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Abstract

Cyrtodactylus is the most diverse genus in the family Gekkonidae and ranks as the third-
largest vertebrate genus in the world. In the past two decades, the number of new
species has increased more than fourfold, particularly with a significant surge in new
discoveries in Vietnam. However, as new species in this genus are described at a rapid
rate, several taxa have been synonymized as a result of additional data. For example, C.
paradoxus and C. thochuensis have been shown to be junior synonyms of C.
condorensis and C. leegrismeri, respectively. This highlights the pressing need to review
the taxonomic progress. Moreover, many areas in Vietnam where this group likely occurs
are still poorly studied, emphasizing the necessity for additional field surveys to better
understand the diversity of Cyrtodactylus in these regions.

Furthermore, although some phylogenetic relationships and biogeographic studies have
been conducted, phylogenetic analyses have yet included all members of the genus in
Vietnam. Previous studies have primarily focused on just one or two mitochondrial genes
(COI and/or ND2). Additionally, since the beginning of the dissertation, only one study
has been carried out that provides information on the population status and main
anthropogenic threats to one threatened species, and none of the Cyrtodactylus species,
especially the most threatened taxa, have been investigated for their microhabitat
preferences. Therefore, we conducted this study to (1) investigate the taxonomic status
of described Cyrtodactylus species in Vietham and discover new taxa (2) recover
phylogenetic relationships, evolutionary processes, and biogeographic history of
Cyrtodactylus and (3) assess ecological traits and population status of two endemic and
critically endangered species.

The results of the dissertation show that C. thuongae and C. rufford are junior synonyms
of C. dati and C. lomyenensis, respectively. During four years of this study, seven new
species have also been described and at least ten new lineages have been discovered.
Our study reveals that the C. angularis and C. chauquangensis are monophyletic groups
and several lineages within these groups diverged during the Miocene era when the East
Asia monsoon was developed and increased precipitation in the region. Biogeographic
analysis suggests that the Mekong Lowlands is likely the ancestral area of the C.
angularis group while C. chauquangensis might have originated from the Northwest
Uplands (including northern Laos and part of northern Vietnam).

Our ecological analyses confirm that C. takouensis is a granite specialist. In contrast, C.
gialaiensis likely has a broader distribution across the Gia Lai District rather than
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restricted to a single locality. It has had to adapt to various habitats, including soil cliffs,
tree trunks, and shrubs found between coffee plantations and roads, as well as within
coffee plantation areas. Recognizing the significance of demographic information for
species conservation, population monitoring studies were conducted to estimate the
population size of two Vietnamese Cyrtodactylus species, namely, C. takouensis and C.
gialaiensis. According to the study results, their population size and density are extremely
small and negatively correlated with the increasing severity of human impacts. The diet
of C. nigriocularis was also for the first time investigated in this study to support ex situ
conservation measures.

To provide a reference for future studies, we also assess the suitability of genetic markers
for molecular systematics and species identification of Cyrtodactylus based on twelve
complete mitochondrial genomes of ten Cyrtodactylus species. Overall, phylogenies
inferred from ND5 most frequently recovered a topology similar to those based on the 13
protein coding genes.

In conclusion, this study helps clarify issues related to the systematics and species
diversity, and provide robust phylogenetic relationships, evolutionary hypotheses, and
successfully reconstruct biogeographic history for two Cyrtodactylus groups, namely the
C. angularis and C. chauquangensis groups. Together with assessments of ecology,
demography and anthropogenic threats, the dissertation highlights the urgent need of
conservation actions for at least two threatened species, C. gialaiensis and C.

takouensis.



1 General Introduction

1.1. The Vietnamese landscape

Vietnam, with a total mainland area of about 330,591 km?, borders with China in the
North, with Laos and Cambodia in the West and with the Eastern Sea in the East
(Averyanov et al. 2003; Sterling et al. 2006; Nguyen 2011; Ngo 2022). The country is
characterized by mountains and hills, which cover three quarters of its territory. The
mountain system extends from the northwestern border to the eastern side of the South.
Two largest mountain ranges of Vietnam are the Hoang Lien Son, which runs from
northwest to southeast, and the Truong Son Range (also called the Annamites), which
runs along Vietnam’s western border with Laos, ending in south-central Vietnam
(Averyanov et al. 2003; Sterling et al. 2006). Vietham’s high peaks include Fansipan
(3,143 meters above sea level), Ta Giang Pinh (3,096 m above sea level), Pu Luong
(2,985 meters above sea level), and several others are in the northern and central
regions of the country (Averyanov et al. 2003; Nguyen 2011, 2017). They are composed

mainly of karst and granite formations (Averyanov et al. 2003; Sterling et al. 2006).

Vietnam has a diverse monsoon tropical climate. In northern Vietham, the seasons are
clearly defined: the dry and cold winter from November to April contrasts sharply with the
hot, humid, and rainy summer that stretch from May to October (Averyanov et al. 2003;
Sterling et al. 2006). Further south, temperatures rise, and the climate becomes less
seasonal, with rainfall extending from summer into winter. Southern Vietnam experiences
consistently warm temperatures year-round and heavy rainfall during the summer
months (Sterling et al. 2006).

Due to its shape, topography, position, and climate, Vietham is considered one of the
world's top biodiversity hotspots, classified by the presence of high numbers of endemic
and endangered species (Myers et al. 2000). Vietnam is also ranked as the 16" out of
25 countries with the richest biodiversity in the world, especially in terms of reptile
diversity (Mittermeier et al. 2004; van Schingen 2017). However, the biodiversity of
reptiles in Vietnam remains underestimated (Nguyen et al. 2009). Many areas in the
country have not been studied thoroughly, especially the northern limestone, the Truong
Son Range and the Central Highlands (Sterling et al. 2006). Therefore, more surveys in
the areas will certainly yield more new species for science (Sterling et al. 2006; Ngo et
al. 2022).



On the other hand, its remaining biodiversity and tropical forests face enormous
anthropogenic threats. These include illegal wildlife trade, habitat loss and degradation,
and pollution caused by infrastructure development, tourism, and agricultural expansion
(Sterling et al. 2006; van Schingen et al. 2014; van Schingen 2017; Le et al. 2020; Ngo
2022). These factors severely imperil reptile survival, particularly for threatened endemic
species, even in areas designated as protected. According to the IUCN Red List, several
species of reptile in Vietnam are facing exceedingly high extinction risks, as there are 21
species listed as Critically Endangered (CR), 23 as Endangered (EN), 34 as Vulnerable
(VU), and 13 as Near Threatened (NT), of which 40 species are endemic to Vietnam
(including six CR species, ten EN species, 19 VU species and five NT species) (IUCN
2025). However, the population status of many threatened and endemic reptile species
in Vietnam has not been surveyed to develop appropriate conservation measures. As a
result, there is an urgent need to fill this critical gap of knowledge to safeguard wild

populations of threatened and endemic species in Vietham.

1.2. An overview of the genus Cyrtodactylus

1.2.1. Taxonomy, distribution, and natural history

Cyrtodactylus Gray, 1827 is the most diverse genus of Gekkonidae and the third largest
vertebrate genus on the planet, including at least 381 nominal species (Grismer et al.
2021, 2022; Uetz et al. 2025). They have a broad distribution, extending from tropical

Figure 1. General distribution of the genus Cyrtodactylus (Grismer et al. 2021).
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South Asia, southern China, Indochina, the Philippines, the Indo-Australian Archipelago,
and the Solomon Islands (Wood et al. 2012; Grismer et al. 2015, 2021, 2022; Ngo et al.
2022; Riedel et al. 2024) (Fig. 1). Species in the genus can live in diverse habitat types.
According to Grismer et al. (2021, 2022), species in the genus can adapt to 11 different
microhabitat types, encompassing general, trunk, karst, cave, terrestrial, arboreal,
granite, swamp, intertidal, volcanic and sandstone. Interestingly, several species have
been observed in sympatry, e.g., C. badenensis and C. nigriocularis inhabiting granite
habitat in Ba Den Mountain in Vietham (Nguyen et al. 2006) or C. chungi and C.
takouensis occur in the granite habitat in Ta Kou Mountain in Vietnam (Ostrowski et al.
2021). Even more intriguing is the situation in karst limestones in Phong Nha — Ke Bang
National Park in central Vietham, where at least three species are found broadly
syntopytic (C. cryptus, C phongnhakebangensis, and C. roesleri) (Loos et al. 2012;
Duong et al. 2024). Moreover, with many new species of Cyrtodactylus described over
the last ten years, Cyrtodactylus is recognized as ideal group for taxonomic,
biogeographic research as well as a model group for lizard evolution (Grismer et al. 2015,
2021, 2022; Ngo et al. 2022).

Vietnam has long been recognized as a hotspot of new bent-toed gecko discoveries (e.g.,
Ziegler et al. 2010; Luu et al. 2011; Schneider et al. 2014; Nguyen et al. 2015; Luu et al.
2017; Le et al. 2021). Until 2021, 46 species have been described in the country (Uetz
etal. 2021) (Fig. 2). However, several areas in the country where this group is distributed
are still poorly studied. Therefore, further studies are required to provide more information
about the diversity of Cyrtodactylus in Vietham. In addition, many species complexes
and/or cryptic species have been recognized (Nguyen et al. 2017a). For example, C.
irregularis was split into more than 30 species (Nguyen et al. 2017a; Do et al. 2023; Ngo
et al. 2024). As a result, a comprehensive taxonomic study and phylogenetic analysis of

Cyrtodactylus in Vietham is crucial to assess status of all recognized species.
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Fig. 2. Type localities of all Cyrtodactylus taxa occurring in Vietnam (Uetz et al. 2021).

1.2.2. Phylogeny, evolution, and biogeography

Although there have been several studies attempted to construct phylogenetic

hypotheses and estimate divergence times and historical diversification of some

Cyrtodactylus species groups (e.g., Wood et al. 2012; Agarwal et al. 2014; Grismer et al.
2014; Agarwal and Karanth, 2015; Brennan et al. 2017; Nguyen et al. 2013, 2017b;
Nielsen & Oliver 2018; Grismer and Davis 2018, 2020, 2021, 2022), the analyses only

offered a sparse sampling of members from Vietnam. For example, although Wood et al.

(2012) represented the phylogenetic relationships and biogeographic patterns that

encompass all major clades of Cyrtodactylus across its range, their study did not
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incorporate taxa from the C. chauquangensis group and contained only five species from
Vietnam. In one of the most comprehensive works in terms of taxon sampling, Grismer
et al. (2021) provided the phylogenetic partitioning of 310 species within the genus
Cyrtodactylus. Nonetheless, this study only covered 22/45 species distributed in Vietnam
(number of known species in 2021, Uet et al. 2021). Additionally, previous studies have
primarily been restricted to the use of one or two mitochondrial genes (Brennan et al.
2017; Grismer et al. 2021, 2022). Therefore, to improve our understanding of the
phylogenetic relationships and radiation of this genus in Vietnam, more in-depth studies
are needed to clarify several issues related to biogeographic and evolutionary history of

the genus in Vietnam, especially with the inclusion of additional nuclear markers.
1.2.3. Conservation status of bent-toed geckos

Cyrtodactylus is one of the most neglected vertebrate groups in terms of conservation
attention since only little has been done to assess population status and main
anthropogenic threats to threatened species. To date, 381 species of this genus have
been discovered, but as many as 142 species, equating to approximately 37.3%, have
not been assessed by the International Union for Conservation of Nature’s (IUCN) Red
List of Threatened species (IUCN 2025; Uetz et al. 2025). Among those assessed,
13.39% (51 species) of species have been categorized as Data Deficient, 33.07% (126
species) of species as Least Concern, 7.87% (30 species) of species as Near
Threatened and Vulnerable, 4.99% (19 species) of species as Endangered, and 2.89%
(11 species) of species listed as Critically Endangered (IUCN 2025). Nevertheless,
current assessments have largely been based on the results of general herpetofauna
surveys with a focus on their relative commonness or rarity and the coverage their
habitats by protected areas (e.g., Nguyen et al. 2018; Sumontha & Cota 2018a; Iskandar
& Stubbs 2021; Ukuwela et al. 2021; IUCN 2025). Only few of the assessed species have
been evaluated for the population status, distribution range, and habitat suitability (Luu
etal. 2020; Grismer & Quah 2018; Brown & Siler 2022; IUCN 2025). Furthermore, threats
have mostly been recorded by observation during the general surveys and interviews
have barely been undertaken to better understand their extinction risks (e.g., Sumontha
& Cota 2018b; Riyanto et al. 2021; IUCN 2025). Therefore, there is a significant gap in
our knowledge to design effective conservation measures. Specifically, no conservation
actions have been implemented to improve the protection of threatened Cyrtodactylus in

Vietnam.
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In Vietnam, almost all Cyrtodactylus species have been only found at their type localities
within their specialized microhabitats or isolated islands. For example, C. takouensis is
restricted to a few small granite caves in Ta Kou Nature Reserve; C. phuquocensis is
only recorded in Phu Quoc Island; and C. culaochamensis only occurs in Cu Lao Cham
Island (Ngo et al. 2008, 2010, 2020; Uetz et al. 2025). Consequently, many of them are
exceptionally vulnerable to anthropogenic threats, such as habitat loss and degradation.
According to the IUCN Red List, in Vietnam, there are three species of Cyrtodactylus
listed as Critically Endangered, three as Endangered and six as Vulnerable (IUCN 2025).
However, only one of them (C. gialaiensis) has been surveyed to preliminarily estimate
its population size (Luu et al. 2020). Therefore, there is a severe lack of data essential to

support conservation efforts of the threatened taxa.

Furthermore, there is limited data available on the ecology and population biology of
these threatened species. Until now, very few studies have been conducted to examine
their microhabitat preferences or to investigate their diets (Loos et al. 2012; Luu et al.
2020). This information is crucial for understanding their ecological roles and developing
effective ex situ conservation measures. Thus, further research is needed to better
understand their microhabitats and dietary ecology. This knowledge will support future
conservation breeding programs, especially if anthropogenic threats continue to

significantly impact their populations.
1.3. Aim and objectives

To fill these knowledge gaps, this project attempts to elucidate systematics, evolutionary
history, biogeography, and conservation priority of the genus Cyrtodactylus in Vietnam.

It has the following objectives:

1. Investigating taxonomic status of all described Cyrtodactylus species in Vietham
and discover new taxa.

2. Investigating phylogenetic relationships, evolutionary and biogeographic history
of Cyrtodactylus.

3. Study ecological traits and population status of two endemic and critically

endangered species
The following hypotheses are postulated:

1. The rapid rate of Cyrfodactylus species discoveries in Vietham can lead to

taxonomic confusion.
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2. The diversity of Cyrtodactylus in Vietham is substantially underestimated.

3. Integrating mitochondrial and nuclear data leads to improved statistical nodal

values, particularly for the deeper nodes in the phylogenetic analyses.

4. Asia monsoons play a major role in the evolution of the Cyrtodactylus genus.

5. Karst promotes speciation rate of Cyrtodactylus in Vietham, as shown in other

regions in Southeast Asia.

. Natural populations of the most threatened species in Vietnam are extremely small
and geographically restricted.

. Anthropogenic threats to population of the most threatened species are caused

by habitat loss and degradation.
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2 Material and methods
1. Study areas and sampling

For taxonomy studies, previous field surveys were conducted during a period from
2010 — 2021 in 32 provinces of Vietnam (black dot in Fig. 3) and additional surveys
between 2022 to 2024 were carried out in 10 provinces of Vietnam (red dot in Fig. 3).

[} Spratly islands

6.000,

Altitude
P 3147 m 0 200 400 600 km A

bl Om

Fig. 3. Map of survey sites in Vietham. Black and red dots denote sites visited
between 2010-2021 and 2022-2024, respectively.
In total, more than 750 DNA samples of described and undescribed species were
collected. Surveys were undertaken after sunset to guarantee the highest detection
probability between 18:00 and 24:00. For voucher specimens, 3-5 individuals of new
populations and potential candidate species were collected. Specimens were
subsequently anaesthetized and fixed in approximately 85% ethanol, then later

transferred to 70% ethanol for permanent storage. For molecular analysis, tissue
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samples of muscle or liver or tail tissue samples were preserved in 70% ethanol
(Merck, Germany).

To study population status and ecological features of two endemic and critically
endangered species, field surveys were documented during both dry and rainy
season in Gia Lai and Binh Thuan provinces from 2022 to 2024 (Fig. 4). At least three
researchers and one local ranger or local people were conducted each survey. All
geckos were captured by hand and subsequently released at the collecting site after
taking photos, recording habitat characteristics, taking a measurement and marking
coordinates with the Garmin (GPSmap62s in the WGS84 datum).

) .
A
\ 2

Fig. 4. Collecting of Cyrtodactylus specimens and ecological features in the field
(A.L.T. Nguyen; B,C & D. H.Q. Nguyen)
2. Data analysis

2.2.1 Morphological characters

Measurements were taken with a digital caliper to the nearest 0.1 mm. Morphological
characters were followed Nguyen et al. (2017b) and Do et al. (2021). Abbreviations
are as follows: SVL = snout-vent length, from tip of snout to vent; TaL = tail length,
from vent to tip of tail (* regenerated); HL = head length, from tip of snout to

retroarticular process of jaw; HW = head width, maximum width of head; HH = head
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height, from occiput to underside of jaws; OrbD = orbital diameter, greatest diameter
of orbit; SnE = snout to eye distance, from tip of snout to anterior-most point of eye;
EE = eye to ear distance, from anterior edge of ear opening to posterior corner of eye;
NarEye = nares to eye distance, from anterior-most point of eye to posterior-most
point of nostril; EarL = ear length, longest dimension of ear; ForealL = forearm length,
from base of palm to tip of elbow; CrusL = crus length, from base of heel to knee; AG
= axilla- groin distance, from axilla to groin measured from posterior edge of forelimb
insertion to anterior edge of hindlimb insertion; BW = body width, the widest distance
of body; Internar = internarial distance, distance between nares; Interorb = Interorbital
distance, shortest distance between left and right supraciliary scale rows; RW =
maximum rostral width; RH = maximum rostral height; MW = maximum mental width;
ML = maximum mental length.

Scale counts were taken as follows: SL = supralabials, counted from the first labial
scale to corner of mouth; IL = infralabials, counted from the first labial scale to corner
of mouth; N = nasal scales surrounding nare; IN = postrostrals or internasals; PM =
postmentals; GST = granular scales surrounding dorsal tubercles; V = ventral scales
in longitudinal rows at midbody; FP = femoral pores, number of total femoral pores
on both thigh; PP = precloacal pores; PAT = postcloacal tubercles; TubR = the number
of dorsal longitudinal rows of tubercles at midbody between the lateral folds; EFS =
enlarged femoral scales, number of enlarged femoral scale beneath each thigh; LD1
= number of subdigital lamellae on | fingers; LD4 = number of subdigital lamellae on
IV fingers; LT1 = number of subdigital lamellae on | toes; LT4 = number of subdigital

lamellae on IV toes. Bilateral scale counts were given as left/right.
2.2.2 DNA extraction, amplification, and sequencing

DNA was extracted using DNeasy Blood and Tissue kit (Qiagen, Germany) or the
GendJet Genomic DNA Purification kit (Thermo Fisher Scientific, Lithuania) following
the manufacturer’s instructions. Seven molecular markers, comprising three
mitochondrial loci, cytochrome ¢ oxidase subunit | (COIl), cytochrome b (cytb), and
NADH dehydrogenase subunit 2 (ND2) (including tRNA) and four nuclear loci, Cmos,
phosducin (PDC), recombination activating protein 1 (Rag1), ribosomal protein L35
(Rpl35) were used in this study. PCR amplification was performed in a total volume
of 21 pl that contained 2 ul template DNA, 2 ul of each primer and 10 yl DreamTaq

Mastermix (Thermo Fisher Scientific, Lithuania) or HotStarTaq Mastermix (Qiagen,
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Germany). The primers used to amplify the fragment’s loci are listed in Table 1. The
reaction was carried out with an initial denaturation at 95°C for 15 min with HotStar
Taq Mastermix or 5 min with Dream Taq Mastermix, followed by 35 cycles of
amplification (denaturation at 95°C for 30 s, annealing at 48°C — 58°C for 45 s, and
extension at 72°C for 1 min), with final extension at 72°C for 10 min. Negative and
positive controls were also used in all amplifications and extractions to check for
possible contamination. The PCR products were visualized by agarose gel
electrophoresis and stored at -4°C after visualization. The PCR products were purified
using GeneJET PCR Purification kit (Thermo Fisher Scientific, Lithuania), in
accordance with the manufacturer’s instructions. The sequences of the forward and
reverse strands were determined for all taxa using the sequencing service from 1st

Base (Malaysia).

Table 1. PCR primers used in this study

Gene Primer Primer sequences (5’ - 3’) Reference

Col VF1d TTCTCAACCAACCACAARGAYATYGG Nazarov et al. (2012)
VR1d TAGACTTCTGGGTGGCCRAARAAYCA

Cytb L14910 GACCTGTGATMTGAAAACCAYCGTTGT  Burbrink et al. (2000)
H16064 CTTTGGTTTACAAGAACAATGCTTTA

ND2 +tRNA  MetF1 AAGCTTTCGGGCCCATACC Macey et al. (1997)
COIR1 AGRGTGCCAATGTCTTTGTGRTT Arevalo et al. (1994)

Rpl35 N66 GCTAAACAAGCACAGAGTTGATCC Siler et al. (2010)
N67 TCAGGCTCAGAAAGRACTATTATGG

Rag1 R13 TCTGAATGGAAATTCAAGCTGTT Groth & Barrowclough (1999)
CyrRagl CTCCTTGTGRCTAGAAAGAT This study

PDC PHOF1 AGATGAGCATGCAGGAGTATGA Bauet et al. (2007)
PHOR1 TCCACATCCACAGCAAAAAACTCCT

Cmos G73 GCGGTAAAGCAGGTGAAGAAA Sant et al. (1998)
G74 TGAGCATCCAAAGTCTCCAATC

2.2.3 Phylogenetic analyses

The resulting sequences were edited using Sequencher v5.4.6 (Gene Codes
Corporation). Each gene was initially aligned separately using ClustalX v1.8.3
(Thompson et al. 1994, 1997; Larkin et al. 2007) with default settings for complete
alignment. Phylogenetic relationships among mitochondrial and/or nuclear
sequences were inferred based on partitioned and combined data matrix using
maximum likelihood as implemented in |IQtree v2.4.0 (Minh et al. 2020) and Bayesian
analysis as implemented in MrBayes v3.2.7 (Ronquist et al. 2012). The best model of
molecular evolution will be selected using the Akaike Information Criterion (AIC) as
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implemented in jModeltest v2.1.10 (Guindon and Gascuel 2003; Darriba et al. 2012).
For combined Bayesian analysis, the optimal model determined by jModeltest with
parameters estimated by MrBayes v3.2.7 was used. For partitioned analyses, best
partition scheme and the best evolutionary model for each partition were selected for
the phylogenetic analyses using the program PARTITIONFINDER v.2.1.1 (Lanfear et
al. 2016). Two simultaneous analyses with four Markov chains (one cold and three
heated) were run for 107 generations with a random starting tree and sample every
1,000 generations. Log-likelihood scores of samples points was plotted against
generated time to determine stationarity of Markov chains. Tree generated prior to
stationarity will be removed from the final analyses using the burn-in function. For ML
analysis, 10,000 ultrafast bootstrap replications (UFBP) were run. We regard BP >
70% and UFB > 95 and PP > 0.95 as strong support (Hillis and Bull 1993; Ronquist
etal. 2012; Hoang et al. 2018). We considered nodes with UFB and PP values of 90—
94 or 0.90-0.94 as well-supported.

2.2.4 Divergence time estimation

Three mitochondrial and four nuclear genes of each sample for each species were
used to estimate the divergence time of the Cyrtodactylus group using a Bayesian
MCMC approach to co-estimate topology, substitution rates and node ages as
implemented in BEAST v2.7.6 (Drummond et al. 2012; Bouckaert et al. 2019). BEAUti
was used to set criteria for the analysis, in which the substitution models were
unlinked, but the molecular clock and trees were linked for each gene partition. AYule
tree prior model was implemented in the analysis, with rate variation across branches
assumed to be uncorrelated and lognormally distributed (Drummond et al. 2006). The
dating analysis was run for 200,000,000 generations, with sampling every 1,000
generations. After the dataset with the above settings was analyzed in BEAST, the
resulting likelihood profile was then examined by the program Tracer v1.7.2 (Rambaut
et al. 2018) to confirm the ESS > 200 for all parameters. The final tree with calibration
estimates was computed using the program TreeAnnotator v2.7.6 as recommended
by the program manual.

For the fossil calibrations, we followed the strategy adopted by Wood et al. (2012)
and Grismer et al. (2022). Two calibration point was selected. The substitution models
applied to the data matrix were determined using jModeltest v2.1.10 (Guindon and
Gascuel 2003; Darriba et al. 2012).
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2.2.5 Inferring historical biogeography

Considering the areas of endemism and tectonic history of region and subregions
suggested by Bain and Hurley (2011), each sample was assigned to its respective
area according to its contemporary distribution range. Biogeographic inferences were
obtained by applying both Bayesian binary MCMC analysis (BBM) implemented in
RASP v4.3 (Yu et al. 2010, 2015) and BioGeoBears package (Matzke 2018)
implemented in R Core Team (2024). For BBM analysis, a subset of 1,000 randomly
selected trees from the posterior distribution output of BEAST and a final tree from
TreeAnnotator v2.7.4 were used. The probability of dispersal between areas was
maintained as equal. For the BioGeoBears, all biogeographic models, dispersal-
vicariance (DIVA); dispersal-extinction-clado-genesis (DEC); and Bayesian analysis
of biogeography when the number of areas is large (BayArea), with and without the
jump dispersal parameter (j) was tested. Afterward, the best-fit model for the data was

applied to reconstruct the time-calibrated biogeographic of Cyrtodactylus group.
2.2.6 Population estimation

A “capture-mark-recapture” method was applied. In particular, each new individual
was marked with a permanent pen to identify recaptured ones in each monthly
seasonal survey. Each survey transect was visited in intervals of at least twice. In
case of a one-time mark and one recapture event, the “Petersen-Lincoln Index” was
used following the formula: P = (n1 x n2)/m2, whereof P is the estimated population
size, n1 is marked individuals re-leased, n2 is the size of the second sample, mz is
marked animal’s recapture. In case of a one-time mark and at least two recapture
events, a method of “Schnabel Index” was applied to estimate the population size (V)
with following the formula (Lincoln 1930; Schnabel 1938; Petersen 1896; Allendorf et
al. 2013):
i21(GiM))

N =
=1 R

Variance Standard error of
t

1 i1 R;
s2(z) = &=ttt L1
(N) (Bhos(CM)) s’?(ﬁ)_ s (N)
Whereof Mi is the total number of previously marked animals at time i, Ciis the number

of animals caught at time i, and Ri is the number of marked animals caught at time i.
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A 95% confidence limits on ZRi was also obtained to reduce the bias as follows (Crow
et al. 1959; Krebs 2015):

2EMD) - ypper 95% confidence limit = ZE20

i i

Lower 95% confidence limit =

2.2.7 Microhabitat characterization

Regarding microclimatic parameters, the air temperature (°C) and relative air humidity
(%) were measured with a digital thermometer (TFA Dostmann/Wertheim Kat. No.
30.5015, Germany) at each location where animals were captured. A digital infrared
thermometer (Mestek, China) was also used to measure temperatures (°C) at the
substrate surface and at the ventral body surface of animals. Moreover, two HOBO
pendant dataloggers temperature (HOBO, Germany) and one Elitech RC-51H USB
temperature humidity data logger, 3200 (Elitech, UK) were also used to record twice

per day of the air temperature (°C) at the transects where animals were found.

Other microhabitat characteristics were also obtained: substrate type (classified as
dead leaves, branch, dead wood, rock, root, soil, trunk), whereof rocky surface
(classified as bare, moss and lichen, root), position (outside or inside rocky
cave/crevice), canopy (percentage of vegetation coverage above each animal —
estimated by direct observation), substrate condition (dry or wet), substrate angle
(between the substrate surface axis and the horizontal axis, ranging from 0° to 180°)
and the elevation of captured positions using the GPS. The animal status (hanging or
standing), activity (resting, feeding or moving), and the encountered time was further

documented.
2.2.8 Statistical analysis

Statistical analysis was performed using Rv4.4.3 (R Core Team 2024). A Chi? test
was applied to test the difference in population structure between dry and rainy
seasons. Given microhabitat characteristics, six categorical variables (i.e. substrate
type, rocky surface, position, substrate condition, animal status and activity) were also
seasonally compared using Chi? tests, and other microhabitat traits (i.e. canopy, air
temperature, substrate temperature, animal temperature and humidity) was checked
the normal distribution using Shaprio’s tests and tested differences by Wilcoxon tests.

For all these tests, a significant difference was declared with p-value (p < 0.05).

A Multiple Factor Analysis (MFA) was further performed to illustrate the spaces of
ecological niche between dry and rainy seasons, using a microhabitat data set of four
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qualitative groups, including “substrate” (e.g. substrate type and rocky surface),
“position” (e.g. animal status and position), “status” (activity) and “substrate surface”
(e.g. substrate condition) together with three quantitative groups, including “humidity”,
“temperature” (e.g. air and substrate temperatures) and “canopy”. This ordination test
was performed using the packages ‘Factoextra’ and ‘FactoMinerR’ in the software
Rstudio (Le et al. 2008; Kassambara and Mundt 2020). T-tests were further applied

to test differences in these Dim values between the dry and rainy seasons.
2.2.9 Threat assessment

To evaluate impacts of human activities on the Cyrtodactylus species in Vietnam, the
local markets were visited, and local people and rangers were also interviewed to
identify the local use of the species. Surveys in the daytime and nighttime were also
carried out to obtain evidence of human activities (such as traps, deforestation, direct-
burning incense and rubbish within transects surrounding areas). Additionally, direct

effects on the species were collected during observation in the field surveys.
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Abstract

We describe a new species of the Cyrtodactylus irregularis complex based on six adult specimens from Phu Cat District,
Binh Dinh Province, Vietnam. Cyrtodactylus binhdinhensis sp. nov. is morphologically distinguished from the remaining
congeners of the C. irregularis group by a combination of the following characteristics: Size medium (SVL up to 80.4
mm); nasal scales 4; internasal single; ventral scales in 39—42 longitudinal rows at midbody; ventrolateral folds present
or absent without interspersed tubercles; precloacal pores 6 or 7 in males; 5 or 6 enlarged femoral scales on each thigh;
femoral pores 10 in males; postcloacal tubercles 2—4; lamellae under toe IV 18-21; dorsal pattern consisting of slightly
clear transverse banding formed by shaped dark brown bands, a continuous neckband with U-shape or triangle shape in the
middle, dorsal head surface with small dark brown blotches; subcaudal scales transversely enlarged. In the phylogenetic
analyses, the new species is recovered as a sister taxon to C. badenensis with approximately 15.34—16.15% genetic
divergence between the two species based on a fragment of the COI gene.

Key words: Cyrtodactylus binhdinhensis sp. nov., COI, molecular phylogeny, morphology, Binh Dinh Province

Introduction

The Cyrtodactylus irregularis group was originally considered to comprise only one taxon, namely Gymnodactylus
peguensis var. irregularis Smith, 1921. However, it is currently recognized as the most speciose group within
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the megadiverse genus Cyrtodactylus with at least 29 known species, including C. badenensis Nguyen, Orlov &
Darevsky, 2006 and C. buchardi David, Teynie & Ohler, 2004 (Grismer et al. 2021, Ngo et al. 2022). Phylogenetically,
the C. irregularis group is shown to be a sister to the C. condorensis group (which comprises C. condorensis Smith,
1921; C. eisenmanae Ngo, 2008; C. grismeri Ngo, 2008 and C. leegrismeri Chan & Norhayati, 2010) based on
mitochondrial genes (ND2 or COI) or a combination of mitochondrial and nuclear markers (ND2, Ragl, Mxra5 and
PDC) (Grismer et al. 2021, Ngo et al. 2022). Members of the C. condorensis group are distributed from Vietnam’s
Mekong region towards the Con Dao Islands in the East and across several islands in the Gulf of Thailand, Thailand,
to Peninsular Malaysia in the South, whereas species of the C. irregularis group are found in central and southern
Vietnam, eastern Cambodia, and southeastern Laos (Chan & Norhayati 2010; Nazarov et al. 2012; Nazarov et al.
2014; Nguyen et al. 2013; Grismer & Grismer 2017; Nurngsomsri et al. 2019; Neang et al. 2020; Ostrowski et al.
2020; Grismer et al. 2021; Ngo et al. 2022). Since 2013, several poorly studied areas in Laos and Vietnam where the
C. irregularis group is recorded have been surveyed, resulting in the discovery of more than 21 new forms (Grismer
et al. 2021; Ngo et al. 2022). However, there remain several little-known areas in Vietnam and Laos.

During our field research in Phu Cat District, Binh Dinh Province, a new Cyrtodactylus population was detected.
It was provisionally assigned to C. irregularis because of the similar dorsal pattern (Nguyen et al. 2017; Grismer
et al. 2021). More detailed investigation revealed that members of the population were distinct from this and other
species in the genus genetically and morphologically. It is therefore described as a new species in the following.

Materials and methods

Sampling. Field surveys were conducted in Phu Cat District, Binh Dinh Province, in August 2016 as well as in May
and June 2022 in Ninh Thuan and Binh Thuan provinces, Vietnam. Specimens were anesthetized and euthanized in
a closed vessel with a piece of cotton wool containing ethyl acetate (Simmon 2002), fixed in 85% ethanol for six
hours and subsequently stored in 70% ethanol for long-term preservation. Specimens were subsequently deposited
in the collections of the Institute of Ecology and Biological Resources (IEBR), Hanoi, Vietnam.

Molecular data and phylogenetic analyses. DNA was extracted using DNeasy Blood and Tissue kit (Qiagen,
Germany) following the manufacturer’s instructions. Extracted DNA was amplified by PCR mastermix (Qiagen,
Germany) with 21 ul volume (including 10 pl of mastermix, 5 pl of water, 2 ul of each primer at 10pmol/ml, and
2 ul of extracted DNA). PCR condition was: 95°C for 15 minutes to activate the taq; with 35 cycles at 95°C for
30 seconds, 45°C for 45 seconds, 72°C for 60 seconds; and the final extension at 72°C for 6 minutes. A fragment
of the mitochondrial gene, cytochrome ¢ oxidase subunit 1 (COI), was amplified using the primer pair VF1d (5°-
TTCTCAACCAACCACAARGAYATYGG-3") and VRId (5’-TAGACTTCTGGGTGGCCRAARAAYCA-3")
(Ivanova et al. 2006). PCR products were visualized using electrophoresis through a 2% agarose gel stained with
ethidium bromide. Successful amplifications were purified to eliminate PCR components using GeneJet™ PCR
Purification kit (ThermoFisher Scientific, Lithuania). Purified PCR products were sent to FirstBase (Malaysia) for
sequencing in both directions.

After sequences were aligned by Clustal X v2 (Thompson ef al. 1997), data were analyzed using maximum
likelihood as implemented in IQ-TREE v1.6.12 (Nguyen ef al. 2015), maximum parsimony (MP) as implemented
in PAUP"4.0b10 (Swofford 2001) and Bayesian inference (BI) as implemented in MrBayes v3.2.7 (Ronquist et al.
2012). For ML analysis, we used IQ-TREE v1.6.12 using a single model and 10,000 ultrafast bootstrap replications
(UFB). The optimal model for nucleotide evolution was determined using jModeltest v2.1.10 (Darriba et al. 2012).
For MP analysis, heuristic analysis was conducted with 100 random taxon addition replicates using tree-bisection
and reconnection (TBR) branch-swapping algorithm, with no upper limit set for the maximum number of trees saved.
Bootstrap support (BP) was calculated using 1000 pseudo-replicates and 100 random taxon addition replicates. All
characters were equally weighted and unordered.

For Bayesian analyses, we used the optimal model determined by jModelTest with parameters estimated
by MrBayes 3.2.7. Two independent analyses with four Markov chains (one cold and three heated) were run
simultaneously for 10 million generations with a random starting tree and sampled every 1000 generations. Log-
likelihood scores of sample points were plotted against generation time to determine stationarity of Markov chains.
Trees generated before log-likelihood scores reached stationarity were discarded from the final analyses using
the burn-in function. The posterior probability values (PP) for all nodes in the final majority rule consensus tree
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were provided. We regard BP > 70% and UFB and PP of > 95% as strong support and values of <70% and < 95%,
respectively, as weak support (Hillis & Bull 1993; Minh et al. 2013; Ronquist ef al. 2012). The optimal model for
nucleotide evolution was set to GTR+I+G for ML and BI analyses as selected by jModelTest. The cut-off point for
the bur-in function was set to 60 in the Bayesian analysis, as -InL scores reached stationarity after 60,000 generations
in both runs. Uncorrected pairwise divergences were calculated in PAUP*4.0b10.

FIGURE 1. Type locality of Cyrtodactylus binhdinhensis sp. nov. in Binh Dinh Province, Vietnam.

Morphological characteristics. Measurements were taken with a digital caliper to the nearest 0.1 mm.
Morphological characters were followed Nguyen ef al. (2017) and Do et al. (2021). Abbreviations are as follows:
snout-vent length (SVL), from tip of snout to vent; tail length (TaL), from vent to tip of tail (* regenerated); head
length (HL), from tip of snout to retroarticular process of jaw; head width (HW), maximum width of head; head
height (HH), from occiput to underside of jaws; orbital diameter (OrbD), greatest diameter of orbit; snout to eye
distance (SnE), from tip of snout to anterior-most point of eye; eye to ear distance (EE), from anterior edge of ear
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4. Discussion

4.1. Investigating the taxonomic status of all described Cyrtodactylus species in

Vietnam and discover new taxa

4.1.1. New discoveries

Over the past four years, seven new species of Cyrtodactylus have been described from
the provinces of Binh Dinh, Dak Lak, Khanh Hoa, Lao Cai, Phu Yen, and Tay Ninh
(Chapters 1-6). Of these, six belong to the C. irregularis species complex, while the last
one is a member of the C. chauquangensis group (Grismer et al. 2021, 2022). The
discoveries have increased the total number of Cyrtodactylus species in Vietham from
46 to 55 (include C. hangvaensis and C. borgattaorum which were described by Duong
et al. 2024 and Tran et al. 2024, respectively), establishing the country as a hotspot for

new species within the Cyrtodactylus genus.
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Fig. 5. Type localities of all Cyrtodactylus taxa occurring in Vietnam (Uetz et al. 2025).
Black, red, and green dots represent species described up to 2021, as well as seven

new species identified in this, and other studies conducted over the past four years.
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Furthermore, more than 10 new forms have been discovered based on morphological
and molecular data. All of the new forms will be officially described in the near future.
Consequently, the study shows that the diversity of Cyrtodactylus in Viethnam has been

significantly underestimated, confirming the second hypothesis.
4.1.2. Taxonomic revision

Using an integrative taxonomic approach that combines morphological and molecular
analyses, it has been determined that C. thuongae is a junior synonym of C. dati, as
detailed in Chapter 7. This finding indicates that C. thuongae is not a valid taxon. C.
thuongae was described based on a holotype and a paratype collected from Tay Ninh
Province, while C. dati was identified in Lam Dong and Binh Phuoc Provinces. Both
species inhabit complex mountainous regions and were previously described solely
based on morphological examinations (Ngo 2013; Phung et al. 2014). This result
emphasizes that the high rate of species description has resulted in taxonomic confusion
and that some species complexes cannot be easily distinguished through morphological

analyses alone.

Additionally, it is discovered that C. rufford is a junior synonym of C. lomyenensis (also
in Chapter 7). Both species were found in Khammouan, Laos, and they occur in karst
areas (Ngo and Pauwels 2010; Luu et al. 2016). These results underscore the taxonomic
challenges in biodiversity research in the region. In conclusion, the first hypothesis,

which assumes the existence of synonyms within Cyrtodactylus, is validated.

4.2. Investigating phylogenetic relationships, evolutionary process and

biogeographic history of Cyrtodactylus
4.2.1. Phylogenetic relationships

Considering the large lack of nuclear markers in previous phylogenetic studies, the
research focused on small monophyletic groups within the genus Cyrtodactylus. Our
investigation incorporates the most extensive dataset to date for all described species of
C. angularis and C. chauquangensis groups, utilizing three mitochondrial and four
nuclear markers. Chapters 8 and Chapter 9 of this work present the first comprehensive
studies that include all described species of the C. angularis and C. chauquangensis
groups. Similar to Grismer et al. (2021, 2022), both chapters confirm that the C. angularis
and C. chauquangensis groups are monophyletic although the groups were rendered
paraphyletic in the study by Chomdej et al. (2022) (C. chauquangensis). On the other
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hand, the results reveal several discrepancies compared to previous hypotheses. For
examples, according to the trees based on both mitochondrial and nuclear genes in our
study in Chapter 8, C. pageli is placed as a sister taxon to C. muafuangensis and the
two species together form a distinct lineage, while Grismer et al. (2021) and Duong et al.
(2024) suggested that C. pageli clusters with C. angularis and C. chanhomeae.
Additionally, molecular analyses suggest that while mitochondrial markers produce well-
resolved topologies for more recent divergences, combining mitochondrial and nuclear
data results in enhanced statistical nodal values, especially for the deep nodes due to
their slower rate of evolution. Therefore, the results from Chapters 8 and 9 affirm the

third hypothesis.
4.2.2. Time calibration and biogeography

Our time-calibrated molecular results in Chapter 8 and Chapter 9 based on three
mitochondrial genes and four nuclear genes resemble those reported by Grismer et al.
(2022) based on one mitochondrial gene and show that diversification of most major
lineages of C. chauquangensis and C. angularis occurred during the Miocene Episode
and C. nigriocularis and other three clades of C. angularis emerged in the Oligocene. In
addition, both studies (Chapter 9 and Grismer et al. 2022) reveal that C. bobrovi, C.
houaphanensis, C. otai and C. puhuensis are the youngest members of the group.
However, the divergence time estimation results produce several discrepancies between
the subgroups of C. angularis and C. chauquangensis compared to the study by Grismer
et al. (2022) (please refer to the discussion sections in Chapters 8 and 9.). The
differences might result from the increase in number of loci. In this study, we used three
mitochondrial genes (COI, Cytb, ND2) and four nuclear genes (Cmos, PDC, Rag1 and
Rpl35), while a study by Grismer et al. (2022) included only one mitochondrial gene
(ND2).

Chapter 8 and Chapter 9 represent the first investigations within the genus
Cyrtodactylus with the incorporation of areas of endemism and tectonic history, as
proposed by Bain and Hurley (2011), pertinent to the subregions in Indochina. In contrast,
Grismer et al. (2022) have combined eastern Myanmar, Indochina, Yunnan, China, and
the Burma-Thai-Malay Peninsula into a single region referred to as Indochina.
Consequently, the findings from our studies in Chapters 8 and 9 reveal discrepancies
concerning the ancestors of the C. angularis and C. chauquangensis groups. In
particular, the result of our study indicates that the C. angularis group began to disperse
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out of the Mekong Lowland (MEK) to the northern Annamites (NAN) and eastern Thailand
(West Indochina). Whereas Grismer et al. (2022) reported that the ancestor of the C.
angularis group likely originated in karst habitats in central Indochina. Furthermore, our
results suggest that the ancestor of the C. chauquangensis group most probably lived in
the Northwest Uplands (area NWU) during the Oligocene — Miocene boundary (~23
Mya); some of their descendants speciated within this area, whereas others dispersed to
North-western Thailand (area NWTL), South-central China (area SCC), Northern
Annamites (area NAN), Northeast Lowlands (area NEL) and Northeast Uplands (area
NEU) before their descendants gave rise to the extant taxa. In contrast, Grismer et al.
(2022) proposed that the ancestor of the C. chauquangensis group radiated from the
central Indochina region in the early Miocene to northern Vietham, southern China, Laos
and northern Thailand. The differences might result from the combination of nuclear loci.
In this study, we used three mitochondrial genes (COI, Cytb, ND2) and four nuclear
genes (Cmos, PDC, Rag1 and Rpl35), whereas a study by Grismer et al. (2022) included

only one mitochondrial gene (ND2).

Interestingly, the results in Chapter 8 and 9 show that dispersal of C. angularis and C.
chauquangensis groups may have been enhanced by the development of the East Asian
monsoon and the accompanying copious precipitation (especially the winter
precipitation) around the Oligocene and Miocene boundary. During this period, a
transition from broadleaf vegetation to evergreen broadleaf vegetation and plant diversity
increased, which probably provided suitable habits and hosts for members of the C.
angularis and C. chauquangensis groups. In addition, precipitation from the East Asia
monsoon likely accelerated the dissolution of the limestone substrate and deeply
influenced the development of the karst region, which possibly contributed to the

expansion and divergence of these groups (Li et al. 2021, 2022; Chen et al. 2023).

Consequently, the combination of findings in Chapter 8 and Chapter 9 affirms the fourth
and fifth hypothesis, suggesting Asia monsoons play a major role in the evolution of

the Cyrtodactylus genus and karst promotes speciation rate of Cyrtodactylus in Vietnam.

4.3. Ecological features and population status of two endemic and critically

endangered species

Preliminary population estimations for two endemic and critically endangered species of
Cyrtodactylus (C. gialaiensis and C. takouensis) in Vietham in Chapters 11 and 12,

demonstrate that population size of C. gialaiensis in Chu Se District consists of fewer
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than 100 individuals and C. takouensis in Ta Kou Mountain is composed of fewer than
600 individuals. These are much lower than the minimum viable size of at least 3,000 to
7,000 individuals required to maintain a stable over a longer period of time (Reed et al.
2003; Trail et al. 2007). Thus, the sixth hypothesis stating that natural populations of
the most threatened species in Vietham are extremely small could be herein affirmed,

underscoring a critical conservation concern.

Furthermore, the first evaluations of threats to the two endemic and critically endangered
species are presented in Chapter 11 and Chapter 12. In Chapter 11, habitat loss and
degradation from land use change and habitat degradation is identified the most critical
threats to all populations of C. gialaiensis. All these populations face uncertainty because
of land use changes, driven by the profit motives of landowners, who may convert coffee
plantation into durian plantations or other agricultural uses, while tourism activities and
parasites are regarded as maijor threats to the natural populations of C. takouensis in
Chapter 12. In particular, infrastructure development associated with the cable car built
a decade ago is still expanding to accommodate the growing tourism since Ta Kou NR
has become a popular tourist destination in southern Vietham in recent years. In fact,
one survey transect was visited every day and flash lighted every night by tourists and
another surveyed transect was visited at least two or three times a month. Along the
transects, a large amount of plastic waste, which is likely to significantly reduce the
habitat quality of this species, left by tourists were observed. Furthermore, many
individuals were detected with ticks as ectoparasites and an unidentified parasite as
endoparasites on the body surface. Although we couldn’t identify the parasites so far,
they were common in adult individuals of C. takouensis. Therefore, further studies are
needed to provide more information on the parasites and how they affect the fitness of
C. takouensis in the future. Accordingly, the present pilot studies largely affirm the
seventh hypothesis, proposing that habitat loss and degradation are the main threats

to two threatened species.

First investigations of microhabitat preferences of two endemic and critically endangered
species are also presented in Chapter 11 and Chapter 12. Chapter 11 confirms that C.
gialaiensis was distributed in both basalt and adobe soil types and this species was
observed in the hole cliff or the soil cliff, tree trunk and shrubs between the coffee
plantation and the road or coffee plantation areas. The geographic distance between

subpopulations also suggests that C. gialaiensis may have had a more extensive
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distribution across the Gia Lai District in the past. However, the current land use may
soon clear all of its suitable habitats. Chapter 12 shows that C. takouensis was only
found on granitic rocks. Microhabitat sites suitable for this species are thus limited and

isolated from each other.

Regarding microhabitats of C. takouensis in Ta Kou Mountain, one sympatric and
ecologically similar bent-toed gecko, namely C. chungi, is frequently observed to co-
occur with C. takouensis. Thus, understanding the morphological characteristics, dietary
habits, niche segregation, and potential interactions between the two species is essential
for understanding speciation processes. This knowledge also plays a critical role in
developing conservation measures. During the PhD period, | was also able to investigate
the spatial and dietary niche segregation between these two sympatric species.
Preliminary results indicate significant differences in their small-scale spatial distribution,
especially in terms of substrate types and positioning. The results indicated that C.
takouensis is a granite specialist, whereas C. chungi prefers semi-rocky or arboreal
habitats. Furthermore, C. takouensis and C. chungi exhibit significant differences in 12
morphological characteristics. Unfortunately, the data were not yet published before this

dissertation, but it is expected to be released in the near future.
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