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1. Introduction 

The Truong Son Range is situated along Laos' border with Vietnam. It is known to Laotians 

as Saiphou Louang, and in Vietnamese as Truong Son. To the rest of the world, it is known as 

the Annamite Mountain Range. The northern part of the Range contains a large series of 

contiguous limestone karst formations (Sterling et al. 2006). Today, it is a unique transitional 

region between the subtropical plant communities of the North and the tropical South in 

Indochina (Groves & Schaller 2000; Sterling et al. 2006). It is considered a region of global 

importance in terms of biodiversity (Myers et al. 2000). A complex history of geological 

uplifting and folding created a sequence of large limestone and granite formations in this 

region. The overlap of Sino-Himalayan and Indo-Malayan biotic influences as well as both 

climatic and historical factors have contributed to high levels of diversity and endemism in 

the Truong Son (Clements et al. 2006; Sterling et al. 2006; Bain & Hurley 2011). In the last 

two decades, several new distinct species of mammals have been discovered from the forests 

in this region, e.g., Pseudoryx nghetinhensis (Vu et al. 1993), Muntiacus vuquangensis (Do et 

al. 1994), M. truongsonensis (Pham et al. 1998), Nesolagus timminsi (Averianov et al. 2000), 

and Laonastes aenigmamus (Jenkins et al. 2005; Aplin & Lunde 2008). 

In terms of herpetofaunal diversity, the knowledge on the species richness of amphibians and 

reptiles in Vietnam and Laos has dramatically increased in recent decades. In Vietnam, the 

species number of amphibians and reptiles increased from 458 species (162 amphibian and 

296 reptile species) reported by Nguyen et al. (2005), to 566 species (181 amphibian and 385 

reptile species) by Ziegler & Nguyen 2010. Additionally, 44 amphibian and 16 reptile species 

have been discovered from Vietnam since 2010 (Uetz & Hoġek 2015; Forst 2016). From Laos 

only 95 amphibian and 89 reptile species were known in 2005 (e.g., Teynié et al. 2004; Stuart 

2005; Uetz & Hoġek 2015; Forst 2016). These numbers have rapidly increased to 103 species 

of amphibians and 180 species of reptiles in 2010 (Teynié & David 2010; Uetz & Hoġek 

2015; Frost 2016). Despite four new species of amphibians and 15 new species of reptiles that 

have been discovered in the last five years from Laos, resulting in a total of currently 107 

amphibian and 198 reptile species (Uetz & Hoġek 2015; Forst 2016), the known species-

richness still appears severely underestimated in comparison to the much better studied 

Vietnam (Fig. 1.1). 
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FIGURE 1.1. Comparison of the known species numbers of amphibians and reptiles between 

Laos and Vietnam (2005-2015) 

 

Despite the numerous new discoveries and records which have been documented from 

mainland Southeast Asia in recent years (Uetz & Hoġek 2015; Forst 2016), biodiversity in 

tropical countries like Vietnam and Laos is facing a sharp decline (Myers et al. 2000). The 

current extinction rate is estimated approximately 1000 times higher than that in historic 

times, which may cause an alarming decline of the functioning of ecosystems (Böhm et al. 

2013; Pimm et al. 2014). The primary threats attributed to the increase of species extinction 

rates include timber logging and deforestation for agriculture, mining and construction 

activities, pollution, exploitation and unsustainable use of plants and animals, introduction of 

invasive species, and global climate change (Gibbons et al. 2000; Cox & Temple 2009). The 

Truong Son Range has a particularly high rate of deforestation and limestone quarrying, 

driving population declines and extinctions among animal taxa (Sterling & Hurley 2005; 

Clements et al. 2006). Because amphibians and reptiles are poikilothermic animals and have 

lower activity ranges than other vertebrates (Gibbons et al. 2000), they are highly at risk. On a 

world wide scale for instance, roughly 200 extinct species of frogs have been documented and 

hundreds more are expected to disappear within the next century (Alroy 2015). Twenty three 

reptile species have already disappeared and 164 species of the worldôs reptiles are estimated 

to be under the threat of extinction (Kumar et al. 2014). Therefore, effective conservation 
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measures are mandatory and require integrated studies on morphological and ecological traits, 

evolutionary history, and biogeography (Moritz et al. 2000; Böhm et al. 2013).  

The Hin Nam No National Protected Area (NPA), in central Laos, and the Phong Nha - Ke 

Bang National Park (NP), in central Vietnam are located on opposite sides of the Truong Son 

Range. The herpetofauna is regarded as a significant portion of the biodiversity in these 

regions, with 532 recorded species of amphibians and reptiles (Bain & Hurley 2011). The 

herpetofaunal diversity in the Truong Son Range has been investigated since before the last 

century (e.g., White 1842; Mouhot 1864; Morice 1875; Tirant, 1885). Smith presented a 

series of studies during the 1920s (e.g., Smith 1920, 1921a-b, 1922a-b, 1923, 1924a-c), 

among them the first surveys on amphibian and reptile diversity (Smith 1920). Seventy years 

later, between 1998 and 1999, again numerous herpetofaunal surveys were conducted on the 

Vietnamese side of the northern Truong Son Range, e.g. Huong Son Forest Enterprises (Ha 

Tinh Province), Ke Bo (Nghe An Province) and Cha Lo (Quang Binh Province), revealing a 

total of 71 species of herpetofauna (35 amphibians and 36 reptiles) (Bain & Nguyen 2001a; 

Bain & Nguyen 2001b; Chou et al. 2001). Subsequently, intensive herpetodiversity surveys 

were conducted in Phong Nha - Ke Bang NP for another 10 years (e.g., Ziegler & Herrmann 

2000; Ziegler et al. 2006; Ziegler et al. 2007; Hendrix et al. 2008; Ziegler & Vu 2009; Ziegler 

et al. 2010). At least 12 new amphibian and reptile taxa have been described in the area. 

Recently, Luu et al. (2013) published a list of 11 new records of amphibian and reptile species 

and subspecies, thus updating and increasing the total number of herpetofauna known from 

Phong Nha - Ke Bang to 151 species. Despite this progress, big gaps still remain in our 

knowledge on the herpetofaunal diversity and its distribution in the Truong Son Range 

(Ziegler & Vu 2009). Hin Nam No NPA and its surrounding areas in Khammouane Province, 

Laos, is an example, from where the amphibian and reptile fauna is virtually unknown. The 

report by Walston & Vinton (1999) is the only study that catalogued amphibian and reptile 

species from the area, but the given total number of 49 herpetofaunal representatives is likely 

a severe underestimate of the actual species richness. This region certainly yields a distinctly 

higher number of species, including so far undescribed taxa when compared to the 

comprehensive data available from Phong Nha - Ke Bang NP on the opposite side of Truong 

Son Range.  

Herpetodiversity research and taxonomic action face multiple challenges in the Truong Son 

(Bain & Hurley 2011). Taxonomists with detailed knowledge on Indochinaôs herpetofauna are 
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rare. In many cases, identification to species level is difficult, because taxonomic monographs 

for the region are lacking, and taxonomy is based on many isolated publications. Species 

descriptions are of different quality but usually rely on morphological characters. However, 

systematics based on the morphospecies concept often results in lower species counts than 

systematics based on molecular data (Ohler & Delorme 2006; Stuart et al. 2006). Species 

complexes composed of species with apparently similar morphology but significant genetic 

differences, so-called cryptic species, can lead to wrong taxonomic assignments if they are not 

backed up by molecular genetic studies (e.g., Vogel & David 2006; Ohler 2007; Bain et al. 

2009). In fact, a number of cryptic species have been reported recently from Indochina, 

suggesting that their formerly assigned distribution ranges are geographically much more 

limited (Bickford et al. 2007). This has important consequences for species conservation and 

alpha-taxonomy. DNA barcoding has become a crucial tool for detecting and differentiating 

species complexes in amphibians and reptiles (Vences et al. 2005; Stuart et al. 2006; Angulo 

& Icochea 2010; Blair et al. 2013; Mrinalini et al. 2015). Therefore, an integrative approach 

that combines morphological, genetic, and ecological data to delineate species boundaries and 

to detect cryptic species has considerably increased the recognized species richness within the 

Truong Son Range (e.g., Bain et al. 2003; Stuart et al. 2006; Stuart & Bain 2008; Nazarov et 

al. 2012; Nguyen et al. 2013).  

Never before have so many surveys been conducted in one area of Vietnam as in the Truong 

Son Range (e.g., Inger & Kottelat 1998; Inger et al. 1999; Teynié et al. 2004; Heidrich et al. 

2007; Teynié & David 2010; Nguyen et al. 2013). As a result, the species distributions may 

be misleading as many newly described species have only been recorded from their type 

localities. These species may feature endemism or restricted distributions, or there may be a 

discrepancy between their described ranges and their actual ranges (Bain & Hurley 2011).  

Ecological studies on amphibians and reptiles of the region are also not extensive, since 

ecological information is mainly based on observations made during field surveys. Ecological 

studies of the herpetofauna on the western, Laotian side of the Truong Son Range are far 

fewer in comparison with those on the opposite side in central Vietnam (Ziegler & Weitkus 

1999a-b; Ziegler 2002; Loos et al. 2012). Sampling limitations are problematic because 

species may only be recorded when they leave the water, emerge from underground, or come 

down from the trees. This observation bias is likely responsible for the lack of ecological data. 
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In order to fill some of the remaining gaps of knowledge on the herpetodiversity of the 

Truong Son Range, my aim was to investigate the composition of amphibian and reptile 

communities of the largely still unexplored natural habitats in karst forests with a focus on the 

western, Laotian side along the northern Truong Son Range. Here, a number of hypotheses 

arise. (1) The Truong Son Range acted as a biogeographic barrier for the distribution of 

amphibians and reptiles. (2) If this allopatric speciation was a recent event in evolution, we 

expect to find morphologically still similar, but genetically different (i.e. cryptic) species on 

the western side of the range in Laos when compared to the eastern side in Vietnam. (3) If 

allopatric speciation was related to the life-history of a taxonomic group (e.g. geckos adapted 

to rocky surfaces) then these specific taxonomic groups should contain higher levels of 

endemism and cryptic diversity than others. (4) If, however, shifts in ancient climate and 

subsequent range expansions and contractions of natural habitats led to allopatric speciation, 

all taxa adapted to a specific habitat would be separated and we expect to find spatially 

distinct centres of endemism and cryptic diversity in very different taxonomic groups of the 

herpetofauna. (5) We expect a similar diversity in Laos as on the opposite site of the range in 

Vietnam. (6) Since karst forests provide a number of special and clearly defined habitats, we 

expect similar ecological niches to be occupied within Vietnam and Laos, but the actual 

species filling the niches might differ within a genus. (7) The speciesô distribution patterns 

can be explained against the background of zoogeography. To answer these hypotheses, 

profound taxonomic descriptions are an ultimate prerequisite, which means that taxonomic 

problems have to be resolved first. To achieve this goal, an integrative taxonomic approach is 

needed, which combines morphological, molecular, and ecological data. Secondly, the 

speciesô distribution patterns and at least their relative abundances, basic habitat preferences, 

and ecological requirements have to be investigated in order to assign the spatial boundaries 

of the species, and their potential conservation status. Furthermore, a high proportion of 

herpetofauna from Laos, as well as along the Truong Son Range, are threatened with 

extinction due to increasing human populations and loss of natural habitats. Therefore, the 

database obtained from our morphological and molecular analyses is an extremely useful 

prerequisite if combined with subsequent ecological data. These can be used to define specific 

conservation measures such as the definition of new protected regions or the improvement of 

already existing conservation areas.  

In brief, this study aims (1) to investigate the species richness, basic ecology, and distribution 

pattern of amphibians and reptiles on the western side of the Truong Son Range in Laos; (2) 
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to elucidate the speciation of the family Gekkonidae (Cyrtodactylus, Gekko), a species rich, 

but poorly known group of reptiles on both sides of Truong Son Range; (3) to address the 

central hypothesis that Truong Son Range represents as a biogeographic barrier to the 

herpetofauna and the hypotheses derived from it; and (4) to provide implications for 

conservation measures. 

 



Material and Methods 

2. Material and Methods 

2.1 Study site   

The Truong Son Range is approximately 1,200 km in length and 50ï75 km wide, running 

from northwest to southeast along the entire length of the LaosïVietnam border, through the 

inland of Vietnam to northeastern Cambodia, with elevations between 500 and 2,000 m above 

sea level (a.s.l.) (Sterling et al. 2006; Ziegler & Vu 2009; Bain & Hurley 2011). The Truong 

Son Range is divided into three regions: 1) northern Truong Son, composed of ancient sea 

basins, which were uplifted and now are heavily eroded to form the characteristic sharp karst 

ridges and peaks with extensive systems of caves, tunnels, and underground rivers and 

streams; 2) central Truong Son, dominated by the Kon Tum Massif which consist of an 

enormous granite formation, being among the oldest uncovered rocks in Southeast Asia; and 

3) southern Truong Son, including Dac Lac, Da Lat and Di Linh Plateaus, a series of eroded 

granite and basalt plateaus dotted with isolated peaks (Ziegler & Vu 2009; Bain & Hurley 

2011). Central Laosô Truong Son Range is a transitional region between the subtropical 

communities of the north and the tropical ones from the south, and harbours many endemic 

species, such as a spectacular endemic mammal fauna (Groves & Schaller 2000; Herrmann et 

al. 2002).  

In the northern Truong Son Range, we have selected the Hin Nam No National Protected 

Area (NPA) and its surrounding areas in Khammouane Province, Laos as focal study region 

because it is directly opposite of the well-studied Phong Nha - Ke Bang NP in Vietnam. Hin 

Nam No NPA and Phong Nha - Ke Bang NP are situated within one of the most extensive 

limestone karst formations in Asia. The vast Khammouane limestone formation, stretching 

about 150 km across central Laos to Vietnam (Sterling et al. 2006; Bain & Hurley 2011) was 

folded in the Miocene and subsequently uplifted and heavily eroded since the Pliocene about 

5ï3 million years ago (Rundel 1999). Clear climatic differences still exist today between the 

semi-humid climate on the Laotian side of the Truong Son Range with 1500ï2000 mm 

precipitation per year and four months of dry season; and the wetter Vietnamese side with 

more intense annual rainfall (up to 2500 mm) and a comparatively shorter dry season (Bain & 

Hurley 2011).  

Hin Nam No NPA is located in the Bualapha District, Khammouane Province in central Laos. 

The total area of protected land is about 82,000 ha and extends over a large dissected karst 

plateau (17Á15ô ï 17Á40ô N and 105Á43ô ï 105Á09ô E) (Phimmavong 2014). The highest peak 

is the Phou Chuang, at an elevation of 1,492 m a.s.l.. The land cover of Hin Nam No NPA is 

characterized by a mosaic of different types of lowland, hill and mountainous forest. 
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Evergreen forests are multi-storied with broad-leaved species of Podocarpaceae, Myataceae 

and Fagaceae. Mixed deciduous forests are classified as consisting of more than 5% but less 

than 70% of deciduous species with a lower density than the evergreen forests. They are 

dominated by Dipterocarpaceae and Lyrthaceae. Bamboo forests can be found partly along 

the southeastern border of the area, consisting mainly of Bambusa arundinaceae. The sparsely 

forested vegetation on the limestone surface in karst areas is primarily dominated by relatively 

dwarfed and drought-resistant species which are adapted to the low water ability (Rundel 

1999; Averyanov et al. 2003) such as Agavaceae and Arecaceae (Meijboom & Ho 2002) (Fig. 

1.2). 

 

FIGURE 1.2. Main habitat types in Hin Nam No NPA: A) granite forest in the highest 

Mountain, Phou Chuang; B) a limestone cave in Thong Xam Village; C) karst forest in Ban 

Cha Lou; D) karst forest in Noong Ma Village. 

 

2.2 Sampling 

Field work was undertaken during a period of four years between 2013ï2016 within Hin Nam 

No NPA and its surrounding areas of Bualapha District, and extended surveys into isolated 

karst mountains of Gnommalath, Mahaxay, Thakhek, and Hinboun districts in Khammouane 
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Province. In Hin Nam No NPA and its surrounding areas of Bualapha District, field surveys 

covered all three parts within the protected area, including forest areas of Noong Bua, Dou, 

Vangmano, Thong Xam (Thong Xam trail) villages and Phou Chuang mountain in the 

northern part; Cha Lou (Khun Kaan region) and Noong Ping (Xe Bang Fai cave region) 

villages in the central part; and Noong Ma Village (Hang Toi and Pa Rang regions) in the 

southern part as well as and surrounding areas Bualapha District (Ban Soc, Noong Nieu, 

Mayvangnguoc villages, Bualapha and Lang Khang towns). For the extended surveys into 

isolated karst mountains in Khammouane Province, we focused on the isolated karst 

mountains of Bualapha District (Ban Soc, Noong Nieu, May Vang Nguoc villages, Bualapha 

and Lang Khang towns); Gnommalath District (Nang Log cave, Hang Kan and Na Bo 

villages); Mahaxay District (Na Kham and Na Ngua villages); Thakhek District (Budda cave); 

Hinboun District (Phon Du and Ha villages, and the Khun Don cave area within Phou Hin 

Poun NPA) (Fig. 1.3).  

 

FIGURE 1.3. Map showing the survey sites (marked with red dots) in Hin Nam No NPA and 

surrounding areas (map source: M. de Koning & R. Dobbelsteijn). 

Survey transects were set up along streams, pools, small ponds or along forest paths, 

particularly in remote sites. As lizards and snakes usually inhabit rock crevices, leaf litter or 

tree branches, we also searched in forests near cave entrances and cliffs. Coordinates were 

determined by GPS. Field trips were organized between January and June each year in the dry 

season with low water levels, which is important for field site access, and which is the best 
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season to inventory amphibians and reptiles. Search effort was restricted to the night time 

from 19:00h to approximately 24:00h, when most of amphibian and reptile species are most 

active  

For voucher specimens, most of animals were captured by hand. Venomous snakes were 

collected with a snake hook or a snake tong, and some lizards were collected with forceps. 

Collected specimens were kept in cloth bags. After taking photographs, common species were 

released. Some individuals of other species were collected for taxonomic identification in the 

laboratory, with a particular attention to potential cryptic species. The selected animals were 

anaesthetized and euthanized in a closed vessel with a piece of cotton wool, containing ethyl-

acetate within 24 hours after collecting. Each specimen was labelled directly with a field tag 

providing information on the locality and a coded identification number. Specimens were 

fixed in 80-85% ethanol and subsequently transferred to 70% ethanol for permanent storage. 

For molecular analysis, tissue samples of muscle (e.g., frogs, lizards) and liver (snakes) were 

preserved in 95% ethanol (Simmons 2002). All voucher specimens were collected selectively 

according to appropriate permissions (e.g., CITES, Animal Welfare Law, Forest Protection 

regulations of Laos). 

For all collected individuals information on habitat, time, air temperature and humidity, and 

perch height above the ground were recorded, as well as case-dependent additional 

observations. Geographic coordinates and elevation (a.s.l.) were tracked with a GPS (Garmin 

GPSMap 62st) using the geodetic datum WGS84. Air temperature and humidity were 

measured with a digital compact thermo-hygro-barometer (Atech, model: KW307-CSJ, 

accuracy 0.1% for temperature, 1% for relative humidity).  

Specimens were subsequently deposited in the collections of the Vietnam National University 

of Forestry (VNUF), Hanoi, Vietnam; the Institute of Ecology and Biological Resources 

(IEBR), Vietnam Academy of Science and Technology, Hanoi, Vietnam; the National 

University of Laos (NUOL), Vientiane, Lao PDR; Zoologisches Forschungsmuseum 

Alexander Koenig (ZFMK), Bonn, Germany; and the Museum für Naturkunde, Berlin 

(ZMB), Germany. 

2.3  Data Analysis 

2.3.1 Specimen examination 
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Taxonomic decisions were based on morphological examination of 279 collected amphibian 

and reptile specimens (Table 1.1) in comparison with data taken of  99 comparative 

specimens from Laos and bordering countries such as Cambodia, China, Thailand, and 

Vietnam deposited in the museum collections in Vietnam, Germany, and France. 

Morphological characters of specimens from Laos were also compared with data from the 

literature, such as species descriptions, identification keys and reviews (e.g., Boulenger 1893; 

Bourret 1935; Smith 1943; Taylor 1962; Zielger et al. 2007; Nguyen et al. 2011a; Rösler et 

al. 2011). A list of examined specimens from museums is listed in the Material and Methods, 

and Appendix in each publication.  

TABLE  1.1. Number of collected and examined specimens. 

Family Laos Bordering countries Subtotal 

AMPHIBIA  

Megophryidae 32 17 49 

Bufonidae 5 0 5 

Microhylidae 15 10 25 

Dicroglossidae 27 5 32 

Ranidae 29 7 36 

Rhacophoridae 25 23 48 

REPTILIA  

Gekkonidae 50 11 61 

Agamidae 25 14 39 

Scincidae 25 0 25 

Colubridae 24 7 31 

Elapidae 1 0 1 

Viperidae 21 5 26 

 
Total 279 99 378 
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2.3.2 Morphological analysis  

The morphological examination was carried out in the laboratory of the Department of 

Terrestrial Ecology at the University of Cologne. External morphological characters were 

inspected by eye or with a stereomicroscope (Stemi 2000; Zeiss). Morphometric 

measurements were taken with a digital calliper to the nearest 0.1 mm (except body and tail 

lengths of snakes). Terminology of morphological characters followed Nguyen et al. (2012) 

for amphibians and anuran webbing formula followed Glaw & Vences (2007) (except for 

forearm length, FAL = from axilla to elbow and hand length, HAL =from base of outer 

palmar tubercle to tip of finger III), Phung & Ziegler (2011); Nguyen et al. (2011) for lizards, 

and Vogel et al. (2009); David et al. (2012) for snakes, ventral scale count followed Dowling 

(1951). Bilateral scale counts were given as left/right. Femoral and precloacal pores of 

gekkonids were counted on photographs taken with a digital microscope (Keyence VHXï

500F). The following abbreviations were used:  

a) Reptile specimens: 

Measurements: AG = distance between axilla and groin; HL = maximum head length 

(Gekkonidae: from tip of snout to posterior margin of auricular opening; Viperidae: from tip 

of snout to posterior part of lower jaw; in Scincidae: from tip of snout to margin of parietal); 

HW = maximum head width (at widest point of temporal region), HH = maximum head 

height (measured at the deepest point at temporal region); SE = distance from snout tip to 

anterior corner of eye; OD = greatest diameter of orbit, TD = maximum tympanum diameter; 

EyeEar  = orbit to ear distance (from anterior edge of ear opening to posterior corner of orbit); 

EarL = ear length (maximum diameter of ear); ForeaL = forearm length (from base of palm to 

elbow); FemurL = femur length/crus length (from base of heel to knee); LD4A = length of 

finger IV; LD4P = length of toe IV; RW = maximum rostral width; RH = maximum rostral 

height; MW = maximum mental width; ML = maximum mental length; SVL = snoutïvent 

length (from tip of snout to anterior margin of cloaca); TaL = tail length (from posterior 

margin of cloaca to tip of tail); TrunkL = Trunk length; TL = Total length (SVL+TaL).  

Scalation: CS = ciliary spines; N = nasals (nasorostrals, supranasals, postnasals), I = 

intersupranasals (scales between supranasals, in contact with rostral); SPL = supralabials 

(number of scales from below the middle of eye to the rostral scale); IFL = infralabials 

(number of scales from below the middle of eye to the mental scale); IO = interorbitals 

(number of scales in a line between anterior corners of eyes); PO = preorbitals (number of 
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scales in a line from nostril to anterior corner of the eye); PM = postmentals; GP = gulars 

bordering the postmentals; DTR = dorsal tubercle rows at midbody; GSDT = granules 

surrounding dorsal tubercles; SMC = scales in a line from mental to the front of cloacal slit; 

SR = scale rows at midbody (including ventral scales); V = ventral scale rows at midbody; 

LF1 = subdigital lamellae under whole first finger; LF4 = subdigital lamellae under whole 

fourth finger; LT1 = subdigital lamellae under whole first toe; LT4 = subdigital lamellae 

under whole fourth toe; PP = precloacal pores; PAT = postcloacal tubercles. For the snake 

specimens: DSR = formula of dorsal scale rows: ASR (at one head length behind head) = 

number of dorsal scale rows at neck;  MSR (at number of VEN/2) = number of dorsal scales 

at midbody; PSR (at one head length before the vent) and number of dorsal scale rows before 

the vent; SL = supralabials (counted on upper lips); IL = infralabials (counted on lower lips); 

Lor = loreal scales; Loreal scale touching the orbit (yes or no); PreOc = preocular scales; 

PosOc = postocular scales; Temp = temporals (counted immediately behind posoculars and 

between posterior SL and parietals). Keel = keeled dorsal scale rows; PreVEN = preventral 

scales; VEN notched (present or absent): VEN keeled (present or absent); SC = subcaudal 

scales; numbers of patternïunits (like crossbars or vertebral blotches) are provided as number 

on body + numbers on tail.  

b) Amphibian specimens: 

Abbreviations were used as follows: SVL = snout-vent length; HL = head length (from the 

back of mandible to the tip of snout); HW = head width (across angle of jaws); MN = distance 

from the back of mandible to the nostril; MFE = distance from the back of mandible to the 

front of eye; MBE = distance from the back of mandible to the back of eye; IFE = distance 

between the front of eyes; IBE = distance between the back of eyes; IN = internasal distance; 

EN = distance from the front of eye to the nostril; EL = horizontal eye diameter; NS = 

distance from nostril to the tip of snout; SL = distance from the front of eye to the tip of snout; 

TYD = greatest tympanum diameter; TYE = distance from tympanum to the back of eye; IUE 

= minimum distance between upper eyelids; UEW = maximum width of upper eyelid. 

Forelimb: HAL = hand length (from the base of outer palmar tubercle to the tip of fourth toe); 

FLL = forelimb length (from the elbow to the base of outer tubercle); TFL = third finger 

length (from the base of the first subarticular tubercle to the tip of third toe); fd1-4 = width of 

discs of fingers I-IV; fw1-4 = width of fingers I-IV (measured at the narrowest point of the 

distant phalanx). Hindlimb: FL = femur length (from vent to knee); TL = tibia length; TW = 

tibia width; FOL = foot length (from the base of inner metatarsal tubercle to the tip of fourth 
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toe); FTL = fourth toe length (from the base of the first subarticular tubercle to the tip of 

fourth toe); TFOL = distance from the base of tarsus to the tip of fourth toe; IMT = length of 

the inner metatarsal tubercle; ITL = inner toe length; td1-4 = width of discs of toes I-IV; fw1-

4 = width of toes I-IV (measured at the narrowest point of the distant phalanx). Webbing: 

MTTF = distance from the distal edge of metatarsal tubercle to the maximum incurvation of 

web between third and fourth toes; TFTF = distance from the maximum incurvation of web 

between third and fourth toes to the tip of fourth toe; MTFF = distance from the distal edge of 

metatarsal tubercle to the maximum incurvation of web between fourth and fifth toes; FFTF = 

distance from the maximum incurvation of the web between fourth and fifth to the tip of 

fourth toe. Webbing formula according to Glaw & Vences (2007). 

2.3.3 Molecular and phylogenetic analyses 

For the identification of potentially undescribed or cryptic species, a phylogenetic approach 

was employed to investigate the population genetics of species/populations of uncertain 

identity and the closest relative species/populations. This work was conducted in 

collaboration with Dr. Minh Le, molecular biologist from the Vietnam National University, 

Hanoi, Vietnam.  

We sequenced a fragment of the following mitochondrial genes: cytochrome c oxidase 

subunit (COI) for samples of Cyrtodactylus and Trimeresurus, cytochrome b for samples of 

Lycodon, NADH dehydrogenase subunit 2 (ND2) gene for samples of Gekko, and the 16S 

ribosomal RNA gene for samples of Gracixalus and comparable sequences of potential 

undescribed species within sister groups. These mitochondrial genes have been applied 

successfully to resolve phylogenetic relationships at different taxonomic levels of lizards, 

snakes, and frogs (e.g., Nguyen et al. 2008; Rösler et al. 2011; Siler et al. 2012). DNA 

extraction, amplification, and sequencing followed the standard protocols of Le et al. (2006). 

DNA was extracted using the DNeasy kit following the manufacturerôs instructions for animal 

tissues (QIAGEN Inc., Valencia, CA, USA). The primer pair L4437b (Macey et al. 1997) and 

ND2r102 (Greenbaum et al. 2007) and a pair of newly designed primers, GF1 and GR1 were 

used to amplify a section of the mitochondrial gene (ND2) of the Gekko samples. The primer 

pair VF1-d and VR1-d (Ivanova et al. 2006) were used to amplify a fragment of the 

mitochondrial gene, and cytochrome c oxidase subunit 1 (COI) of the Cyrtodactylus and 

Trimeresurus samples. The primer pair 16Sar + 16Sbr (Palumbi et al. 1991) were used to 

amplify a fragment of the 16S gene of the Gracixalus samples. All primer sequences are 
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given in the respective publications. The PCR cycling followed Le et al. (2006). Successful 

amplifications were purified to eliminate PCR components using the GeneJETTM PCR 

Purification kit (Fermentas, Canada). Purified PCR products were sent to Macrogen Inc. 

(Seoul, South Korea) or FirstBase (Malaysia) for sequencing. 

After sequences were aligned using Clustal X v2 (Thompson et al. 1997), data were analyzed 

using maximum parsimony (MP) and maximum likelihood (ML) as implemented in 

PAUP*4.0b10 (Swofford 2001) and Bayesian analysis (BA), as implemented in MrBayes 

v3.2 (Ronquist et al. 2012). Settings for these analyses followed Le et al. (2006), except that 

the number of generations in the Bayesian analysis was increased to 1×10
7
 to resolve more 

highly converged trees. The optimal model for nucleotide evolution was set to the matrix as 

selected by Modeltest v3.7 (Posada & Crandall 1998). The cutoff point for the burn-in 

function was set in the Bayesian analysis, when -lnL scores reached stationarity in both runs. 

Nodal support was evaluated using Bootstrap replication (BP) as calculated in PAUP and 

posterior probability (PP) in MrBayes v3.2. Uncorrected pairwise divergences were calculated 

in PAUP*4.0b10. 

2.3.4 Integrative approach 

We used an integrative taxonomic approach by incorporating morphological, molecular, and 

ecological data to resolve the taxonomy of cryptic species complexes. This interdisciplinary 

approach is superior to traditional morphological descriptions (Dayrat 2005; Padial et al. 

2010; Schlick-Steiner et al. 2010). Statistical analyses were performed in PAST Statistics 

software version 3.17 (Hammer et al. 2001). Multivariate Analyses were utilized to determine 

interspecific differences between new species and their relatives from Laos and Vietnam. 

Twenty two (genus Gekko) and 12 (genus Cyrtodactylus) of the 28 morphological characters 

were selected for correspondence analysis (CA) and cluster analysis with 1000 bootstrap 

replicates. Cluster analysis was based on the average linkage method. In addition, ecological 

data collected from each specimen in the field were provided to support for the niche 

segregation of each species. Genetic differences between undescribed taxa and described 

species were determined by phylogeny using uncorrected pairwise genetic distances. From all 

available lines of evidence, we drew conclusions as to which taxa should be described as new 

species. 

2.3.5 Identification of priority areas for  conservation. 
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Criteria for a hot spot ditermination include: 1) species richness, 2) number of rare and/or 

threatened species, 3) forest area and habitat quality, and 4) human disturbance. In each 

criterion, a higher number shows a better score (ranking score from 1 to 5). High rank areas 

were identified as priorities for conservation. 
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