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ABSTRACT – The Lesser Sunda Archipelago is one of the world’s most tectonically complex 
regions and hosts a unique assemblage of amphibian species. Paddy frogs (genus Fejervarya) occur 
throughout the region, but the systematic position and distribution of each constituent species 
remains unclear. We present a set of comprehensive mtDNA and morphometric data on the three 
paddy frog species in the Lesser Sundas: F. cancrivora, F. iskandari and F. verruculosa. We clarify 
the phylogenetic position of F. verruculosa, placing it as the sister species of F. cancrivora. We also 
confirm that F. iskandari occur in the Lesser Sundas. Molecular data suggests that F. cancrivora is 
panmictic across Java and the Sunda Arc, while F. verruculosa and F. iskandari comprise multiple 
highly divergent populations within the Lesser Sundas. Phylogeographic results appear to support 
at least two natural colonisations of Fejervarya in the Lesser Sunda Archipelago, one by F. iskandari 
and one by F. verruculosa, whereas contemporary F. cancrivora populations likely arose from human-
mediated movement. Our results demonstrate the biogeographic complexity of the Lesser Sunda 
Archipelago and identify key knowledge gaps in Lesser Sunda Fejervarya. 
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INTRODUCTION

The Lesser Sunda (LS) Archipelago is a chain of 
islands occupying the southern portion of Wallacea 
and home to biological communities distinct from 
neighbouring regions (Lohman et al. 2011; Ali and 
Heaney 2021). One factor leading to the region’s 
biological distinctiveness is that the LS Archipelago 
draws upon fauna from two zoogeographic continents: 
the Oriental region of the Sunda Shelf, dominated by 
mainland Asian species; and the Australo-Papuan region 
of the Sahul Shelf, dominated by Australian species (Ali 
and Heaney 2021; White et al. 2021). The intermediate 
Wallacean region acts as a two-way filter, containing its 
own unique transitional species and facilitating two-way 

exchanges between zoogeographic continents (sensu 
Whittaker and Fernândez-Palacios 2007). Recent genetic 
studies revealed that a number of wide-ranging reptile 
and amphibian species from the region documented 
solely based on morphology (e.g. Kaiser et al. 2011; 
O’Shea et al. 2012) actually comprise multiple species 
with localised distributions (Reilly et al. 2019a, 2022a, 
2022b, 2022c, 2023), suggesting that true herpetofaunal 
diversity of the region is underestimated.

Geologically, the LS Archipelago can be divided 
into four distinct regions: 1) the eastern end of the 
volcanic Sunda Arc (Bali, Lombok, Sumbawa, Flores);  
2) Sumba Island, an anomalous continental plate 
fragment (Abdullah et al. 2000); 3) the western end of 
the Inner Banda Arc (IB), consisting of the volcanic 
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islands of Pantar, Alor, Atauro, and Wetar; and 4) the 
western end of the Outer Banda (OB) Arc, consisting 
of the islands of Rote, Timor, and several islands that lie 
east of Timor (Figure 1). Portions of the volcanic Sunda 
Arc islands are thought to have become continuously 
emergent beginning 10–12 million years ago, while 
Sumba and the Banda Arcs first arose 3–5 million years 
ago (Hall 2011). Several of the larger Sunda Arc islands 
including Sumbawa and Flores likely formed as separate 
islets before coalescing into the larger islands (Muraoka et 
al. 2005; Lohman et al. 2011; Reilly et al. 2019a, 2022c). 
The intricate geologic history of the LS Archipelago 
presents an intriguing model system of animal dispersal 
and vicariance. Dispersal pathways between LS islands 
are thought to be influenced by ocean currents from 
the Indonesian throughflow and surface wind patterns. 
However, movement between islands is supplemented by 
human-mediated dispersal, including components of the 
herpetofauna (Brown 2010; Linkem et al. 2013; Reilly et 
al. 2017, 2019b). Human-mediated dispersal was likely 
facilitated by a sea-faring culture in the LS Archipelago, 
which has existed in the region for the last 40,000 years 
(O’Connor et al. 2011).

The genus Fejervarya Bolkay, 1915 currently 
consists of 14 Asian ground frog species (Frost 
2024), three of which are found in the Lesser Sundas:  
F. cancrivora (Gravenhorst, 1829), F. verruculosa (Roux, 
1911) and F. iskandari Veith et al., 2001. Fejervarya 
cancrivora are found throughout South-East (SE) Asia 
(Yodthong et al. 2019a), while F. verruculosa appears 
to be restricted to the Lesser Sunda (LS) archipelago 
and is morphologically similar to F. cancrivora (van 
Kampen 1923). Fejervarya iskandari was described 
by Veith et al. (2001) from West Java and was referred 
to as a Java Island endemic but has subsequently been 
found to occur in the LS Archipelago (Hasan et al. 
2022). Taxonomic and phylogeographic relationships of 
Fejervarya west of Wallace’s Line (Figure 1) has been 
thoroughly examined (Dubois and Ohler, 2000; Veith 
et al. 2001; Kotaki et al. 2008, 2010; Kurniawan et al. 
2010, 2014; Köhler et al. 2019; Yodthong et al. 2019a), 
whereas Fejervarya east of Wallace’s Line remains 
poorly understood with imprecisely-known species 
distributions. This is due to limited sampling in the 
LS Archipelago and the morphological conservatism 
of frogs of the genus Fejervarya, which makes species 
assignment challenging. 

This study uses molecular and morphological data 
to delineate phylogeographic structure and systematic 
relationships of the three LS Fejervarya species, 
while evaluating the intraspecific molecular and 
morphological diversity. We also use our findings to 
hypothesise how both dispersal and human-mediated 
introduction explains the contemporary distributions of 
LS Fejervarya lineages. 

MATERIALS AND METHODS

SAMPLE COLLECTION
Institutional acronyms: Western Australian Museum, 

Perth (WAM); Museum of Vertebrate Zoology, Berkeley 
(MVZ); Museum Zoologicum Bogoriense, Bogor 
(MZB); Institut Teknologi Bandung, Bandung (ITB).

Fejervarya tissues and vouchers were obtained 
from two sets of field surveys: one set conducted by 
WAM and MZB between 1988 and 1991 and another 
set conducted by MVZ, MZB, and ITB between 2010 
and 2013 (Figure 2). This study uses both tissues and 
vouchers from the WAM 1988–1991 survey but only 
tissues (not vouchers) from the MVZ/MZB 2010–2013 
surveys. All vouchers are housed at WAM or MVZ 
(Appendix Table 1). Liver, muscle, or heart tissues were 
obtained from specimens prior to formalin-fixation 
and stored in 70% ethanol or RNAlater in transit to 
WAM/MVZ. No audio recordings (site or individual) 
were taken. All vouchers were identified to species 
based on morphology or left unidentified and housed as 
Fejervarya sp. in their respective institutions. 

MOLECULAR ANALYSES
Genomic DNA was extracted from liver tissue 

using either a salt extraction technique or using a 
Qiagen DNeasy blood and tissue kit (Qiagen, Valencia, 
California, USA). Mitochondrial CO1 gene sequences 
were generated from 329 WAM specimens by the 
University of Guelph (Ontario, Canada). A preliminary 
CO1 tree was generated in Barcode of Life Data 
(BoLD) Systems, version 4 (Ratnasingham and Hebert 
2007; https://www.boldsystems.org/). Individuals with 
sequences of <200 bps were removed from the tree, 
leaving a total of 303 CO1 sequences. A portion of 
the 16S ribosomal RNA gene was PCR-amplified 
for all MVZ samples as well as a subset of 25 WAM 
specimens representing each major clade identified 
from preliminary analyses of the CO1 dataset. The 
16S gene was amplified using the primers 16sc-L 
(5’-GTRGGCCTAAAAGCAGCCAC-3′) and 16sd-H 
(5’-CTCCGGTCTGAACTCAGATGACGTAG- 3’) 
(Palumbi et al. 2002). PCR products were purified using 
ExoSAP-IT (USB, Cleveland, Ohio, USA) before being 
sequenced in both directions using cycle sequencing 
reactions with BigDye v3.1 (Applied Biosystems, Foster 
City, California, USA). The cycle sequencing reactions 
were then cleaned by ethanol precipitation before 
being sequenced on an ABI 3730 sequencer (Applied 
Biosystems). CO1 and 16S sequences from the same 
individuals were concatenated in GENEIOUS v11.1.5 
(Biomatters Ltd.). 

To place our samples into a broader phylogenetic 
context, additional 16S and CO1 sequence data from 
GenBank were downloaded for lineages of Fejervarya 
cancrivora; F. iskandari; F. kawamurai Djong et al., 
2011; F. limnocharis (Gravenhorst, 1829); F. moodiei 
(Taylor, 1920); F. multistriata (Hallowell, 1861); and an 
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FIGURE 1	 Map of Wallacea and the Lesser Sunda Archipelago (inset, within red box). All three island arcs and Wallace’s 
Line extend beyond the Lesser Sundas, but these areas are not depicted in the inset map. Note: Sumba is 
not a part of an island arc but an anomalous continental fragment (Abdullah et al. 2000).

FIGURE 2	 Molecular sampling localities: A) Fejervarya cancrivora (brown) + F. verruculosa (blue); B) F. iskandari (green). 
Morphological sampling localities: C) F. cancrivora (brown) + F. verruculosa (blue); D) F. iskandari (green).

A
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F. cancrivora F. iskandari F. verruculosa

Bali 3 11

Nusa Penida 7

Lombok 1

Mojo 1

Sumbawa 6 3

Flores 2

Pantar 1

Alor 4

Wetar 0

Sumba 6

Rote 6

Semau 3

Timor 0 13

Total 18 16 33

sequences have been deposited in GenBank (accession 
numbers: OP984408–OP984466, OP984467–OP984614, 
OP995445–OP995471). 

Maximum Likelihood (ML) phylogenetic analysis was 
performed using the software IQ-TREE v1.6.12 (Nguyen 
et al. 2015) with model selection (model TIM2+F+I+G4) 
according to Bayesian information criterion (BIC) 
scores (Kalyaanamoorthy et al. 2017). Nodal support 
was determined with 1,000 ultrafast bootstrap replicates 
(UFBoot; Hoang et al. 2017) and 1,000 replicates of 
the single branch test (SH-aLRT). DNA alignments 
and full results files from IQ-TREE are found in the 
DRYAD digital repository (Reilly 2024). Based on the 
phylogeographic lineages found within F. iskandari and 
F. verruculosa, we obtained rough estimates of lineage 
divergence times using the Bayesian phylogenetic 
software BEAST2 v2.7 (Bouckaert et al. 2019). We chose 
a subset of samples representing the major mitochondrial 
lineages identified by the ML analysis and chose samples 
with both genes sequenced when available. The program 
was run under the GTR+G model of sequence evolution, 
which was the highest supported model from IQ-TREE 
implemented in BEAST2. Because we are examining 
intrageneric divergence, we used a strict molecular clock 
model assuming a rate of 1.3% lineage divergence per 
million years (estimated for the 16S gene in a group of 
ranid frogs; Macey et al. 2001). Two separate analyses 
were run for 50 million generations, sampled every 5,000 
generations. After completion the log files were viewed 
in TRACER v1.7 (Rambaut et al. 2018) to confirm that 
parameters had converged by checking that the effective 
sample size (ESS) values for each parameter were greater 
than 200. Both runs were confirmed to have converged 
on the same posterior distribution. After discarding 25% 
of the samples as burn-in from each of the two runs, 
the remaining 15,000 trees were combined to generate 
a maximum clade credibility tree for which the branch 
lengths represent time, specifically millions of years ago 
(Ma). DNA alignments, log files and tree files are found 
in the DRYAD digital repository (Reilly 2024).

Sequence divergence between phylogeographic 
lineages were estimated by uploading the concatenated 
alignment on the web server DIVEIN (Deng et al. 2010) 
and calculated using PhyML v3.0 (Guindon et al. 2010). 
Mean uncorrected divergence levels were based on 
pairwise distances calculated with a GTR substitution 
model and four substitution rate categories.

MORPHOLOGICAL COMPARISONS
Morphological characters were measured for 67 

sexually mature WAM Fejervarya specimens (Table 1) 
using MITUTOYO Absolute Coolant-Proof IP67 0-150 
mm digital callipers. Sexual maturity was identified by 
the presence of secondary sexual characteristics. Adult 
male F. cancrivora and F. verruculosa were identified 
by the presence of paired dark triangular gular blotches, 

outgroup of Hoplobatrachus tigerinus (Daudin, 1802) 
(Sumida et al. 2002; Chen et al. 2005; Liu et al. 2005; 
Che et al. 2007, 2009; Kotaki et al. 2008, 2010; Ren et 
al. 2009; Alam et al. 2010; Kurniawan et al. 2010, 2014; 
Matsui et al. 2010; Cheng et al. 2018; Jiang et al. 2020; 
Flury et al. 2021; Zhang et al. 2021) including sequence 
data from introduced and commercially-harvested 
F. cancrivora (Wostl et al. 2016; Ohler and Nicolas, 
2017). These sequences are listed in Appendix Table 2. 
Taxonomic assignments of outgroup sequences follow the 
Yodthong et al. (2019a, 2019b) revision and corrigenda of 
mainland SE Asia F. cancrivora populations. GenBank 
sequences AB444963 and EU979849 were re-attributed 
to a divergent lineage within the F. cancrivora group 
which is commonly considered to be an undescribed 
species (Kurniawan et al. 2010; Yodthong et al. 2019a). 
We have followed these sources and treated them as the 
Sulawesi- (or Pelabuhan Ratu-) F. cf. cancrivora. The 
outgroup sequences DQ45822, AF206473, AB070738 
(directly reassigned in Yodthong et al. 2019b), alongside 
sequences that group with these individuals were 
attributed to F. moodiei. MW007342 (Borneo) is sister 
to and well-diverged from F. moodiei, suggesting that it 
represents an undescribed species of Bornean Fejervarya. 
These sequences were aligned with Clustal Omega 
(Sievers et al. 2011) with a final alignment length of 1601 
bp containing 506 Fejervarya samples, 462 of which 
are from the Lesser Sundas. All newly generated 16S 

TABLE 1	 Morphometric sampling by island. Cells left 
blank indicates that species does not occur 
on island.
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while adult male F. iskandari were identified by the 
presence of paired grey vocal sacs on both sides of the 
mandible or a brown-grey streak forming a loose ‘M’-
shape across the throat. Females of all three species 
were identified by the presence of eggs. Foot webbing 
was examined following the notation used in Savage and 
Heyer (1967) following Veith et al. (2001) and Yodthong 
et al. (2019a).

Measurements: snout-vent length (SVL) — distance 
between snout tip and vent; head length (HL) — distance 
between snout tip and inner edge of tympanum, measured 
from dorsal midline; head width (HW) — measured level 
with anterior edge of tympana; snout-tympanum length 
(STL) — distance between snout tip and posterior edge 
of tympanum, measured obliquely; interocular distance 
(IOD) — distance between each eye measured along 
anterior of each eye opening; eye diameter (EYD) — 
measured between anterior- and posterior-most point 
of eye opening; internares distance (IND) — distance 
between each nares measured along anterior of each 
nares; tympanum-eye distance (TED) — distance 
between inner edge of tympanum and posterior of eye 
opening; tympanum diameter (TYD) — measured at 
midpoint level; upper arm length (UAL) — distance 
between base of limb to elbow, measured from the ventral 
surface; forearm length (FAL) — distance between elbow 
to midpoint between third and fourth palmar tubercles; 
forelimb length (FLL) — sum of upper arm and forearm 
lengths; hand length (HAL) — distance from midpoint 
between second and third palmar tubercles to tip of 
Finger III; thigh length (THL) — distance between groin 
fold and start of patella, measured parallel to femur; 
tibia length (TIL) — distance between end of patella 
and ankle; hindlimb length (HLL) — sum of thigh and 
tibia lengths; tarsus and foot length (TFOL) — distance 
between ankle and tip of Toe IV. Snout-vent length 
(SVL) was measured to the nearest millimetre, while all 
other characters were measured to the nearest 0.1 mm. 
Mensural values were standardised as a ratio (r) against 
SVL to adjust for size variation (e.g. rHL = relative head 
length; HL/SVL). Principal component analysis (PCA) 
among species was performed separately by sex using 
FactoMineR (Lê et al. 2008; Husson et al. 2017) and its 
subsequent add-ons. This PCA methodology was repeated 
for the major lineages within F. verruculosa but not for 
F. iskandari since there were not enough samples of each 
divergent lineage of F. iskandari housed at WAM.

Kruskal-Wallis tests were performed on standardised 
morphological measurements and morphometric ratios 
(rHL/rHW, rIOD/rHW, rTYD/rEYD, rTED/rEYD, rFLL/
rHLL, rUAL/rFAL, rHAL/FAL, rTHL/rTIL, rTFOL/
rTIL) between species with females and males analysed 
separately. Mann-Whitney U-tests were performed 
to determine whether size differences between 
females and males of each species are statistically 
significant. Kruskal-Wallis and Mann-Whitney tests 
were not repeated for divergent lineages of Fejervarya 

verruculosa and F. iskandari since there were not 
enough samples of both species from each island for 
meaningful statistical analysis. All statistical tests were 
performed in RStudio 2023.06.0 (RStudio Development 
Team 2023) with a significance threshold of 0.05.

RESULTS

TAXONOMIC ASSIGNMENTS
The ML phylogenetic estimate grouped all Lesser 

Sunda F. cancrivora together with all additional 
(including introduced and commercially harvested) 
F. cancrivora sequences, corroborating this species 
assignment. Lesser Sunda individuals belonging 
to the most inclusive monophyletic clade sister to  
F. cancrivora and grouping with F. verruculosa 
topotypes (Iliwaki, Wetar Island, Indonesia) were 
assigned to F. verruculosa. Individuals belonging to 
the most-inclusive clade with individuals from the type 
locality of F. iskandari (Cianjur, West Java, Indonesia; 
Veith et al. 2001), which is sister to F. limnocharis and 
F. multistriata, were assigned to F. iskandari following 
phylogenetic estimates in Djong et al. (2007, 2011) and 
Sanchez et al. (2018).

PHYLOGEOGRAPHIC STRUCTURES
Both ML and Bayesian phylogenetic trees recover  

F. iskandari as a well-supported monophyletic clade, 
and recover F. verruculosa as a monophyletic sister 
group to F. cancrivora. Intraspecific variation and 
biogeographic patterns vary between the three species 
(Figures 3–5). Fejervarya cancrivora is recovered as 
a monophyletic widespread lineage (BS [bootstrap 
value] = 98) (Figure 3). All Lesser Sunda individuals 
are recovered as part of this lineage, intermingled 
with samples from Malaysia, Taiwan, Sumatra, Java, 
Guam and commercially harvested Fejervarya. Private 
haplotypes from Sumbawa (BS = 81) and Nusa Penida 
individuals are nested within this lineage.

Unlike F. cancrivora, phylogeographic structure 
is present in both F. iskandari and F. verruculosa. 
Fejervarya iskandari is recovered as monophyletic 
(overall BS = 100; PP [posterior probability] = 1) and 
samples sort into three distinct clades (Figure 5). Samples 
from Java, Bali and Timor are only moderately supported 
as a single clade in the ML tree but are fully supported 
in the Bayesian tree (BS = 56; PP = 1). Sister to the Java 
+ Bali + Timor clade is a Sumbawa + Flores clade (BS 
= 99; PP = 1), with well-supported Sumbawa (BS = 93; 
PP = 1) and Flores (BS = 100; PP = 1) sister groups. The 
split between the Java + Bali + Timor and the Sumbawa + 
Flores lineages is estimated to have occurred ~5 Ma and 
they are ~4.6% divergent from one another (Figure 5B; 
Table 2). The Sumbawa and Flores lineages are estimated 
to have diverged ~2 Ma and the mean divergence between 
them is ~2.2% (Figure 4; Table 2).
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FIGURE 3	 Maximum Likelihood majority rule consensus phylogeny of the CO1 and 16S mitochondrial genes for 
Fejervarya cancrivora samples. Numbers at nodes represent bootstrap support.
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B A

Fejervarya verruculosa is monophyletic and sister 
to the F. cancrivora clade (overall BS = 96; PP = 1), 
and composed of three well-supported subclades: 1) 
an early-diverging Rote lineage (BS = 100; PP = 1); 
2) a Sumba lineage (BS = 99; PP = 1); and 3) a Banda 
Arcs (Timor, Semau, Alor, Pantar, and Wetar) lineage 
(BS = 100; PP = 0.83) (Figure 4). The Sumba lineage 
is the sister to the Banda Arcs lineage (BS = 100; 
PP = 1), with the latter clade composed of multiple 
weakly divergent phylogeographic groups. The only 
monophyletic island population within the Banda Arcs 

clade is Wetar (BS = 99), though they are minimally 
divergent (note: Wetar Island is the type locality of 
verruculosa; Roux 1911). Populations from Alor, Pantar, 
Timor and Semau were each recovered as paraphyletic. 
PhyML divergence of concatenated sequences shows 
the Rote lineage is approximately 8% divergent on 
average from all other F. verruculosa and is estimated 
to have diverged ~5.4 Ma, while the Sumba lineage 
is approximately 6% divergent from the Banda Arcs 
lineage and is estimated to have diverged from it ~3 Ma 
(Figure 5; Table 2).
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MORPHOLOGY
PCA analysis between LS F. cancrivora, F. iskandari 

and F. verruculosa separated by sex revealed minimal 
morphological differences. There is considerable 
overlap between F. cancrivora and F. verruculosa 
across both sexes, while F. iskandari did not overlap 
with the rest of the samples with the exception of a 
single outlier male voucher (Figures 6A–B). The first 
three principal components (PCs) accounted for 64.7% 
and 65.9% of observed variance in females and males, 
respectively (Table 3). SVL mirrors species clusters 
in both correlation circles for females and males, 
suggesting that body size is the primary distinguishing 
characteristic between the three species (Figures 6C–D). 
Observed differences in SVL were more pronounced in 
females (cos-squared [cos2] value: 0.040 in PC1, 0.688 
in PC2) than in males (cos2 value: 0.234 in PC1, 0.338 in 
PC2). Female F. cancrivora are much larger than male  
F. cancrivora, which are approximately the same size 
as female F. verruculosa. Male and female F. iskandari 
are usually smaller than male F. verruculosa (Table 5). 
We only identified four F. iskandari males in the WAM 
collection. These were slightly smaller than their female 
counterparts, agreeing with previous descriptions (Veith 
et al. 2001). Mann-Whitney U-tests between female and 
male SVL were statistically significant in F. cancrivora 
(U-stat = 78, p = 0.008) and F. verruculosa (U-stat = 
286.5; p < 0.0001), but not in F. iskandari (U-stat = 38; 
p = 0.100).

PCA analysis on divergent Fejervarya verruculosa 
populations (Rote, Sumba and Banda Arcs) separated 
by sex showed little morphological differentiation 
between clades except for a single outlying female from 

TABLE 2	 Mean uncorrected divergences between divergent populations of Fejervarya iskandari and F. verruculosa 
analysed from concatenated alignment containing both CO1 and 16S genes. Divergence values presented 
as proportions.

Java + Bali + Timor
(n = 50)

Sumbawa
(n = 10)

Flores
(n = 25)

Rote
(n = 28)

Sumba
(n = 33)

Banda Arcs
(n = 216)

F. iskandari

Java + Bali + Timor 0 0.042 0.048 - - -

Sumbawa 0.042 0 0.022 - - -

Flores 0.048 0.022 0 - - -

F. verruculosa

Rote - - - 0 0.080 0.086

Sumba - - - 0.080 0 0.063

Banda Arcs - - - 0.086 0.063 0

Rote (Figures 6E–H). Description of each measured 
character can be found in the main text. The first three 
PCs explained 70.0% and 69.7% of observed variance 
within female and male F. verruculosa, respectively 
(Table 3). Cos2 values for in the first PC were generally 
higher in females than in males, but this can be 
attributed to the outlying female.

Descriptive statistics for all morphometric characters 
of adult females and males are presented in Table 4. 
Kruskal-Wallis tests between species were statistically 
significant in SVL in both sexes, reinforcing body size 
as the primary distinguishing characteristic between 
LS species. Most other morphometric characters were 
conserved between species. There were differences 
in dorsum rugosity between F. cancrivora and  
F. verruculosa, with long dorsal furrows on the 
former and raised, short oblong patches on the latter. 
Additionally, foot webbing between Toes III and IV 
in F. iskandari is more incised than F. cancrivora or  
F. verruculosa (see species accounts and Figures 7–11).

SPECIES ACCOUNTS
The combination of strong phylogenetic support, 

discontinuous geographic distribution and morphological 
differences provides multiple independent lines of 
evidence to recognise at least three current Lesser Sunda 
Fejervarya species. We provide new descriptions in this 
section, presented in chronological order of their original 
descriptions. Morphometric measurements are presented 
as relative to SVL (e.g. rHL = relative head length; see 
Materials and Methods). A history of synonyms for all 
three species can be found in Frost (2024).
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profile acute. Nares semi-ovoid, located closer to 
snout tip than eye. Eye approximately one-third of 
total head length; distinct fold present at anterior 
edge of eye. Tympanum circular with raised annulus. 
Supratympanic fold emanates from posterior edge 
of eye and extends posteriorly to axillary region, 
terminating before shoulder. Upper arm, forearm and 
hands approximately same relative lengths. Hands 
approximately same length as lower arm. Fingers 
stout, unwebbed, terminating in slightly dilated 
tips. Subarticular tubercles elongate. Relative finger 
lengths I < II < IV < III. Prepollax present on Finger 
I, indistinct. Palmar tubercles circular on Finger II, 
ovoid on Fingers III + IV. Thighs well-developed and 
slightly shorter than tibia. Combined tarsus and foot 
length shorter than combined thigh and tibia length. 
Toes long, thin, with moderate webbing deeply excised 
between digits. Relative toe length I < II < V < III 
< IV. Subarticular tubercles elongate. Toe I webbed 
to midpoint of distal phalanx; webbing of pre-axial 
side of Toe II extends slightly beyond distal phalanx; 
continuing as narrow fringe to tip of digit. Post-axial 
side of Toe II fully webbed. Pre-axial side of Toe III 
webbed to distal point of distal subarticular tubercle. 
Post-axial side of Toe III fully webbed. Webbing on 
pre-axial and post-axial sides of Toe IV ends at second 
distal-most subarticular tubercle, where it narrows to 
lateral fringe which often wraps distal-most parts of 
digit. Toe V webbed to distal subarticular tubercle, 
extending as lateral fringe to end of digit. Dermal 
flap originates from post-axial side of Toe V, wraps 
around post-axial side of sole, and terminates at base 
of foot. Inner metatarsal tubercle prominent, elongated; 
outer metatarsal tubercle absent. Tarsal tubercles and 
supernumerary tubercles absent.

Fejervarya cancrivora (Gravenhorst, 1829)

Crab-eating Frog

Figures 7–8

MATERIAL EXAMINED

Specimens collected from Lombok (WAM R98345), 
Mojo (R98691), Sumbawa (R98416, R98397, R98611, 
R98616, R98533, R99843), Bali (R109000, R109002, 
R109003), and Nusa Penida (R109193) (see Appendix 1 
for collection details).

Neotype

Indonesia: West Java: FMNH 256688 (Field Museum 
of Natural History, Chicago, USA) from Cianjur. 
Designated by Dubois & Ohler (2000).

DIAGNOSIS

A species of the genus Fejervarya (sensu Sanchez 
et al. 2018) identified by the following characters: 
maximum male SVL 66 mm; maximum female SVL 
94 mm; head large, mean rHL 0.23, mean rHW 0.34; 
tympanum-eye distance short, mean rTED = 0.04; 
dorsal furrows continuous, interspersed with raised 
oblong patches extending to the f lanks; forelimbs 
moderately robust, mean rFLL 0.45 in females and 0.47 
in males; mean rHAL 0.22 in females and 0.23 in males; 
hindlimbs robust; tibia slightly longer than thigh; tarsus 
and foot longer than hindlimb, mean rHLL 0.91; mean 
rTFOL 0.74 in females and 0.73 in males; dermal fringe 
on postaxial side of Toe V variably expressed, from 
absent to well-developed (Figure 8C); inner metatarsal 
tubercle prominent and elongate, outer metatarsal 
tubercle absent; foot webbing formula I (1–1.25) II (1–1) 
III (1–2) IV (2–1) V. 

Fejervarya cancrivora differs from Lesser Sundas 
congeners as follows: from F. verruculosa by its larger 
size (SVL 39–75 mm in F. verruculosa), dorsum 
rugosity (furrows broken into small oblong patches in 
F. verruculosa), a relatively longer head (rHL/rHW 0.23 
in F. cancrivora; 0.21 in female F. verrruculosa, 0.22 
in males) and degree of fringing in the post-axial side 
of Toe V (reduced to a ridge in F. verruculosa); from F. 
iskandari by larger size (SVL 31–51 mm in F. iskandari), 
absence of an outer metatarsal tubercle, a relatively longer 
head (rHL/rHW 0.20 in female F. iskandari, 0.22 in 
males) and longer forelimbs relative to hindlimbs (rFLL/
rHLL = 0.49 in female F. cancrivora, 0.51 in males versus 
0.47 in female F. iskandari, 0.49 in males). 

DESCRIPTION

Male SVL 47–66 mm; female SVL 59–94 mm. 
Dorsum slightly rugose with scattered long furrows 
forming irregular longitudinal rows (Figure 8D). 
Ventral surface smooth. Head long and wide; side 

FIGURE 7	 Fejervarya cancrivora, Sumbawa, Indonesia 
(Photo: Ron Johnstone). 
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Colouration (in preservative)

Dorsum dark brown with darker brown pigmented 
blotches tending to occur with irregular longitudinal 
furrows. Ventrum off-white. Sides heavily stippled with 
dark pigment. Labial region light brown, interspersed 
with wide dark brown bars extending to lower jaw 
margin. Forearms covered with dark brown blotches 
forming loose longitudinal rows. Inside of thigh 
marbled, pale brown on dark brown. Thighs and tibia 
covered with transverse rows of round dark brown 
ovoid spots.

Variation

Females markedly larger than males. Sexually 
mature males with large, paired triangular blotches 
on posterior side of each lower jaw, absent in females. 
Some individuals (2 of 19 examined) with vertebral 
stripe. Ventral surface of mandible variably stippled 
with dark brown reticulations. Dermal flap on post-
axial side of Toe V variably expressed, with the 
monophyletic Nusa Penida and Sumbawa populations 
possessing the f lap, whereas it is absent in other 
populations.

FIGURE 8	 Preserved specimens of Fejervarya cancrivora. A) males (WAM R98691, R109189, R98416); B) females (WAM 
R109185, R109000); C) hindlimb (WAM R109189), arrows indicate: (1) post-axial dermal fringe (2), lateral fringing 
wedded to Toe IV, and (3) inner metatarsal ridge; D) dorsum rugosity (WAM R109000). Scale bars = 10 mm.
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C
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DISTRIBUTION AND ECOLOGY

Fejervarya cancrivora is found in Taiwan, the Malay 
Peninsula, Sumatra, Java, the Lesser Sunda Archipelago, 
and is introduced to Guam (Wostl et al. 2016). Its 
distribution in the Lesser Sundas includes Bali, Nusa 
Penida, Sumbawa and Mojo Islands (Figure 2A,C), but it 
does not occur in the Banda Arcs. Fejervarya cancrivora 
is known to inhabit rice paddies and human settlements. It 
is consumed as a food throughout its range (Kusrini 2005) 
and one of the primary species exported to European food 
markets, notably to France (Ohler and Nicolas 2017).

Fejervarya verruculosa (Roux, 1911)

Banda Arc Wart Frog

Figure 9

MATERIAL EXAMINED

Specimens collected from Sumba (WAM R101763, 
R101805, R101681, R101682, R101589, R101593), Rote 
(R105671, R105681, R105684, R105604, R105611, 

D
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males; hindlimbs robust, tibia longer than thigh; tarsus 
and foot longer than both thigh and tibia, rHLL 0.94; 
rTFOL 0.71 in females, 0.73 in males; dermal ridge on 
the postaxial side of Toe V poorly developed, if present; 
inner metatarsal tubercle prominent and elongate, outer 
metatarsal tubercle absent; foot webbing formula I 
(1–1.25) II (1–1) III (1–2) IV (2–1) V. 

Fejervarya verruculosa differs from Lesser Sundas 
congeners as follows: from F. cancrivora by smaller 
size (SVL 47–94 mm in F. cancrivora), dorsum furrows 
arranged in longer ridges in F. cancrivora, degree of 
fringing in the post-axial side of Toe V (reduced to a ridge; 
Figure 9C), shorter head (rHL 0.23 in F. cancrivora), 
shorter thighs (rTHL 0.45 in F. verruculosa, 0.42 in female 
F. cancrivora, 0.43 in males); from F. iskandari by larger 
size (SVL 31–51 mm in F. iskandari), absence of an outer 
metatarsal tubercle, longer upper arm relative to lower 
arm (rUAL/rFAL 1.02 in female F. verruculosa, 1.04 in 
males; 1.05 in female F. cancrivora, 1.04 in males) and 
hindlimbs (rHLL = 0.94 in F. verruculosa, 0.96 in female 
F. iskandari, 0.98 in males).

R105606, R105600), Semau (R105000, R105876, 
R105878), Timor (R101508, R101511, R101535, R107045, 
R107024, R107027, R107035, R107040, R106470, 
R106651, R106884, R106836, R106855), and Alor 
(R107785, R107787, R107987) (see Appendix 1 for 
collection details).

Lectotype

Indonesia: Maluku: SMF 6538 (Naturmuseum 
Senckenberg. Frankfurt, Germany) from Ilwaki, Wetar 
Island. Designated by Mertens (1967).

DIAGNOSIS

A species of genus Fejervarya identified by the 
following characters: maximum male SVL 56 mm; 
maximum female SVL 75 mm; head large, rHL 0.21 in 
females and 0.22 in males; rHW 0.34; tympanum-ear 
distance short, rTED 0.04–0.05; dorsal furrows broken 
into raised oblong patches covering the dorsal surface 
and flanks; forelimbs moderately robust, rFLL 0.44 in 
females, 0.47 in males; rHAL 0.22 in females 0.23 in 

FIGURE 9	 Preserved specimens of Fejervarya verruculosa. A) males (WAM R101723, R105671, R106651, R107027); 
B) females (WAM R101535, R101589, R105876, R107709); C) Hindlimb (WAM R101535); arrows indicate: 
(1) outer toe ridge, (2) distal lateral fringe in Toe IV, and (3) inner metatarsal ridge; D) ontogeny of males: 
(1) immature (WAM R101723), (2) subadults (WAM R105671, R106651), (3) mature adult (WAM R107027);  
E) dorsum rugosity (WAM R101723). Scale bars = 10 mm.

A
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DESCRIPTION

Male SVL 39–56 mm; female SVL 50–75 mm. Dorsal 
furrows broken into raised oblong patches covering 
dorsal surface and flanks (Figure 9E). Ventral surface 
smooth. Head long and wide; side profile acute. Nares 
semi-ovoid, located closer to snout tip than eye. Eye 
approximately one-third of total head length; distinct 
fold present at anterior opening of eye. Tympanum 
circular with raised annulus. Supratympanic fold from 
posterior edge of eye extending to axillary region, 
terminating before shoulder. Upper arm longer than the 
forearm. Hands approximately same length as lower 
arm. Fingers stout, unwebbed, terminating in slightly 
dilated tips. Subarticular tubercles elongated. Relative 
finger length I < II < IV < III. Prepollax present on 
Finger I. Palmar tubercles circular on Finger II, oval 
on Fingers III + IV. Hindlimbs robust. Thighs slightly 
shorter than tibia. Combined tarsus and foot length 
shorter than combined thigh and tibia length. Toes 
long, thin, with moderate webbing not deeply excised 
between digits. Relative toe length I < II < V < III < 
IV. Subarticular tubercles elongate. Toe I webbed to the 
midpoint of the distal phalanx; webbing of pre-axial 
side of Toe II extends slightly beyond the distal phalanx; 
continuing as a narrow fringe to digit tip. Post-axial side 
of Toe II fully webbed. Pre-axial side of Toe III webbed 
to distal point of distal subarticular tubercle. Post-axial 
side of Toe III fully webbed. Webbing on pre-axial 
and post-axial sides of Toe IV ends at second distal-
most subarticular tubercle, narrowing to thin fringe on 
both sides of digit. Toe V webbed to distal subarticular 
tubercle extending into lateral fringe reaching tip 
of digit. Dermal ridge originates from proximal 
subarticular tubercle on post-axial side of Toe V and 
terminates at post-axial side of the foot. Inner metatarsal 
tubercle prominent and elongate; outer metatarsal 
tubercle absent. Tarsal tubercles and supernumerary 
tubercles absent.

Colouration (in preservative) 
Dorsum dark brown with dark pigmented blotches 

around raised furrows. Ventrum colour variable, 
ranging from off white to dark brown. Sides lightly 
stippled with dark brown reticulations. Labial region 
light brown, interspersed with wide dark brown bars 
extending to margin of lower jaw. Forearms with dark 
blotches tending to occur in longitudinal rows. Inside 
of thigh is marbled, pale brown on dark brown. Thighs 
and tibia with transverse round dark ovoid spots.

Variation
Females markedly larger than males. Sexually mature 

males with paired large triangular blotches on posterior 
side of each lower jaw. Gular coloration ranges from 
brown to off-white with dark brown stippling present 
in most individuals. One individual possessed a wide 
vertebral stripe (of 36 individuals examined).

DISTRIBUTION AND ECOLOGY

Restricted to the Banda Arcs. This species is found 
on the islands of Rote, Sumba, Pantar, Alor, Timor 
and Wetar (Figure 2A,C). Unlike its Lesser Sunda 
congeners, F. verruculosa is rarely found near human 
habitation and appears to be restricted to freshwater 
rivers and streams.

Fejervarya iskandari  
Veith, Kosuch, Ohler & Dubois, 2001

Iskandar’s grass frog

Figures 10–11

MATERIAL EXAMINED
Western Australian Museum specimens collected from 

Sumbawa (WAM R99850, R99849, R99642), Flores 
(R105393, R105394), and Bali (R109135, R109324, 
R109313, R109319, R109326, R109317, R109335, 
R109047, R109066, R109062, R109011) (see Appendix 1 
for collection details).

Holotype
Indonesia: West Java: MNHN 1997.4916 (Muséum 

National d’histoire Naturelle, Paris, France) from 
Cianjur.

DIAGNOSIS
A small-bodied species of genus Fejervarya identified 

by the following characters: maximum male SVL 49 
mm; maximum female SVL 51 mm; head short, rHL 0.20 
in females, 0.22 in males; tympanum-ear distance short, 
rTED 0.04; dorsal furrows continuous, transitioning to 
raised oblong patches towards the posterior end of the 
dorsum; forelimbs short, gracile, rFLL 0.45 in females, 
0.48 in males; hindlimbs gracile , rHLL 0.96 for females, 
0.98 for males; inner metatarsal tubercle prominent and 
elongate; outer metatarsal tubercle reduced to a small 
circular knob (Figure 11B); foot webbing formula I (1–2) 
II (1–2) III (1–3) IV (2.5–1) V. 

Fejervarya iskandari differs from both F. cancrivora 
and F. verruculosa by its smaller size, reduced sexual 
size dimorphism, presence of a reduced outer metatarsal 
tubercle, inner metatarsal line extending slightly 
diagonally down the tarsus (as opposed to straight in 
F. cancrivora and F. verruculosa), longer tibia (rTIL 
0.51 in females, 0.53 in males for iskandari; ≤ 0.49 in 
F. cancrivora and F. verruculosa) and longer hindlimbs 
(rHLL ≤ 0.94 in F. cancrivora and F. verruculosa).

DESCRIPTION

Male SVL 31–49 mm; female SVL 42–51 mm. 
Dorsum with furrows of variable lengths, irregularly 
arranged anteriorly and transitioning to raised oblong 
patches posteriorly. Ventral surface smooth. Head small 
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and wide. Nares ovoid, located closer to snout tip than 
eye. Eye approximately one-third of total head length.  
A distinct fold present at anterior edge of eye. 
Tympanum circular, annulus weakly developed. 
Supratympanic fold begins at posterior edge of eye 
extending to axillary region, terminating before 
shoulder. Forelimbs slender. Forearm longer than upper 
arm. Hands shorter in females (rHAL 0.19) than males 
(rHAL 0.24). Fingers stout, unwebbed, terminating in 
slightly dilated tips. Subarticular tubercles medium 
and conical. Relative finger length I < II < IV < III. 
Prominent prepollax present on base of Finger I. Palmar 
tubercles circular on Finger II and merged to ovoid on 
Fingers III + IV. Hindlimbs slender. Thighs and tibia 
gracile; tibia longer than thigh. Tarsus and foot long 
and thin. Toes long, thin, with moderate webbing not 
deeply excised between digits. Relative toe length I 
< II < V < III < IV. Subarticular tubercles small and 
blade-like. Toe I webbed to the midpoint of the distal 
subarticular tubercle. Webbing of pre-axial side of Toe 
II reaches proximal point of distal subarticular tubercle; 
webbing of post-axial side of Toe II reaches distal 
point of distal subarticular tubercle. Pre-axial side of 
Toe III webbed to the distal subarticular tubercle and 
extends as thin lateral fringe reaching digit terminus 
(Figure 11B). Post-axial side of Toe III webbed to 
distal subarticular tubercle. Webbing on pre-axial and 
post-axial sides of Toe IV ends at third subarticular 
tubercle from digit terminus, extending to thin fringe 
merged between second and third subarticular tubercle 

FIGURE 10	 Fejervarya iskandari, Flores, Indonesia 
(Photos: Sean Reilly). 

FIGURE 11	 Preserved specimens of Fejervarya iskandari. A) top row (WAM R109315, R109324 [Bali], R105394 [Flores]), 
bottom row (WAM R98612; R99849); B) Hindlimb of F. iskandari (WAM R109066), arrows indicate: (1) outer 
metatarsal tubercle, and (2) inner metatarsal ridge; C) ontogeny of males: (1) subadult (WAM R99849);  
(2) mature adult (R98612). Scale bars = 10 mm.
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on both sides of digit. Toe V webbed to the distal 
subarticulate tubercle extending into a lateral fringe 
reaching the end of the digit. Dermal ridge present; 
originates from post-axial side of Toe V terminus and 
extends to proximal end of basal phalange of Toe V. 
Inner metatarsal tubercle prominent, elongated; outer 
metatarsal tubercle reduced to small knob. Dermal line 
extends from proximal end of inner metatarsal tubercle, 
extending on angle to base of tarsus. Tarsal tubercles 
and supernumerary tubercles absent.

Colouration (in preservative)
Light brown dorsum. Dark brown pigmented spots 

around raised furrows. Ventrum colour off-white. Sides 
lightly stippled. Bold brown canthal stripe usually 
present. Labial region light brown, interspersed with 
narrow dark brown bars extending to margin of lower 
jaw. Forearms with narrow dark oval blotches tending to 
form longitudinal rows. Inside of the thigh is marbled, 
pale brown on dark brown. Thighs and tibia also with 
narrow dark blotches tending to form longitudinal rows.

Variation
Males and females show overlap in body size. Sexually 

mature males can be distinguished by: light grey vocal 
sacs forming an ‘M’ shape on throat; and patches of fine 
spines on the throat, prepollax and Finger I. Gular region 
off-white; light brown gular stippling variably expressed. 
Individuals exhibit either a wide dorsal vertebral stripe (2 
of 12 individuals examined), a thin vertebral stripe with 
small exterior spots (three individuals) or no vertebral 
stripe (seven individuals).

DISTRIBUTION AND ECOLOGY

Fejervarya iskandari is endemic to Java, Bali and the 
Lesser Sundas. In the Lesser Sundas, the range includes 
the islands of Flores, Sumbawa and Timor (Figure 2B,D). 
Fejervarya iskandari are known to reside around human 
habitation, but may be found around natural streams as 
well (Sean Reilly and Jimmy McGuire, pers. obs.).

DISCUSSION

SYSTEMATICS
The natural history and taxonomy of Lesser Sunda 

Fejervarya remain poorly understood for several 
reasons. Fieldwork in the LS region is challenging 
owing to costs and logistical coordination, resulting 
in limited sampling for most islands. This makes the 
existing specimens available very valuable to understand 
biogeographic patterns and systematic relationships. 
The shallow phylogeographic structure and clear 
pattern of human-mediated dispersal of F. cancrivora 
suggests ongoing gene f low between populations, 
supporting their current taxonomic status as a single 
species across the Malay Peninsula and Indonesia.  
In contrast, mitochondrial DNA data from F. iskandari 

and F. verruculosa shows geographic sorting into 
highly divergent clades. Multi-locus or genomic-level 
analyses assessing gene flow between mtDNA clades/
populations within F. iskandari and F. verruculosa are 
required to determine if apparently distinct populations 
represent separate species despite morphological 
stasis (unified species concept sensu De Quiroz 
2007). Determining the specific status of constituent  
F. iskandari and F. verruculosa populations will help 
to resolve the systematic conundrums of Fejervarya 
and further our understanding of how the unique LS 
herpetofaunal assemblage formed.

Our study clarifies the phylogenetic position of 
Fejervarya verruculosa, placing it as a sister species 
to F. cancrivora and forming a species complex 
comprising F. cancrivora + F. verruculosa + Sulawesi 
F. cf. cancrivora. Morphological similarities between 
F. cancrivora and F. verruculosa have been noted since 
their initial description, which is further demonstrated 
in this study and accurately reflects their close affinity 
to one another. Early work on Fejervarya primarily 
distinguished F. verruculosa from F. cancrivora 
based on the extent of the dermal flap on the post-
axial side of Toe V (a ‘fringe’ in cancrivora’; a ‘ridge’ 
in verruculosa) and furrow lengths on the dorsum 
(Roux 1911; van Kampen 1923). Interestingly, some 
F. cancrivora individuals lack a prominent dermal 
fringe on the post-axial side of Toe V entirely. These 
appear to vary between islands, with some private 
haplotypes retaining the dermal fringe outside of Toe 
V (e.g. in Nusa Penida) while others completely lack 
it (e.g. in Sumbawa). Fejervarya cancrivora from 
west of Wallace’s Line exhibit this dermal fringe (van 
Kampen 1923; Dubois and Ohler 2000; Yodthong et 
al. 2019a). Understanding patterns of dermal fringe 
expression between different F. cancrivora populations 
requires more comprehensive morphometric and 
genomic analyses from both mainland Asian and LS 
Archipelago.

While our results strongly support the sister 
relationship between F. cancrivora + F. verruculosa, 
vouchers labelled ‘F. verruculosa’ have been previously 
recovered as a sister lineage to F. iskandari in 
mtDNA phylogenies (Köhler et al. 2019; Hasan et 
al. 2022). We believe that these studies had actually 
sampled the divergent F. iskandari Flores lineage 
and misattributed them to F. verruculosa. This study 
includes F. verruculosa from the type locality of Ilwaki, 
Wetar Island (Roux 1911) so we are confident in our 
designation of the F. verruculosa and its distribution. 
Conflicting results in this vein are not unexpected 
in studies of Indonesian Fejervarya (e.g. Djong et 
al. 2007), highlighting the challenges of species 
delimitation in this genus.

All three species of Fejervarya in the Lesser Sundas 
and insular populations within F. iskandari and 
F. verruculosa show modest to high levels of mtDNA 
diversity while showing very little morphological 
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Nicolas 2017). Unlike most farmed food sources,  
F. cancrivora are hand-caught adjacent to paddy fields 
(Kusrini and Alford 2006), presenting a greater chance 
of individuals escaping into the wild and forming new 
populations. Alternatively, populations of F. cancrivora 
may have existed in the region but have been highly 
introgressed with the new colonists, obscuring 
evidence of phylogeographic structure. The private 
F. cancrivora island haplotypes in Nusa Penida and 
Sumbawa could have arisen from natural colonisation 
of those islands, or they could be introduced from 
populations that are missing in our phylogeny. Presence 
or absence of gene flow between the haplogroups and 
introduced populations should be assessed once nuclear 
genetic data are available for those populations

Fejervarya verruculosa occurs on Sumba and the 
Banda Arcs. Their phylogenetic position implies that 
they diverged from naturally dispersing populations 
of an F. cancrivora ancestor moving eastward prior 
to introgression by human-mediated colonists. Our 
estimate of the age of the Rote population is enigmatic 
as this lineage appears much older than the island itself. 
The common ancestor of F. verruculosa diverged from 
F. cancrivora over 6 Ma, even though the islands that 
F. verruculosa occurs on are estimated to be younger 
than this, especially Rote which is only estimated to 
have been emergent for ~1 Ma (Roosmawati and Harris 
2009). This pattern of old lineages on young islands is 
well documented, with Christmas Island lizards being 
a notable example (Oliver et al. 2018; Dodge et al. 
2023). Heads (2011) outlined various global examples 
and possible biogeographic explanations for this pattern. 
Sumba and Banda Arc Island (minus Rote) clades of  
F. verruculosa are sister to each other, a pattern also 
found in ranid frogs (Reilly et al. 2022a), Sphenomorphus 
forest skinks (Reilly et al. 2022b), Draco flying lizards 
(Reilly et al. 2022c) and Cyrtodactylus bent-toed geckos 
(Reilly et al. 2023). The divergence estimate of the Sumba 
lineage is similar to the estimated time at which that 
island emerged (~3 Ma; Fortuin 1997), and the remaining 
lineages (Timor, Semau, Alor, Pantar and Wetar) are 
estimated to be significantly younger than the islands 
they occupy. The highly nested topology of the tree, with 
Semau, Alor, Pantar, and Wetar samples nested within 
Timor samples, suggests that Timor served as the source 
of dispersal to these neighbouring islands. Pantar and 
Alor have a shared haplotype suggesting Pantar may have 
been recently colonised from Alor. As far as we know, 
F. verruculosa is the only known frog species on Pantar 
Island, which is very hot and dry. 

Fejervarya iskandari occurs on the Sunda Arc (Java, 
Bali, Sumbawa, Flores) and Timor, confirming that their 
distribution is not restricted to Java. Phylogenetically, 
F. iskandari from Sunda Arc + Timor form a shallow 
monophyletic clade, like Polypedates leucomystax. 
Timor F. iskandari appears to be a recent, human-
mediated introduction from Bali and/or Java, which 

variation between them. Conserved morphologies 
accompanied by high genetic diversity often occur where 
allopatric populations assume identical environmental 
niches, limiting ecological competition and rendering 
morphological divergence selectively neutral (Pyron 
et al. 2015; Fišer et al. 2018). Since islands in the LS 
Archipelago share similar climatic and environmental 
conditions (Lohman 2011), we hypothesise that 
this is the likeliest cause for morphological stasis 
between genetically divergent lineages of Lesser Sunda 
Fejervarya; this has previously been documented 
in other anurans living in archipelagos (Flury et al. 
2021; Ellepolla et al. 2022). Interestingly, patterns of 
morphological divergence vary in LS herpetofauna. 
Similar to our Fejervarya dataset, some taxa have deeply 
divergent populations that look nearly identical (e.g. 
Sphenomorphus skinks; Reilly et al. 2022b), while other 
taxa have very closely related populations which look 
strikingly different (e.g. emerald tree skinks Lamprolepis; 
Reilly et al. unpublished data).

BIOGEOGRAPHICAL INFERENCES
Interpreting phylogenetic results in a biogeographical 

context provides an independent line of evidence to 
understand population divergence and species formation, 
especially against a backdrop of complex historical 
biogeography (Arbogast and Kenagy 2001; Fišer et al. 
2018) such as in the LS Archipelago. It has been assumed 
that LS Fejervarya frogs are mostly recently introduced 
due to human activity and therefore less interesting for 
evolutionary or biogeographic study (Jimmy McGuire, 
pers. obs.). Here, we present a coarse hypothesis 
explaining how natural and anthropogenic dispersal of 
LS Fejervarya explain aspects of their contemporary 
distribution and phylogeographic structures. 

The ranges of the three LS Fejervarya species 
roughly correspond to portions of the major tectonic 
formations in the region, which broadly mirrors the 
phylogeographic divisions shown in other taxa (Schmitt 
et al. 2010; Mariyanto et al. 2021). Fejervarya cancrivora 
corresponds to the Sunda Arc, while F. verruculosa 
and F. iskandari correspond to the Inner and Outer 
Banda Arcs, respectively. The shallow phylogenetic 
structure across Java and the Sunda Arc Islands in  
F. cancrivora is similar to other large-bodied anurans 
such as Duttaphrynus melanostictus and Polypedates 
leucomystax, which was inferred to be a result of 
human-mediated movement into the LS Archipelago 
(Brown et al. 2010; Reilly et al. 2017, 2019b). Like 
P. leucomystax, we hypothesise that the lack of 
phylogenetic structure in LS F. cancrivora can be 
explained by recent human-mediated colonisation in 
the region, mirroring the spread of agriculture and the 
movement of F. cancrivora as a source of food between 
communities and islands. Frog meat is consumed in 
rural areas of Indonesia, and F. cancrivora is one 
of the main species harvested for food (Ohler and 
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has also been suggested in P. leucomystax (Reilly et al. 
2019b). However, the circumstances surrounding the 
introduction of F. iskandari into the Banda Arc remains 
unclear. Within F. iskandari, populations in Sumbawa 
and Flores naturally diverged from the Sunda Shelf 
populations approximately 5 Ma, when the archipelago’s 
landscape and geography was significantly different 
than the present day. Our dataset lacks morphological 
data from Timor F. iskandari, which is worth including 
in future studies to contextualise this unusual range 
expansion. Another interesting find is that F. iskandari 
has not yet been confirmed from Lombok though we 
speculate that F. iskandari occurs on the island due 
to the volume of people and goods moving between 
Lombok and Bali. However, continued survey efforts are 
needed to confirm this.

We note that F. cancrivora occurs on many of 
the islands that the dicroglossid frogs of the genus 
Limnonectes occur on, such as Bali, Lombok and 
Sumbawa. On these islands, F. cancrivora is found 
primarily in rice paddies and human-modified habitats 
whereas Limnonectes occupies more natural mountain 
streams. In contrast, F. verruculosa occurs on islands 
that do not have any Limnonectes frogs, and they tend to 
be found both in rice paddies and in mountain streams. 
This suggests that F. verruculosa may be occupying 
a vacant ‘stream’ niche when Limnonectes is absent.  
The smaller-bodied F. iskandari appears to be able 
to co-occur with larger-bodied Fejervarya species, 
suggesting that they are sufficiently ecologically distinct 
to limit interspecific competition. 

From the combined mitochondrial and morphometric 
data, we envision a scenario where the common ancestor 
of both F. cancrivora and F. verruculosa colonised the 
Sunda Arc islands of the Lesser Sundas by way of Java, 
then dispersed out to Sumba and the Banda Arcs where 
they adopted a stream-living niche and diverged into  
F. verruculosa. Parallel to this, F. iskandari colonised 
the Inner Banda Island arc where they evolved in 
sympatry with large-bodied dicroglossid frogs in the 
genus Limnonectes.

CONCLUSIONS  
AND FUTURE DIRECTIONS

We have clarified the phylogenetic relationships 
of LS Fejervarya, placing F. cancrivora and F. 
verruculosa as a pair of allopatric sister taxa and 
confirming the presence of divergent populations of 
F. iskandari in the LS Archipelago. The inclusion 
of mtDNA topotypes (vouchers from the locality 
where the type specimen was collected) for all three 
species allows us to confidently assign vouchers to 
species, providing updated accounts based on modern 
systematic techniques and determine the range of all 
three species with greater precision. While molecular 
data for F. cancrivora indicates a single panmictic 
population across South-East Asia, data for F. iskandari 
and F. verruculosa comprises of several well-diverged 

populations which roughly corresponds to different 
LS islands. Gene flow between divergent populations 
should be assessed to help determine if each clade 
constitutes a separate species. 

A two-pronged hypothesis of dispersal (one by  
F. iskandari and one by F. cancrivora + F. verruculosa) 
largely explains the current distribution of Lesser 
Sundas Fejervarya. However, there are several 
peculiar biogeographical patterns that are difficult to 
explain. The early diverging F. verruculosa lineage 
on Rote is particularly perplexing. Assuming a direct 
eastward path from the Sunda Arc into the Banda Arc, 
this ancestral Fejervarya somehow bypassed Sumba 
through means unknown. The Rote F. verruculosa 
lineage is six times as old as the island itself, indicating 
this lineage came from somewhere else.

Bioacoustics has been previously applied to delineate 
Fejervarya species (e.g. Köhler et al. 2019), and our 
study suffered from lack of such calls. It is clear 
that future studies on Lesser Sunda frogs need to 
integrate bioacoustics alongside morphological and 
genomic data. While surveys by WAM, MZB, MVZ 
and ITB have refined our knowledge of Lesser Sunda 
Fejervarya distributions and diversity, it is likely 
that more comprehensive surveys will reveal new 
populations and lineages.
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