed foot webbing (webbing formulae:
11-1u1-2ml-11v2-1vvs. 11-11l-1m1-11v1-1v); dorsal col-
or rusty-bronze (vs. gray-brown); dark markings on the
dorsum and dorsal surfaces of the head indistinct with
faint borders (vs. dorsal “teddy-bear”-pattern and inter-
orbital bar dark, contrasting, with light edging); limbs
generally have no dark transverse crossbars, or have 1-3
weak crossbars on thighs and shanks (vs. up to 3—4 dark
crossbars on thighs); iris coloration bright bronze with
brown reticulum and short vertical stripe down from the
pupil not reaching the ventral edge of the iris (vs. bronze
with black reticulation and a distinct black stripe below
the pupil reaching the ventral edge of the iris).
Microhyla peninsularis sp. nov. is distinguished from
M. sundaica sp. nov. (described above) by having: small-
er body size in males (SVL 22.1-22.2 mm vs. 27.5—
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27.9 mm); dorsal color rusty-bronze (vs. gray-bronze
with grayish tint); dark markings on the dorsum and dor-
sal surfaces of the head indistinct with faint borders (vs.
gray-brown dorsal “teddy-bear”-pattern distinct, edged
with beige or white, anteriorly connecting with the dark
interorbital bar); limbs generally have no dark transverse
crossbars, or have 1-3 weak crossbars on thighs and
shanks being more notable in preservation (vs. dorsal sur-
faces of forelimbs without prominent crossbars, hindlimbs
with 2-3 dark-brown crossbars on thighs and shanks); iris
coloration bright bronze with brown reticulum and short
vertical stripe down from the pupil not reaching the ven-
tral edge of the iris (vs. gray-bronze without reticulation
or dark stripe below the pupil).

Microhyla peninsularis sp. mov. is further distin-
guished from M. darevskii by having: smaller body size
in males (SVL 22.1-22.2 mm vs. 27.0-32.6 mm); by fin-
ger disks present (vs. absent); by slightly less developed
foot webbing (webbing formulae: 11-111-2ml-11v2-1v vs.
11-1ul-1ml-11vl-1v); by dorsal color rusty-bronze (vs.
brown); by having bright yellow coloration of belly with
irregular grayish spots (vs. no yellow color on belly); iris
coloration bright bronze with brown reticulum and short
vertical stripe down from the pupil not reaching the ven-
tral edge of the iris (vs. golden with a black reticulation
and a distinct black stripe below the pupil reaching the
ventral edge of the iris).

Microhyla peninsularis sp. nov. further differs from
M. picta by having: smaller body size in males (SVL
22.1-22.2 mm vs. 25.2-30.1 mm); body habitus stocky
with comparatively longer legs; tibiotarsal articulation of
adpressed limb reaches well beyond snout (vs. stout with
shorter legs; tibiotarsal articulation of the adpressed limb
reaches the eye-snout level); finger I length greater than
half of finger II length (F1 > 2F2 vs. F1 < 43F2); finger
disks present (vs. absent); toe disks present and dorso-
medial grooves on toes (vs. absent); tibiotarsal articula-
tion reaching well beyond snout (vs. to the eye level); by
greater development of foot webbing (webbing formulae:
11-111-2m1-11v2-1v vs. 12-2%111 %4-2%41112%4-3%41v4-2 14V,
dorsal coloration rusty-bronze (vs. sandy-brown); by
having bright yellow coloration of belly with irregular
grayish spots (vs. no yellow color on belly); limbs gener-
ally have no dark transverse crossbars, or have 1-3 weak
crossbars on thighs and shanks being more notable in
preservation (vs. brown transverse bars); iris coloration
bright bronze with brown reticulum and with short ver-
tical stripe down from the pupil (vs. golden with a black
reticulation and with a distinct vertical dark stripe).

Microhyla peninsularis sp. nov. can be further differen-
tiated from M. pulchra by having: skin on dorsum smooth
with tiny scarce tubercles (vs. completely smooth); fin-
ger I length greater than half of finger II length (F1 >
%F2 vs. F1 < 14F2); finger disks present (vs. absent);
toe disks and dorsomedial grooves on toe disks present
(vs. absent); tibiotarsal articulation reaching well beyond
snout (vs. to snout or just beyond); greater development
of foot webbing (webbing formulae: 11-111-2m11-11v2-
1v vs. 11%5-211-3m2-3%1v3'-2v), numerous undulating
bands and lines on dorsum absent (vs. present); belly

color yellowish with irregular grayish spots (vs. green-
ish-yellow lacking grayish spots); limbs generally have
no dark transverse crossbars, or have 1-3 weak crossbars
on thighs and shanks being more notable in preservation
(vs. numerous brownish transverse crossbars); iris color-
ation bright bronze with brown reticulum and with short
vertical stripe down from the pupil (vs. grayish with a
black reticulation and with a distinct vertical dark stripe).

Discussion and Conclusions

Updated taxonomy of Microhyla
berdmorei complex and unresolved
issues

For many decades, the genus Microhyla has been one of
the most taxonomically challenging groups of the Asian
frog fauna. Due to the high degree of morphological sim-
ilarity, small body size, and overlapping distributions of
many Microhyla species, the taxonomy of this genus has
always remained debatable (Poyarkov et al. 2014). Tax-
onomic issues involving wide-ranging species of Micro-
hyla have been especially challenging. Though several
such taxa were recently recognized as species complexes
(e.g., Yuan et al. 2016; Garg et al. 2019; Nguyen et al.
2019; Poyarkov et al. 2019, 2020a, 2020b, 2020c; Gorin
et al. 2020; Hoang et al. 2022), the inter- and intraspecific
classification of others, including M. berdmorei, has re-
mained controversial (Dubois 1987; Fei et al. 2009, 2010,
2012; Matsui et al. 2011; Garg et al. 2019; Gorin et al.
2020). In this study, we provide an integrative taxonomic
analysis of the M. berdmorei species complex. Based on
previously available and newly obtained molecular (mtD-
NA, nuDNA, and ddRAD-seq) and morphological data
collected for a comprehensive sampling covering almost
the entire range of the M. berdmorei complex, we were
able to provide a significant revision of its taxonomy.
According to our results, M. berdmorei represents a
complex that we herein delimited into four species that
exhibit a substantial degree of genetic and morphological
differentiation and can be readily diagnosed in the field
and in collections. The two large-sized members of the M.
berdmorei complex include M. berdmorei sensu stricto,
which we restrict to Myanmar, Bangladesh, and Northeast
India, and M. malcolmi, which we revalidate as with a
species status for the populations of Indochina, including
Vietnam, Laos, Cambodia, Thailand, extreme northern
Peninsular Malaysia, and, presumably, the southernmost
part of Yunnan Province of China. We provide further ev-
idence regarding Callula natatrix as a subjective junior
synonym of M. berdmorei, and regarding M. fowleri as
a subjective junior synonym of M. malcolmi. We further
assessed the status of Sundaland populations previously
assigned to M. berdmorei. Our analyses revealed two lin-
eages that belong to the M. berdmorei complex and fea-
ture comparatively smaller sized individuals, which we
describe as two new species: M. peninsularis sp. nov. (for
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the populations from the Thai-Malay Peninsula) and M.
sundaica sp. nov. (for the populations from Peninsular
Malaysia, Sumatra, and Borneo).

It is noteworthy that the four taxa of the M. berdmorei
species complex exhibit relatively low values of genetic
differentiation in the 16S rRNA mtDNA gene, a widely
used marker for species delimitation in amphibians (Vie-
ites et al. 2009). The mean genetic distance between the
members of the M. berdmorei complex varied from 1.5%
to 3.8% of substitutions in 16S rRNA sequences, which
is generally lower than the recommended formal thresh-
old of p = 3.0%, traditionally considered an indication of
species-level differentiation in amphibians (Vences et al.
2005a, 2005b). As we discussed above, however, there
are many instances of valid species (as inferred from di-
rect evidence for reproductive isolation) with 16S diver-
gence that fall below this threshold (see e.g., Scherz et al.
2017; Dufresnes and Litvinchuk, 2022). Here, the evolu-
tionary divergence of the candidate species lineage docu-
mented in the M. berdmorei species complex is robustly
confirmed by the genome-wide nuclear differentiation
and in respect to the body shape of individuals assigned
to these lineages, as shown by the multivariate analysis of
morphological characters (see Results). The case of the
M. berdmorei complex thus adds to an increasing body
of literature that suggest that the formal threshold of p =
3.0% in the 16S rRNA gene, as proposed by Vences et al.
(2005a, 2005b) should not be regarded as a hard thresh-
old for species delimitation. In fact, the values reported
here generally exceed the minimal interspecific distances
among other Microhyla species (Poyarkov et al. 2019,
2020b, 2020c¢; Gorin et al. 2020), as well as in some other
microhylid frogs (e.g., Vassilieva et al. 2014).

Recently, a number of studies demonstrated that short
fragments of the 16S rRNA gene were insufficient to re-
trieve correct tree topologies, for use in species delimita-
tions in amphibians (Xia et al. 2012; Rockney et al. 2015;
Chan et al. 2022). Although useful to detect potential can-
didate species, mtDNA divergence alone should not be
regarded as sufficient evidence for species delimitation
(Hillis 2019; Dufresnes and Jablonski 2022; Dufresnes
et al. 2023; Vences et al. 2024; Wiister et al. 2024), since
mtDNA fragments only represents a tiny portion of the
molecular background of individuals, one that experience
an independent demographic and evolutionary trajectory
compared to the rest of the genome (Toews and Brelsford
2012; Bonnet et al. 2017). As we have implemented here,
mitochondrial analyses should be ideally complemented
by multilocus nuclear analyses, such as genome-reduc-
tion methods (e.g., ddRAD-seq, target-capture), whenev-
er possible to elaborate more reliable species delimitation
framework in anuran species complexes than currently
permitted by traditional practices (Dufresnes et al. 2023;
Vences et al. 2024).

The status of the type specimens of M. berdmorei
remain confusing. Anderson (1871) and Sclater (1892)
listed three specimens, ZSI 9718-9720, from “Arakan”
(now in Rakhine State, Myanmar), as syntypes, although
Blyth (1856) in the original description provided mea-
surements for a single specimen. However, Theobald

(1873) commented that specimens from “Arakan” can-
not represent the types of M. berdmorei since these were
collected from “Schwe Gyen” (now Shwegyin Township,
Bago Region, Myanmar), based on available records (see
also Chanda et al. 2000; Dinesh et al. 2009). According to
Garg et al. (2019), three poorly preserved specimens, ZSI
9718 (SVL 35.2 mm), ZSI1 9719 (SVL 32.2 mm), and ZSI
9720 (SVL 33.3 mm), currently stored at ZSI (Kolkata,
India), largely match the original description and other
sampled populations of M. berdmorei from India. There-
fore, pending formal specimen identification (e.g., using
molecular tools or multivariate morphological analyses),
the future designation of one of the three Indian speci-
mens (ZSI 9718-9720) as a lectotype of M. berdmorei,
should ensure the taxonomic stability of this species.

Many aspects of the M. berdmorei species complex
taxonomy have yet to be clarified. Overall, the present pa-
per recognizes the distribution of four species of the com-
plex as parapatric; however, we cannot completely rule
out cases of sympatric occurrence and/or hybrid zones
between M. malcolmi, M. peninsularis sp. nov. and M.
sundaica sp. nov., particularly in the southernmost por-
tion of Thailand and northern Peninsular Malaysia, where
the minimum distance between the recorded localities of
two species is approximately 25 km (in Trang Province,
Thailand).

It should be noted that the bioacoustic variation among
the M. berdmorei complex still remains to be investigated.
Differences in advertisement call parameters are widely
recognized as important signals of species-level diver-
gence in Anura (e.g., Vieites et al. 2009), as successfully
applied in Microhyla taxonomy (see Garg et al. 2019).
However, the only published work describing the call
parameters for the M. berdmorei complex members re-
mains the study by Heyer (1971), in which he provided a
brief description of the advertisement call of M. malcolmi
from Thailand (mentioned as M. berdmorei in his work;
see review by Poyarkov et al. 2019). Herein we presented
a preliminary analysis of male advertisement call varia-
tion among three out of four species of the M. berdmorei
complex; bioacoustic data for M. peninsularis sp. nov. is
still lacking. Our analysis revealed stable differences in
call peak frequencies of the M. berdmorei complex mem-
bers, which only slightly overlapped: M. malcolmi had
the lowest Fpeak values (1631+£93 Hz; range 1507—-1809
Hz), M. berdmorei was estimated to have a higher Fpeak
(1892482 Hz; range 1781-1969 Hz), while M. sundai-
ca sp. nov. had the highest Fpeak values (2029+106 Hz;
range 1898-2203 Hz). Perhaps the more significant bio-
acoustic difference among the three species is the shape
of relative amplitude profiles of the individual calls,
which was almost symmetrical in M. berdmorei (maxi-
mum amplitude reaches peak in the middle of the call),
in contrast to M. malcolmi (maximum amplitude reaches
peak in the beginning of the call, then gradually decreas-
es) and M. sundaica sp. nov. (call contains two syllables:
the introductory note with lower relative amplitude and
frequency, and the main call with relative amplitude and
frequency increasing towards the call’s end). However,
due to the limited number of recordings available for
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analysis and their relatively poor quality, we should ap-
proach our data cautiously. Further comprehensive bio-
acoustic research is necessary to estimate the variation of
advertisement call parameters among the M. berdmorei
complex members.

Biogeography of Microhyla berdmorei
complex members

The timeframe of diversification in the M. berdmorei
complex largely corroborate previously obtained diver-
gence time estimates by Gorin et al. (2020), although the
95% Highest Posterior Density Intervals (HPD) reported
in our paper are notably wider than in Gorin et al. (2020),
likely due to a more imbalanced taxon sampling across
the whole genus. Nevertheless, our estimations of median
node heights still provide important ground for compara-
tive analysis of cladogenetic events in Microhyla. Specif-
ically, we showed that the M. berdmorei species complex
evolved independently from other Microhyla clades since
the early Miocene (ca. 19.7 mya), and diversified during
the late Miocene (ca. 7.5 mya), with the divergence be-
tween the two pairs of sister species (M. berdmorei — M.
malcolmi vs. M. peninsularis sp. nov. — M. sundaica sp.
nov.) dated around 5.2-5.7 mya. Gorin et al. (2020) ex-
amined the historical biogeography of Microhyla and
suggested that the common ancestor of the M. berdmorei
complex likely originated in the Thai-Malay Peninsula
or western Indochina. Indeed, the Thai-Malay Peninsu-
la hosts the highest diversity of M. berdmorei complex
members (three out of four species), which corroborates
the assumption by Gorin et al. (2020).

The distribution of the four M. berdmorei complex
members is geographically circumscribed, with two
large-bodied species (M. berdmorei sensu stricto, M. mal-
colmi) being restricted to the mainland of Southeast Asia,
while two small-bodied species (M. peninsularis sp. nov.,
M. sundaica sp. nov.) occuring in the Sundaic Region.
Microhyla berdmorei sensu stricto is widely distributed
in the Indo-Burma Region, and according to our data, it
is reliably recorded in India, Bangladesh, and Myanmar.
Our mtDNA analysis revealed two subclades within M.
berdmorei sensu stricto, one of which is restricted to the
western slopes and foothills of the Arakan Mountians
in Myanmar and the adjacent hilly areas of Bangladesh
and Northeast India (subclade B1, see Fig. 1). The sec-
ond subclade of M. berdmorei sensu stricto occurs in the
Irrawaddy (or Ayeyarwady) River Valley and southern
Myanmar lowlands (subclade B1, see Fig. 2); the two
subclades are likely separated by the Arakan Mountain
Range. Due to insufficient sampling of M. berdmorei
sensu stricto from the Myanmar portion of Tenasserim
(Tanintharyi Region), the actual extent of its distribution
eastwards remains unknown. It is highly likely that the
ranges of M. berdmorei sensu stricto and M. malcolmi
are separated by the valley of the Salween (or Thanlwin)
River. Since the Salween River is one of the largest riv-
ers in Southeast Asia, it may act as a physical barrier or
a biogeographic filter (McKenna 1973; Das 1996). The

key role of the Salween River as a line of biogeographic
turnover was recently demonstrated in a number of other
organisms, such as herbaceous perennial plants (Li et al.
2011), Draco flying lizards (Klabacka et al. 2020), and
pitviper snakes (Idiiatullina et al. 2024).

Microhyla malcolmi is widely distributed across In-
dochina and even penetrates southwards of the Isthmus
of Kra, as this species reaches extreme southern Thai-
land (Yala and Narathiwat provinces) and the northern-
most state of Malaysia (Perlis State). Both mtDNA and
ddRAD-seq revealed phylogeographic structure within
M. malcolmi, with the populations from the Thai-Malay
Peninsula south of the Isthmus of Kra forming a clade
sister to all remaining populations from the mainland
Indochina (subclade A3, see Figs 1-3). This further un-
derlines the importance of the Isthmus of Kra as a bio-
geographic barrier for Indochinese herpetofauna (Poyar-
kov et al. 2021, 2023). On the mainland of Indochina,
M. malcolmi includes two moderately supported sub-
clades, one of which is restricted to the southern Indo-
chinese lowlands: southern Vietnam and East Thailand
(subclade A2, see Fig. 1). The second subclade is widely
distributed in the hills of northern and central Indochina,
including central Vietnam, Laos, and northern Thailand
(subclade A1, see Fig. 1). Furthermore, we also noticed
that the distribution of M. malcolmi in northern Vietnam
is likely limited from the north by the Red River Valley
(Fig. 1), which is a famous biogeographic barrier (e.g.,
Yuan et al. 2016; Poyarkov et al. 2021, 2023). The two
subclades of M. malcolmi A1 and A2 are recorded in the
near sympatric conditions in eastern Thailand (Khao Yai
NP, Nakhon Ratchasima Province, locality 23 in Fig. 1)
and in the Central Highlands of Vietnam (Kon Chu Rang
NR, Gia Lai Province, localities 12—13 in Fig. 1). The
low values of nodal support of subclades Al and A2, as
well as for the corresponding branches in the ddRAD-seq
phylogenomic analysis (Fig. 3) suggest shallow popula-
tion structure that shall be clairifed by population genetic
analyses to elucidate the phylogeography of M. malcolmi
in Indochina.

Both M. peninsularis sp. nov. and M. sundaica sp.
nov. occur in the Sundaic Region, southwards of the Isth-
mus of Kra and the Ta-Pi - Khlong Marul Fault Line (see
Poyarkov et al. 2018b, 2021, 2023). Microhyla peninsu-
laris sp. nov. is currently known only from two localities
— one in Trang Province of southern Thailand and one
from Terengganu State of Malaysia (see below). Despite
their geographic proximity, these populations are separat-
ed by a substantial 16S divergence (subclades D1 and D2;
p = 1.2%, range 1.21%-1.22%). Despite our intensive
survey efforts in southern Thailand, we failed to discover
additional populations of M. peninsularis sp. nov. Ac-
cording to our data, M. sundaica sp. nov. includes three
mitochondrial subclades: subclade C1 occurs in Peninsu-
lar Malaysia south of the Kangar-Pattani Line (Poyarkov
et al. 2021, 2023); subclade C2 is restricted to Sumatra;
and subclade C3 is found on Borneo (see Fig. 2B). We
could not examine specimens from Sumatra and Borneo
and were not able to examine the degree of morpholog-
ical differentiation of M. sundaica sp. nov. populations.
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Given the substantial degree of 16S differentiation (p =
0.8%—2.1%) and geographic separation of these lineag-
es, they may warrant taxonomic recognition, perphaps at
the subspecies rank in the future. The last words on the
diversity of the diversity of the M. berdmorei complex in
Sundaland are thus left to be written.

Several existing reports on the distribution of the M.
berdmorei species complex members remain highly con-
troversial. We review some of these cases below. Lalrem-
sanga et al. (2007) reported M. butleri (body size range:
SVL 20-25 mm in males, 21-26 mm in females; see
Nguyen et al. 2019; Poyarkov et al. 2014, 2020b, 2020c)
from Mizoram State, India, without providing any infor-
mation on vouchers or the sex of collected specimens, but
noting a much larger body size of SVL 31-34 mm. There-
fore, the taxonomic status of this record was subsequently
questioned by Garg et al. (2019). One of the authors of
the present manuscript (HTL) confirms that this record
was based on a misidentification of M. berdmorei sensu
stricto.

Teynié et al. (2010: fig. 3A) reported “M. berdmorei”
from Lake Maninjau, Sumatera Barat Province, Indonesia,
based on two specimens (both of unknown sex): MNHN
2003.3374 (SVL 15.0 mm) and MNHN 2003.3375 (SVL
14.9 mm). However, based on color pattern and size, the
reported specimens most likely belong to the M. palmi-
pes group, with the following key diagnostic characters:
small-sized frogs (male SVL 16.0 mm) with lateral nos-
tril orientation; weak disks on digits lacking terminal
grooves; moderately developed webbing on toes; and in-
ner and outer metatarsal tubercles small (Bain and Nguy-
en 2004; Poyarkov et al. 2014). This group presently
includes a single species, M. palmipes Boulenger, 1897,
from Java, Sumatra, and adjacent offshore islands in In-
donesia. Therefore, a re-examination of the taxonomic
status of these two specimens (MNHN 2003.3374-75) is
required to clarify the status of this record.

Matsui et al. (2011) assigned the population from Be-
sut District, Trengganu State, Malaysia (KUHE 52373)
to “M. berdmorei”, as well as the populations from Gom-
bak, Selangor State, Malaysia (KUHE 52034), Bengkulu
Province, Sumatra, Indonesia (MZB 16413), and Para-
masan, Kalimantan Province, Indonesia (MZB 15270).
This taxonomy was subsequently followed by Garg et
al. (2019), Li et al. (2019), Gorin et al. (2020), and Kun-
du et al. (2021). Based on the molecular analysis in our
study (Figure S1), we propose that the specimen KUHE
52373 should be re-identified as M. peninsularis sp. nov.
In contrast, three specimens (KUHE 52034, MZB 16413,
and MZB 15270) should be re-identified as M. sundaica
sp. nov. A re-examination of the morphology of these
specimens is also required to confirm their taxonomic
status.

Conservation issues

Currently, M. berdmorei sensu lato is listed as Least Con-
cern (LC) due to its wide distribution, high tolerance
to habitat modification, and presumed large population

(IUCN 2022). As all members of the M. berdmorei spe-
cies complex, including the two new species, M. peninsu-
laris sp. nov. and M. sundaica sp. nov., are typical inhab-
itants of lowly and hilly tropical and subtropical forests,
they may all suffer from the progressing deforestation
affecting Asian forests. However, given the presumably
large area of occurrence, we propose to list the following
three species: M. berdmorei sensu stricto, M. malcolmi
and M. sundaica sp. nov., as Least Concern (LC) spe-
cies based on the IUCN Red List criteria (IUCN 2019).
Microhyla peninsularis sp. nov. is currently known only
from two localities in Thailand and Malaysia. Given the
scarcity of available natural history information on this
species, we propose to list M. peninsularis sp. nov. as
Data Deficient (DD) species based on the [IUCN Red List
criteria (IUCN 2019). Further work is required to clarify
the population status and the extent of distribution of M.
peninsularis Sp. nov.

With this contribution, the alpha-taxonomy of the M.
berdmorei species complex is significantly revised. Im-
portantly, the molecular evidence combined traditional
DNA barcoding analyses to identify and map candidate
taxa, with high-throughput sequencing to confirm the nu-
clear differentiation of this taxa, an integrative approach
now seen as high standard in taxonomy (Miralles et al.
2024; Vences et al. 2024). However, a major gap in our
current knowledge is the distributional boundaries of each
species, and their degree of genetic isolation in the face
of potential hybridization at secondary contact, as well as
the evolutionary and taxonomic significance of their in-
traspecific diversity. Future research should further focus
on determining the distribution, elevation range, popula-
tion trends, natural history, and conservation status of the
members of the M. berdmorei species complex, particu-
larly the two new species described herein.
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