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中文摘要 

在過去幾十年間，物種生態、分布、與種化之間的連結，一直是演

化生物學上的研究重點。近年，具有高度多樣性的蜥蜴，逐漸成為各種時

間與空間尺度生態學和演化生物學的研究對象。岩虎（Cnemaspis）是廣

布在東南亞的類群，在地理分布和活動時間均呈現很大的種間變異，也使

得本屬成為深具價值的研究對象。湄公河三角洲淋溶殘存的花崗岩石洞中，

就分布著四種當地特有的岩虎，分別是坎山岩虎（C. nuicamensis）、鐸

山岩虎（C. tucdupensis）、橙肢岩虎（C. aurantiacopes）、與雪尾岩

虎（C. caudanivea）。這些洞穴壁虎極為狹窄的分布區域，以及特化的

生態現象，成為我珍貴的研究題材。我利用次世代定序技術之中的限制酶

基因組測序技術（RAD-seq），以瞭解這四個特有物種的演化過程。由於

壁虎並沒有可供參考比對的基因組序列，因此我們利用不同的參數設定，

嘗試對定序獲得的大量序列進行組裝，最後將相關的參數 M 設置為 4，而

n設置為 7；相關的運算與評估過程描述於第一章。 

在第二章之中，我則是利用第一章獲得的參數和組裝的序列進行溯

祖運算，以估計種化過程的時間、遺傳交流、有效族群量的變動等等。結

果發現這四種岩虎在地質年代中均呈現有效族群量的劇烈縮減，而受限的

遺傳交流也證明逐漸消失的花崗石洞對它們的族群分化有重大的影響。壁

虎對棲地的高度特化雖然促進牠們的種化，但是也導致牠們在演化過程中

受困於原棲息地，而邁向演化的死胡同。我的研究強調這種對棲地極度專

一的物種，在保育上有其重要性與急迫性。 

從第二章的研究顯示近緣物種受到地形的阻隔，而呈現劇烈的遺傳

分化。但是坎山岩虎與鐸山岩虎的地理位置相隔非常近，在過去的歷史之

中，卻無法入侵對方的領域。因此在第三章之中，我試著對這兩個姊妹種

的生態棲位進行量化，以了解牠們無法共域存在的原因。結果顯示這兩個
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物種在棲地偏好上雖然有細微的差異，但是不足以讓牠們存在明顯的生態

分化。除了地理分隔的效應之外，生態棲位的保守性也解釋了牠們無法共

存的原因。 

在第四章，我試圖將研究角度延伸到整個岩虎屬在活動時間的生態

區隔。有別於其他的壁虎，岩虎最特殊的現象就是牠們有極高比例日行性

的物種。而在岩虎分布的範圍之中，彎趾虎（Cyrtodactylus）是一個分

布和岩虎高度重疊的類群，在東南亞形成極高的物種多樣性。我們懷疑岩

虎的日夜行性演化可能與牠們和彎趾虎的競爭有高度的相關。分析岩虎的

演化樹，我發現岩虎在棲地的使用上具有高度的保守性，但是在時間的使

用上具有高度的變異性，顯示對岩虎而言，時間棲位的改變是一個解決棲

位競爭較為彈性的作法。雖然從模型上來說，雨量和濕度是一個影響日夜

行性更為顯著的環境因子；但是加入彎趾虎之後，可以顯著改善模型的可

信度。在彎趾虎不存在的地區，岩虎有較高的機會回復大部分壁虎正常的

夜行性棲位。 

 

關鍵詞：岩虎，東南亞，限制酶基因組測序，時間棲位，棲位分化，越

南，彎趾虎，種化 
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Abstract 

For decades, the link among ecology, distribution and speciation has been the 

focus for evolutionary biologist. Recently, lizards as a widely distributed and 

highly diverse group, have emerged as new model organisms for ecological and 

evolutionary studies from various community levels at a variety of spatial and 

temporal scales. Rock geckos –  genus Cnemaspis, are widely distributed in 

Southeast Asia and have diverse spatial ranges and temporal activity pattern 

among its species. This makes this genus a suitable model to study the 

relationship among ecology, distribution and speciation. The monophyletic group 

of four Cnemaspis species (C. nuicamensis, C. tucdupensis, C. caudanivea and 

C. aurantiacopes) are endemic to southern Mekong Delta and are isolated to 

multiple neighbor rocky areas. This distributional pattern provides an excellent 

chance to study genetic and ecological differentiation within a minute geographic 

scale. Therefore, I focused on investigation on the speciation and niche of these 

four species, especially the two sister species C. nuicamensis and C. tucdupensis. 

 In order to understand the speciation of these species, I inferred the 

historical demography by estimating the population parameters (population size, 

divergence time and gene flow) of these species. I utilized one of the powerful of 

Next Generation Sequencing tools, the Restriction site associated DNA 

sequencing, which can generate large genetic data to fill the necessity of data 

analyses. In order to overcome the caveat of RAD-seq without reference genome, 

I explored the influence of parameters on the output loci dataset in Chapter 1. By 

using the most recommended program for RAD-seq – STAKCS, I conducted the 

optimization of a de novo assembly for my downstream population genetics 

analyses. After iterating values of the main parameter of STACKS and comparing 

the resultants from multiple de novo loci assembly, the most optimized 

parameters for my RAD-seq dataset were selected as M = 4 and n = 7. Using the 

optimized parameter for my dataset from Chapter 1, I applied several 

coalescence-based approaches to estimate divergence times, gene flow and 
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demographic fluctuations during speciation processes in Chapter 2. The results 

showed long-term population shrinkage in the four geckos and limited gene flow 

during their divergence, suggesting that the erosion and fragmentation of the 

granite boulder hills have had great impacts on these populations’ divergences 

and population declines. These results also showed that the specialist gecko’s 

habitat specialization has facilitated the fine-scaled speciation in these granite 

rocky hills; in contrast, specialization might also have pushed these species 

toward the edge of extinction. My study also emphasizes the conservation 

urgency of these vulnerable, cave-dependent geckos. 

 The results from Chapter 2 showed the limited dispersal ability of C. 

nuicamensis. And it was confirmed when the recent described Cyrtodactylus 

species, which occurs in similar habitat, can cross the range of both Cnemaspis 

sister species. Therefore, there is a question why C. nuicamensis did not cross to 

its sister species’ range. In Chapter 3, I investigate the realized niche of the two 

sister species to see if there is enough divergence in their habitat use for them to 

coexist. The results showed that there is somewhat difference in the habitat 

preference of the sister species but is unlikely enough to use distinct resource and 

be sympatric. This suggest that there is strong niche conservatism in Cnemaspis 

species which promoted speciation and prevent sympatry afterward.  

 In Chapter 4, I attempted to infer the link between the pattern of temporal 

activity among Cnemaspis species and the existence of sympatric Cyrtodactylus 

species. Diel activity and habitat use pattern across the phylogeny of Cnemaspis 

genus were analyzed. And the relationship between the temporal activity pattern 

of Cnemaspis species with the existence of sympatric Cyrtodactylus species 

along with other ecological factors was tested. I found strong phylogenetic signal 

in habitat use trait but not in temporal activity, showing that the temporal niche 

of this genus is more labile compare to microhabitat niche. Further, the absent of 

the competitor as Cyrtodactylus species may create an opportunity for Cnemaspis 

species to shift back to nocturnality.   
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Keywords: Cnemaspis, Cyrtodactylus, niche partitioning, RAD-seq, speciation, 

Southeast Asia, temporal niche, Vietnam. 
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Chapter 1 

Optimizing parameters for de novo assembly of RAD-seq in 

STACKS pipeline 

 

Abstract  

Restriction site associated DNA sequencing (RAD-seq) had become popular tool 

for genotyping model and non-model species. However, without reference 

genome, downstream analyses would be sensitive with RAD-seq loci assembly 

bioinformatics pipelines and parameters in those pipelines. Therefore, there is a 

need to explore the influence of parameters on the output loci dataset. By using 

the most recommended program for RAD-seq – STAKCS, I conducted the 

optimization of a de novo assembly for my downstream population genetics 

analyses. After iterating values of the main parameter of STACKS and comparing 

the resultants from multiple de novo loci assembly, the most optimized 

parameters for my RAD-seq dataset were selected as M = 4 and n = 7.  

 

1 Introduction 

Along with the development of molecular technique, restriction site associated 

DNA sequencing had been proven to be a cost-effective and powerful tool for 

evolution and population genetics in both model and non-model species (Baird 

et al., 2008; Baxter et al., 2011; Poland & Rife, 2012). By amplifying the DNA 

linked to a set of restriction enzyme cut sites, RAD-seq can create a reduced 

representation of a genome in large numbers of samples.  Many different flavors 

of the original RAD protocol had been developed and are now used (e.g. ddRAD, 

ezRAD, GBS, 2bRAD) (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016). 

After sequencing, the raw sequence reads are assembled into loci based on 

restriction enzyme cut site, single nucleotide polymorphisms (SNPs) are 

identified across these loci subsequently. Depended on the available of reference 

genome, reference mapping or de novo assembly bioinformatics approach can be 
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chosen. This process involves exploiting tens to hundreds of millions of raw 

sequences reads and can be done by multiple analysis pipelines such as: STACKS 

(Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011; Catchen, 

Hohenlohe, Bassham, Amores, & Cresko, 2013), PyRAD (Eaton, 2014), 

RADtools (Baxter et al., 2011), dDocent (Puritz, Hollenbeck, & Gold, 2014) and 

GATK (McKenna et al., 2010)… 

RAD-seq is not without caveat. The number of loci and polymorphic loci 

are sensitive to the loci assembly process (Catchen et al., 2011; Harvey et al., 

2015; Mastretta-Yanes et al., 2015; Pante et al., 2015) which can affect to 

downstream analyses (Shafer et al., 2017). For non-model species, where the 

reference genome is usually unavailable, STACKS program as the de novo 

assembly approach is the most widely used and recommended for its robust, 

versatility and user driven application (Shafer et al., 2017). The program includes 

cleaning and de-multiplexing raw data (process_radtags.pl) step and sequence 

read alignment (denovo_map.pl). In these steps, there are key parameters which 

significantly affect the outcome loci dataset (Catchen et al., 2011; Harvey et al., 

2015; Pante et al., 2015). In the de novo map pipeline, the two parameters M and 

n, which determine the number and the polymorphism of loci in a RAD-seq 

dataset, are the most important parameters. The first one – M is the number of 

nucleotide mismatches allowed between two stacks to merge them into a putative 

allele, this parameter affects how loci are built within each individual sample in 

core component “ustacks” in the program (Catchen et al., 2011). From assembled 

loci of individuals, “cstacks” pursues matching loci across samples to build 

catalog of homologous loci for the whole dataset. The mismatches among sample 

loci is controlled by the n parameter during this process.  

These mismatch thresholds might impact each dataset differently 

depending on the amount of genetic variation of target species. Therefore, the 

examination on these parameters are needed to find the optimized sets for each 

targeted species and search question (Catchen et al., 2013; Mastretta-Yanes et al., 
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2015; Paris, Stevens, & Catchen, 2017) to maximize number of output RAD-seq 

loci and minimize the over merged loci (Harvey et al., 2015). The de novo 

assembly usually demand extensive computational resources and time; thus, I 

exploited the influence of STACKS parameters on my RAD-seq dataset by using 

two samples from each population of my targeted group in order to reduce time 

and computational requirement.  

 

2 Materials and Methods  

2.1 RAD-seq preparation  

A total of 73 gecko individuals (Table 1.1) were sampled from the studying sites 

in the Mekong Delta, Southern Vietnam. Genomic DNA was extracted from 

muscle tissue using the Qiagen DNAeasy Blood & Tissue Kit and quantified 

using a Qubit 2.0 Fluorimeter before being diluted to a concentration of 2ng/µl. 

We utilized a multiplexed shotgun genotyping (MSG) protocol (Andolfatto et al., 

2011) to generate three genomic libraries: two containing 32 individuals each and 

one containing 27 individuals with 18 repeat samples due to their low quality in 

the first two libraries (Table 1.2). DNA was digested with the MseI restriction 

enzyme with a four-base-pair (4-bp) recognition site (5’-TTAA-3’). The 5’ ends 

of digested DNA were ligated using T4 DNA ligase to adapters, which included 

6-bp inline barcodes multiplexing (Table 1.3). Fragments of 250 - 300bp were 

cut out manually for agarose gels and recovered using AMPure beads. Fragment 

sizes were subsequently confirmed using Agilent 2100 Bioanalyzer. We 

amplified the libraries by polymerase chain reactions (PCRs) using the Q5 high 

fidelity PCR kit. Libraries were then sequenced on separate lanes of an Illumina 

NextSeq 500 sequencer based on a paired-end 150bp read protocol. The qualities 

of the three genomic libraries were checked using FastQC v.0.11.5 (S. Andrews, 

2016).  

 

2.2 Exploration of the parameter space in De novo assemble 
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Raw reads were processed using the STACKS pipeline (Catchen et al., 2011, 

2013). We used the “process_radtags.pl” script to perform quality control and 

demultiplex for the libraries. Reads were removed from the data set if they had a 

Phred score lower than 20, contained possible adapter contamination or lacked 

restriction sites. The remaining reads were truncated to 100 bp and de novo 

assemble was conducted using the ustacks/cstacks/sstacks implemented in the 

“denovo_map.pl” script. Two samples from each population were selected 

randomly (Table 1.4). The m parameter as the minimum number of raw reads 

require to form a stack (or putative locus) was set as two due to low coverage of 

RAD-seq dataset (Herrera, Reyes-Herrera, & Shank, 2015) and optimal using of 

sequencing effort (Alex Buerkle & Gompert, 2013).  

Firstly, in order to explore the optimal value for the intra-individual 

mismatch parameter (M), I ran “denovo_map.pl” script several time for each 

samples pair with M was incremented from 1 to 8 (Table 1.4). And, I used the 

setting M=n because the genetic polymorphic among individuals should not be 

less than the polymorphic within each individual. Then, for exploring of 

parameter space of inter-individual mismatch (n), several de novo assemblies 

were ran for each pair of samples (Table 1.4) with: M=4 which was optimized 

value for within individual mismatch (see the Results) and n from 4 to 12 (Table 

1.2). For each run of de novo assemble, I ran “populations.pl” script to export 

only the loci that were shared by both of the samples; then from each loci dataset, 

I extracted and collected data including: (1) the number of loci; (2) the number 

of polymorphic loci; (3) the number of SNPs; and (4) the number of over-merged 

loci (loci that have more than two allele). 

 

3 Results 

3.1 Raw data information 

The three genomic libraries generated ~260 million raw sequence reads. Despite 

of the replication of low quality samples in different libraries, the number of 
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sequence reads were not even among samples (Table 1.2). The worst samples had 

less than ~ 100 reads while the best ones got around 11 million reads. In order to 

optimize the shared loci by all samples, I only used samples with more than one 

million filtered reads for further analyses. Consequently, 61 individuals with 

average of 3.6 million reads per individuals were used for downstream analyses. 

Each selected sample for de novo assemble optimization has ~ 2.5 – 4.4 million 

reads. 

 

3.2 Intra-individual mismatches optimization 

In process of building loci dataset for each sample, the M parameter controls the 

maximum number of nucleotide mismatches allowed between two putative 

alleles (stacks) to merge them into a locus. The general pattern for M was that 

higher values increased the number of assembled loci, the number of 

polymorphic loci and the number of SNPs (Figure 1.1). The number of assembled 

loci and the number of polymorphic loci grew rapidly and reached plateau at M 

= 4. The number of SNPs did not reach plateau but the increase of the number of 

SNPs of between species pair slowed down after M4. Although the proportion of 

over-merged loci also increased, their percentage in dataset were small (< 0.4%) 

and can be discarded easily by the “populations.pl” scripts. 

 

3.3 Inter-individuals’ mismatches optimization 

The n parameter controls the mismatches allowed across individuals’ loci to 

match homologous loci into a single catalog locus for the whole dataset. The 

general pattern for n is that higher values increased the number of assembled loci, 

the number of polymorphic loci, the number of SNPs and proportion of over 

merged loci (Figure 1.2). In detail, with the increase of n, the number of 

assembled loci in the same population sample pairs were only modest increase 

compared to the sample pairs from different populations and species (Figure 1.2 

a, b and c); the raise of assembled loci in the later pairs reached plateau at n = 7. 
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Despite of modest increase in the number of loci, the proportion of polymorphic 

loci in the same population sample pair increased with the increase of n value; 

similar pattern in between populations and species pairs but the percentage of 

polymorphic loci in between species pairs peaked at n = 7. Surprisingly, the 

proportion of over merged loci did not increase along the increase of n which 

indicates that the over merged loci proportion might be only effected M 

parameter. 

 

4 Discussion 

RAD-seq is undoubted cost-effective and powerful tool for studying on non-

model species. However, the progress from raw RAD sequence reads to final 

dataset by filtering and assembling homologous sequences to loci is critical and 

sensitive to incorrect parameters in bioinformatics pipelines. Although the overall 

process is quite similar among the analyses pipeline, STACKS stands out as the 

most robust, adaptable and user driven pipeline (Shafer et al., 2017) where the 

loci assembly can be controlled by user with multiple parameters in several steps. 

First, in each sample, exactly matching reads are combined into putative alleles 

with scored by m and the sets have number of matching reads lower than me will 

be set aside as secondary reads. Then, putative alleles are matched against one 

another and merged into putative loci, this process is controlled by M. Once the 

loci are formed, secondary reads are aligned back against assembled loci with 

more relax mismatch limit to increase locus depth. Afterward, when loci in each 

samples are assembled, they are matched across samples to make a whole dataset 

catalog locus which is governed by n.  

As one main parameter of STACKS pipeline, choosing the suitable M 

needs to balance between similar thresholds and the output loci. When M is too 

low alleles from the same locus might not match and when it is too high, 

paralogous or repetitive loci will be incorrectly merged together. Consequently, 

when the alleles form same locus are not matched, the program will consider 
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them as independent loci; and the over merged loci will create the errant loci lead 

to false polymorphism. Therefore, due to the basic of M parameter depends on 

each species polymorphism, M is needed to be set particularly according to the 

target species. In my dataset, M = 4 was chosen, this value is also recommended 

and used in other researches (Catchen et al., 2013; Mastretta-Yanes et al., 2015; 

Paris et al., 2017). 

Further, Choosing the value for n involves a trade-off between setting it 

too low and failing to match homologous loci in different samples into the same 

catalog locus, and setting n too high and collapsing different loci into the fail 

catalog locus. The value of n is usually recommended to be equal with M or M+1 

(Catchen et al., 2013; Rochette & Catchen, 2017); however, this value might be 

suitable for target group with low genetic divergence. Even thought, Paris et al. 

(2017) suggested to use fixed difference in loci between individuals to choose 

optimized value for n in their most recent research on exploring parameters for 

STACKS pipeline, they fail to determine n based on that but used number of loci 

instead. The higher value for n can be used for the target group with high level of 

genetic polymorphism (Trucchi et al., 2014). In my dataset, the optimized n was 

chosen as 7 which is higher than normal but it is acceptable due to high genetic 

divergence among my target species (Grismer et al., 2014; Trucchi & Robin 

Cristofari, 2014).   
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Tables and Figures 

Table 1.1 Specimen collection and primers for mitochondrial ND2. 

Species Location Coordinate 
Sample 

size 
Primers 

C. nuicamensis NuiCam Hill 10°29'22.2"N 104°59'18.6"E 10 L4421 & H5540 

C. nuicamensis NuiDai Hill 10°27'59.5"N 104°55'25.5"E 10 L4421 & H5540 

C. nuicamensis NuiKet Hill 10°36'32.3"N 105°00'04.9"E 10 L4421 & H5540 

C. tucdupensis TucDup Hill 10°22'47.5"N 104°57'52.5"E 15 L4421 & H5934 

C. aurantiacopes HonDat Hill 10°06'51.0"N 104°53'25.7"E 16 L4421 & H5540 

C. caudanivea HonTre Island 9°57'42.2"N 104°50'36.4"E 12 L4421 & H5540 
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Table 1.2 Three main parameters in STACKS; the STACKS component program 

that uses the parameters; a description of what each parameter controls and the 

test value used in parameter exploring 

Parameter 
STACKS 

component 
Description 

Test 

value 

m ustacks 
Minimum number of raw reads required to form a stack (a 

putative allele) 
2 

M ustacks 
Number of mismatches allowed between stacks (putative 

alleles) to merger into a putative locus 
1-8 

n cstacks 
Number of mismatches allowed between stacks (putative 

locus) to merger into a catalog locus 
4-12 
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Table 1.3_a Detailed information of RAD sequences after quality controlling by 

‘process_radtags.pl’ package from each sample of library 1. 

 

Total Sequences 91,907,598 

Ambiguous Barcodes 9,173,364 

Low Quality 5,796,904 

Ambiguous RAD-Tag 51,619 

Retained Reads 76,885,711 

 

Sample_ID Species (population) Barcode 
Total RAD-

tags 

No Rad-tag 

Reads 

Low Quality 

Reads 

5251 C. nuicamensis (NuiCam) CAGCAT 2,684,844 1,228 209,018 

5252 C. nuicamensis (NuiCam) TAATCC 1,762,512 10,493 127,333 

5253 C. nuicamensis (NuiCam) GCAGTT 1,050,606 908 80,653 

5254 C. nuicamensis (NuiCam) CCTGAA 5,008,536 1,476 358,387 

5255 C. nuicamensis (NuiCam) AAGCGA 4,074,638 1,618 322,109 

5259 C. nuicamensis (NuiCam) AACTTA 6,844,580 2,032 437,980 

5260 C. nuicamensis (NuiCam) GTTCCT 144,684 437 9,175 

5261 C. nuicamensis (NuiCam) CTAATA 7,008,196 2,106 452,763 

5262 C. nuicamensis (NuiCam) CCGAAT 2,510,948 1,645 187,749 

5265 C. nuicamensis (NuiCam) CTTGTA 6,050,912 1,655 328,442 

5301 C. tucdupensis CCCTCG 5,056,472 4,012 450,113 

5302 C. tucdupensis ACTGAC 5,344,166 2,297 384,897 

5304 C. tucdupensis GTGACT 395,888 1,250 26,537 

5305 C. tucdupensis ACTAGC 4,258,214 1,839 311,267 

5306 C. tucdupensis CGACTA 3,423,812 1,032 248,199 

5307 C. tucdupensis GTGAGA 2,039,654 834 139,026 

5309 C. tucdupensis AATCTA 3,482 25 2,189 

5310 C. tucdupensis CAAGCT 62 1 46 

5311 C. tucdupensis CTCTCA 1,222 2 374 

5312 C. tucdupensis ACTCCT 462 40 197 

5283 C. aurantiacopes GATCAA 1,604 6 573 

5285 C. aurantiacopes GGCTTA 842 4 310 

5286 C. aurantiacopes GTGGAA 602 4 283 

5287 C. aurantiacopes AAATGA 4,764 13 3,538 

5288 C. aurantiacopes GGGTAA 1,965,854 1,297 137,610 

5289 C. aurantiacopes CGTCAA 2,237,834 1,050 157,639 

5290 C. aurantiacopes GTTGCA 2,744,786 1,395 191,388 

5291 C. aurantiacopes TCCATA 3,241,252 1,583 214,996 

5553 C. caudanivea CTCACT 789,760 2,048 54,630 

5554 C. caudanivea ACTCGA 3,294,040 1,085 224,651 

5555 C. caudanivea GTTCGA 1,206,634 375 83,315 

5556 C. caudanivea ATATAC 9,582,372 7,829 651,517 
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Table 1.3_b Detail information of RAD sequences after quality controlling by 

‘process_radtags.pl’ package from each sample of library 2. 

 

Total Sequences 111,538,746 

Ambiguous Barcodes 11,627,766 

Low Quality 6,959,886 

Ambiguous RAD-Tag 60,977 

Retained Reads 92,890,117 

 

Sample_ID Species (population) Barcode 
Total RAD-

tags 

No Rad-tag 

Reads 

Low Quality 

Reads 

20099 C. nuicamensis (NuiDai) CAGCAT 1,645,892 525 138,610 

20100 C. nuicamensis (NuiDai) TAATCC 1,562,900 10,351 115,190 

20101 C. nuicamensis (NuiDai) GCAGTT 1,203,148 811 92,909 

20102 C. nuicamensis (NuiDai) CCTGAA 4,170,774 1,075 301,219 

20103 C. nuicamensis (NuiDai) AAGCGA 3,158,492 1,060 246,646 

20104 C. nuicamensis (NuiDai) AACTTA 6,574,448 1,684 428,960 

20105 C. nuicamensis (NuiDai) GTTCCT 94,474 246 6,583 

20106 C. nuicamensis (NuiDai) CTAATA 6,238,534 1,534 417,981 

20108 C. nuicamensis (NuiDai) CCGAAT 2,217,300 1,490 166,476 

20109 C. nuicamensis (NuiDai) CTTGTA 4,867,606 981 266,293 

20110 C. nuicamensis (NuiKet) CCCTCG 4,331,162 2,459 378,369 

20111 C. nuicamensis (NuiKet) ACTGAC 4,348,118 1,631 314,440 

20112 C. nuicamensis (NuiKet) GTGACT 364,742 1,129 24,733 

20113 C. nuicamensis (NuiKet) ACTAGC 4,333,780 2,310 319,954 

20114 C. nuicamensis (NuiKet) CGACTA 3,210,670 1,346 236,711 

20115 C. nuicamensis (NuiKet) GTGAGA 2,060,024 759 136,540 

20116 C. nuicamensis (NuiKet) AATCTA 5,591,678 2,585 360,707 

20117 C. nuicamensis (NuiKet) CAAGCT 26,204 146 2,134 

20118 C. nuicamensis (NuiKet) CTCTCA 4,636,188 1,203 295,437 

20119 C. nuicamensis (NuiKet) ACTCCT 75,648 301 5,625 

HT1 C. caudanivea GATCAA 3,183,376 1,091 212,121 

HT2 C. caudanivea GGCTTA 2,299,510 754 161,879 

HT3 C. caudanivea GTGGAA 1,171,360 650 79,290 

HT4 C. caudanivea AAATGA 3,728,366 3,510 254,986 

20120 C. caudanivea GGGTAA 2,161,828 1,922 148,799 

20121 C. caudanivea CGTCAA 1,816,302 3,136 129,335 

20122 C. caudanivea GTTGCA 2,442,040 2,553 172,102 

20128 C. caudanivea TCCATA 4,898,896 2,140 329,212 

5251* C. nuicamensis (NuiCam) CTCACT 1,748,144 4,180 121,818 

5301* C. tucdupensis ACTCGA 3,021,406 1,132 208,122 

5283* C. aurantiacopes GTTCGA 1,445,450 464 97,479 

5553* C. caudanivea ATATAC 11,282,520 5,819 789,226 

 

  

 



12 

Table 1.3_c Detail information of RAD sequences after quality controlling by 

‘process_radtags.pl’ package from each sample of library 3. 

 

Total Sequences 57,163,960 

Ambiguous Barcodes 4,431,446 

Low Quality 2,173,682 

Ambiguous RAD-Tag 25,152 

Retained Reads 50,533,680 

 

Sample_ID Species (population) Barcode Total RAD-tags 
No Rad-tag 

Reads 

Low Quality 

Reads 

5253* C. nuicamensis (NuiCam) CAGCAT 949,830 671 51,324 

5260* C. nuicamensis (NuiCam) TAATCC 7,153,564 3,955 249,101 

5285* C. aurantiacopes GCAGTT 36,332 202 3,237 

5286* C. aurantiacopes CCTGAA 460,518 267 18,689 

5304* C. tucdupensis AAGCGA 7,772 44 304 

5309* C. tucdupensis AACTTA 1,973,316 1,191 80,098 

5310* C. tucdupensis GTTCCT 1,924 24 77 

5311* C. tucdupensis CTAATA 2,770,882 3,393 107,192 

5312* C. tucdupensis CCGAAT 1,368,320 801 63,280 

20101* C. nuicamensis (NuiDai) CTTGTA 141,702 1,382 5,944 

20105* C. nuicamensis (NuiDai) CCCTCG 612,016 463 25,267 

20112* C. nuicamensis (NuiKet) ACTGAC 3,357,062 586 143,476 

20117* C. nuicamensis (NuiKet) GTGACT 1,283,660 461 59,470 

20119* C. nuicamensis (NuiKet) ACTAGC 5,216,184 1,481 224,652 

20163 C. aurantiacopes CGACTA 4,816 61 154 

20164 C. aurantiacopes GTGAGA 3,947,632 909 181,073 

20165 C. aurantiacopes AATCTA 178,492 393 8,669 

20166 C. aurantiacopes CAAGCT 2,980,202 2,040 100,360 

20167 C. aurantiacopes CTCTCA 4,182,282 1,588 186,840 

20168 C. aurantiacopes ACTCCT 1,900,482 1,427 80,881 

20169 C. aurantiacopes GATCAA 110,804 312 4,117 

20170 C. aurantiacopes GGCTTA 1,140,776 375 48,539 

20175 C. tucdupensis GTGGAA 861,604 312 37,637 

20176 C. tucdupensis AAATGA 787,996 187 31,056 

20177 C. tucdupensis GGGTAA 7,453,702 1,566 314,971 

20178 C. tucdupensis CGTCAA 3,678 27 148 

20179 C. tucdupensis GTTGCA 3,846,966 1,034 147,126 

 

* indicate for repeated samples. 
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Table 1.4 Sample pairs for de novo assemble. The numbers in the table are the 

batch identification number for each de novo assembled pair. 

Pop_id   tucdup hondat hontre nuicam nuidai nuiket 

  batch_id 5306 5305 5290 5291 5554 HT4 5262 5255 20103 20102 20114 20113 

tucdup 
5306                         

5305 1             Within population   

hondat 
5290 7                       

5291     2         Between species     

hontre 
5554 8   12                   

HT4         3      Between populations     

nuicam 
5262 9   13   16               

5255             4           

nuidai 
20103 10   14   17   19           

20102                 5       

nuiket 
20114 11   15   18   20   21       

20113                     6   
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Figure 1.1 Plots of output from “denovo_map.pl” runs with M=n setting and M 

value from 1 to 8.  
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Figure 1.2 Plots of output from “denovo_map.pl” runs with M=4 and n value 

from 4 to 12.  
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Chapter 2 

Historical demography of four gecko species specializing in 

boulder cave habitat  

 

Abstract 

Specialization in narrow ecological niches might not only help species to survive 

in competitive or unique environments but also contribute to their extermination 

over evolutionary time. Although the “evolutionary dead end” hypothesis has 

long been debated, empirical evidence from species with detailed information on 

niche specialization and evolutionary history is still rare. Here we used a group 

of four closely related Cnemaspis gecko species that highly depend on granite 

boulder caves in the Mekong Delta to illuminate the potential impact of 

ecological specialization on their evolution and population dynamics. Isolated by 

the unsuitable habitat of a flood plain, these boulder-dwelling geckos are among 

the most narrowly distributed Squamata species in the world. We applied several 

coalescence-based approaches combined with the RAD-seq technique to estimate 

their divergence times, gene flow and demographic fluctuations during the 

speciation and population differentiation processes. Our results showed long-

term population shrinkage in the four geckos and limited gene flow during their 

divergence. The results suggest that the erosion and fragmentation of the granite 

boulder hills have had great impacts on these populations’ divergences and 

population declines. We argue that the specialist gecko’s habitat specialization 

has facilitated the fine-scaled speciation in these granite rocky hills; in contrast, 

specialization might also have pushed these species toward the edge of extinction. 

Our study also emphasizes the conservation urgency of these vulnerable, cave-

dependent geckos. 

*This chapter had been published in Molecular Ecology Journal in 2019 (Nguyen 

et al. 2019). 
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1 Introduction 

Ecological specialization, the result of organisms’ adaptation to specific niches 

(Dennis, Dapporto, Fattorini, & Cook, 2011), has been argued to lead to an 

“evolutionary dead end” which, in turn, leads to extinction (Cope, 1896; Mayr, 

1963). One reason that specialists are predicted to have this fate is that species 

specializing in narrow niches might have more difficulty evolving to utilize 

broader niches than vice versa (Kozak & Wiens, 2006; Pyron, Costa, Patten, & 

Burbrink, 2015). Furthermore, specialists may be particularly vulnerable to 

habitat loss and fragmentation because they cannot survive without certain 

resources or environmental conditions (Hung, Drovetski, & Zink, 2017; Li, 

Jovelin, Yoshiga, Tanaka, & Cutter, 2014; Rooney, Wiegmann, Rogers, & 

Waller, 2004). The decrease of specialist species in an ecosystem can be a major 

threat to global biodiversity (Clavel, Julliard, & Devictor, 2011). However, 

comparative studies often fail to find higher extinction rates in specialists than 

generalists (Tripp & Manos, 2008; Day, Hua, & Bromham, 2016; Stern et al., 

2017). Therefore, whether ecological specialization determines the fate of a 

species is still controversial (Day, Hua, & Bromham, 2016; Stern et al. 2017). 

Ecological specialization and population history of extinct species are difficult to 

track, so examining the demographic history of extant specialist species over 

evolutionary time may provide fresh insight into the debate. Such research also 

has important applications to conservation. 

Cave-dwelling organisms represent the typical cases of extreme niche 

specialization because they have adapted to and can only survive in cave habitats 

(Stern et al., 2017). Although cave habitats are usually characterized by long-

term stable environmental conditions (such as light, temperature and humidity), 

they tend to have small space and limited carrying capacity (Culver, 1982; Culver 

& Pipan, 2009), which can lead to low effective population sizes of species that 

specialize in such habitats. Most cave-dependent species are also characterized 
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by poor dispersal capacity, which makes them even more vulnerable to habitat 

degradation or disconnection between populations (Hoehn, Sarre, & Henle, 2007; 

Louy et al., 2007; Öckinger et al., 2010). Cave-dependent species’ tendency 

towards small effective population size and vulnerability to habitat fragmentation 

make them less tolerant to human disturbances, and thus they face a higher risk 

of extinction than specialists in other types of habitats (Buhay, Moni, Mann, & 

Crandall, 2007; Niemiller et al., 2013). 

An evolutionary trend towards more specialization has been reported in 

many groups of lizard (Goodman, Mile, & Schwarzkopf, 2008; Wollenberg, 

Wang, Glor, & Losos, 2013; Kamath & Losos, 2017). Across South East Asia, 

the rock gecko genus Cnemaspis consists of highly diverse species, some of 

which are habitat specialists with restricted distribution ranges (Grismer et al., 

2014). In the Mekong Delta, Southern Vietnam, there are four closely related 

Cnemaspis species (i.e., C. nuicamensis, C. tucdupensis, C. caudanivea and C. 

aurantiacopes) distributed only in several small, isolated rocky hills (Grismer et 

al., 2014; Grismer & Ngo, 2007) (Figure 2.1; see electronic supplementary 

material for details). These hills are in close proximity to one another, separated 

merely by a geographic distance of 1.66 to 30.99 km and consisting of “intrusive 

rocks” generated by volcanic eruptions 70 million years ago (Hilde & Engel, 

1967; Nguyen, Ta, & Tateishi, 2000). After weathering and leaching for millions 

of years, the original mountains disintegrated into tiny hills stacked by numerous 

granite rocks (Kiernan, 2011). Numerous boulder caves have formed in the tiny 

hills among the rocks, providing a unique habitat for the geckos. To the best of 

our knowledge, some of these taxa are among the most narrowly distributed 

Squamata in the world, such as C. caudanivea (3.103 km2) and C. aurantiacopes 

(0.491 km2).  

These geckos also provide a unique system to test the effect of 

environmental isolation in the speciation processes. With highly specialized 

limbs and claws adapted for the surface of granite rocks, the gecko species are 
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unlikely able to utilize the surrounding flooding plain in the Mekong Delta. 

Despite the short geographic distance between the rocky hills, the ecological 

niche conservatism of the geckos might limit their movement between 

populations isolated by unsuitable habitats and thus cause population 

differentiation and eventually lead to speciation (Wiens & Graham, 2005; Pyron, 

Costa, Patten, & Burbrink, 2014). Even if the ecological barrier is not as strong 

as typical geographic barriers (e.g., ocean), speciation might still occur with low 

levels of gene flow (Lee & Lin, 2012; Chu et al., 2013; Nadachowska-Brzyska et 

al., 2013; Leaché, Harris, Rannala, & Yang, 2014). Thus, we are interested in 

examining the impact of gene flow on their population differentiation and 

speciation processes. 

Estimation of population dynamics and gene flow among the cave-

dependent gecko populations and species is critical to understanding their 

evolutionary history and predicting their fate. The advances in coalescence-based 

approaches make it possible to estimate multiple population parameters such as 

effective population size, gene flow and divergence time in one single model 

(Luikart, England, Tallmon, Jordan, & Taberlet, 2003; Ferchaud & Hansen, 

2016). However, such complex models are generally data-hungry (Kuhner, 2008; 

Camargo, Avila, Morando, & Sites, 2012). Restriction site associated DNA 

sequencing (RAD-seq) can provide a large amount of genetic data for non-model 

species (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016; Baird et al., 2008) 

and thus has become a powerful tool for investigating the demographic history 

of species based on coalescence models.  

In this study, we will examine the effect of habitat-specialization on the 

evolution of the geckos using phylogenetic and population genetic analyses based 

on RAD-seq data. Firstly, we will reveal the phylogenetic relationship and 

population structure of these geckos. Secondly, we will estimate the divergence 

times and gene flow among species and populations. We expect low levels of 

gene flow among the gecko populations if the flooding plain surrounding their 
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rocky hill habitat forms a strong barrier to their dispersal. Finally, we will 

estimate effective population size change for each species and population. 

Understanding the demographic responses of the specialist species to the habitat 

fluctuation and fragmentation is critical to test the “evolutionary dead end” 

hypothesis for their ecological specialization and assess their conservation status. 

 

2 Materials and Methods 

2.1 Sampling and laboratory procedures 

The sampling and RAD-seq libraries preparation had been presented in Chapter 

1. The three genomic libraries generated ~260 million raw sequence reads. To 

optimize the number of shared loci by all samples, we only used samples that had 

more than one million filtered reads for downstream analyses (Table 1.2). 

Consequently, 61 individuals with an average of 3.6 million reads per individual 

(~220 million reads) were used for the following analyses. 

To obtain mitochondrial DNA sequences for molecular clock estimation, 

every sample was also amplified for NADH dehydrogenase subunit (ND2, 

1,041bp) using primer combinations of L4421 and H5934a for C. tucdupensis, 

and of L4421 and H5540 for other species (Macey et al., 1999) (Table 1.1). All 

PCR products were sequenced in both directions by Genomics BioSci & Tech 

Corp. (Taipei, Taiwan). Sequences were assembled and checked using 

SEQUENCHER 4.9 (GeneCodes) and aligned using CLUSTALW (Thompson, 

Higgins, & Gibson, 1994) implemented in MEGA 6 (Tamura, Stecher, Peterson, 

Filipski, & Kumar, 2013).  

 

2.2 De novo locus assembly 

From the results of the process of parameters selection for de novo locus 

assembly in Chapter 1, I ran the “denovo_map.pl” script with the parameter 

setting of -m = 2, -M = 4, -n = 7. I then used the “populations.pl” script from 

STACKS to generate output datasets based on data filtering parameters: -r (the 
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minimum percentage of individuals in a population required to process a locus), 

-p (the minimum number of populations a locus must be present in) and -m (the 

minimum stack depth at a locus for an individual genotype call). I changed the 

above filtering parameters to generate suitable output datasets for different 

downstream analyses (see electronic supplementary material for details). 

Although RAD-seq is a low-cost and powerful approach to obtain genome-

wide sequence data for non-model organisms, the method still encounters several 

limitations, among which allele dropout (ADO) caused by polymorphisms within 

the restriction sites could be the most problematic (Andrews, Good, Miller, 

Luikart, & Hohenlohe 2016; Davey et al., 2013; Gautier et al., 2013). The impact 

of ADO increases with the length of the restriction site motifs and polymorphism 

density, but remains low when the mutation rate of sequences is as low as 10-8 – 

10-9 per nucleotide (Gautier et al., 2013). In our study, the bias introduced by 

ADO is expected to be low because of the 4-base motif enzyme MseI and low 

mutation rate (2.5 ×10-10 per nucleotide, see details below). Furthermore, Cariou, 

Duret, and Charlat (2016) suggest that the ADO-associated bias is minimal when 

the genome-wide diversity of targeted species is below 2%, which is a range of 

diversity often found in animals including reptiles (Romiguier et al., 2014). 

Therefore, we believe that our analyses are not significantly influenced by the 

ADO-associated bias. 

 

2.3 Phylogenetic analyses 

We used RAXML v.8.2.4 (Stamatakis, 2014) to infer the maximum likelihood 

phylogeny for all four Cnemaspis species based on the RAD loci. We chose the 

GTR + γ substitution model (ASC_GTRGAMMA) with acquisition bias 

correction (--asc-corr = lewis) and performed 100 rapid bootstrap replicates. 

Different missing data criteria (40%, 50% and 60%) were used to examine the 

effect of missing data on phylogeny topology (Leaché, Banbury, Felsenstein, De 

Oca, & Stamatakis, 2015). That is, we used the “populations.pl” script of STACKS 
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to export datasets with SNPs called from at least 36, 30 and 24 individuals, 

respectively (see electronic supplementary material for details). We rooted the 

phylogenetic trees by choosing C. aurantiacopes as the outgroup (Grismer et al., 

2014).  

 

2.4 Population structure  

STRUCTURE version 2.3.4 (Pritchard, Stephens, & Donnelly, 2000) was used to 

infer population structure and identify genetic mixture among all four Cnemaspis 

species and among the intra-specific populations of C. nuicamensis. We 

implemented the admixture ancestry model, exploring values of K = 1 to 10 with 

10 iterations per K value. Each run consisted of 200,000 generations following a 

burn-in of 100,000 generations. The methods of Evanno, Regnaut, & Goudet 

(2005) implemented in STRUCTURE HARVESTER (Earl & vonHoldt, 2012) were 

utilized to determine the most likely K value. Iterations of the optimal K value 

were combined by CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007) and 

displayed by DISTRUCT version 1.1 (Rosenberg, 2004). To avoid closely linked 

(i.e., non-independent) SNPs, we used only a single SNP from each RAD locus 

for the STRUCTURE analysis. For the four-species analyses, we used 1,030 SNPs, 

which were genotyped in at least four individuals for each population, and each 

SNP had minimum three reads per individual (see electronic supplementary 

material for details). To examine potential genetic differentiation among the 

populations of C. nuicamensis, we used 2,673 SNPs (see electronic 

supplementary material for details), which were genotyped in at least five 

individuals for each population, and each SNP had minimum three reads per 

individual. Because the dataset with SNPs from all variant loci contained a large 

number of SNPs with low frequencies, we set the allele frequency prior (λ) as the 

one estimated for each dataset in runs with K = 1 (λ = 0.5912 and 0.7704 for the 

1,030 SNPs and 2,673 SNPs datasets, respectively), per the STRUCTURE manual. 
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2.5 Demographic history 

We used the GENERALIZED PHYLOGENETIC COALESCENT SAMPLER (G-PHOCS) 

version 1.2.3 (Gronau, Hubisz, Gulko, Danko, & Siepel, 2011), a coalescence-

based program built on the isolation with migration model, to estimate 

substitution rate (µ) scaled demographic parameters: divergence times (τ), 

effective population sizes (θ) and migration rates (M). Based on the phylogenetic 

tree topology, we set the initial models to include four species and all possible 

migration bands among species. The estimated divergence time between C. 

caudanivea and the common ancestor of C. nuicamensis and C. tucdupensis 

overlapped with that between C. aurantiacopes and the common ancestor of the 

three other species (result not shown). This indicates that the early divergence 

history among the species complex might be reticulate. Given that we mainly 

focused on the migration between the two sister species C. nuicamensis and C. 

tucdupensis, we set G-PHOCS models for two combinations of samples with 

different outgroups to reduce the number of model parameters. The first model 

(abbreviated as AB-C) included C. nuicamensis (A), C. tucdupensis (B) and C. 

caudanivea (C) and the second model (abbreviated as AB-D) included A, B and 

C. aurantiacopes (D) (see electronic supplementary material for details). 

Considering the distinct population structure in C. nuicamensis, four samples 

from each of their three populations (see Results for details) were included in the 

analyses. The final dataset contained 3,104 RAD loci and data from at least four 

individuals for each species (see electronic supplementary material for details). 

We first evaluated four alternative scenarios (see electronic supplementary 

material for details) for each combination: bidirectional gene flow between any 

two species, and bidirectional gene flow between the C. nuicamensis and C. 

tucdupensis’ common ancestor and the corresponding outgroup.  

To further investigate the detailed migration levels among the C. 

nuicamensis populations and C. tucdupensis, we used a model (A1A2A3-B) 

including only the two species, with the former divided into three allopatric 
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populations (see Results for details). A total of five preliminary scenarios (see 

electronic supplementary material for details) were conducted, with a pair of 

migration bands between one of the C. nuicamensis populations (A1, A2 and A3) 

and C. tucdupensis (B), or between one of the common ancestors of these 

populations (A1A2 and A1A2A3) and C. tucdupensis. We used sequence data from 

1,448 RAD loci, which were genotyped in five to twelve individuals from each 

population (see electronic supplementary material for details). A gamma 

distribution was applied to all models: for both τ and θ, we used α = 0.002 and β 

= 0.00001; for m, we used α = 1 and β = 10. For each run, we conducted 500,000 

iterations with a sampling interval of 9 iterations and checked if there was any 

significant migration. All significant migration bands from the five preliminary 

scenarios were included into the final model. The final model was conducted with 

500,000 iterations for two independent runs to check for convergence and for 

sufficient effective sample sizes (ESS; > 200) for all parameters. TRACER v1.6 

(Rambaut, Suchard, Xie, & Drummond, 2014) was used to discard the first 10% 

as burn-in and access convergence for each run. We inferred the total migration 

(mtot) by multiplying migration rates (M) by the time span of the migration band 

(τm): mtot = M × τm (Freedman et al., 2014). A significant level of gene flow was 

concluded if the 95% Bayesian credible interval (CI) of mtot did not include zero, 

or if mtot was greater than 0.03. We used the equation T = τ/µ to convert divergent 

time (τ) to years. We estimated effective population size (Ne) based on the 

equation θ = 4Neµg, where g was the average generation time assumed as one 

year and µ was estimated empirically (see details below).  

We did not have fossils to calibrate divergence times, so instead we 

estimated the average RAD-seq substitution rates based on published 

mitochondrial (mtDNA) substitution rates. The mtDNA substitution rates of 

other geckos were estimated between 0.57% and 1.55% per million year (Myr-1) 

(Macey et al., 1999; Siler et al., 2012), and thus we assumed a rate of 1.06% Myr-

1 (the mean of 0.57% and 1.55%) for the mtDNA of the study species. Genetic 
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distances (Dxy) between C. caudanivea and C. tucdupensis and between C. 

caudanivea and the populations of C. nuicamensis across the RAD-seq loci were 

calculated using the R script (Alexander, 2017; fst_dxy; 

https://github.com/laninsky/fst_dxy), and those of mtDNA were calculated using 

DNASP version 5 (Librado & Rozas, 2009). The ratio of the Dxy values of RAD 

loci to those of mtDNA sequences was used to estimate the average substitution 

rate of RAD-seq loci as 0.025% Myr-1 for demographic parameter conversion.  

 

2.6 Gene flow among C. nuicamensis populations 

The program G-PHOCS cannot accurately distinguish the effects of gene flow and 

incomplete lineage sorting in population structure, so we used the coalescent-

based MIGRATE-N version 3.6.11 (Beerli & Palczewski, 2010) to estimate the 

levels of gene flow among C. nuicamensis populations. The dataset included 346 

RAD-seq loci, which were genotyped in six to ten individuals for each population 

(see electronic supplementary material for details). We applied the Bayesian 

inference strategy and thermodynamic integration of four chains with a static 

heating swap scheme based on recommended temperatures (1.0, 1.5, 3.0 and 

1x106), and ran 10 replicates for each locus with the auto-tune option. The initial 

parameter values for θ and M were generated using the in-built Fst calculations 

of the program. We sampled every 100 steps for each locus to obtain 50,000 

samples per chain with the first 1,000,000 steps of each chain discarded as burn-

in. Similar to G-PHOCS, MIGRATE-N estimated the effective population size (θ = 

4Neµg) for each of the three populations and the migration rate (M = m/µ, m is 

the migration rate between populations per generation) between each pair of 

populations. Thus, we calculated the effective number of migrations per 

generation (Nm) using the equation Nmj→I = (θi x Mj→i)/4. 

 

2.7 Effective population size changes 

 

https://github.com/laninsky/fst_dxy
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An independent estimate of effective population fluctuations was performed 

using an extended Bayesian skyline plot (EBSP) model implemented in BEAST 

2 (Bouckaert et al., 2014) based on the protocol of Trucchi and colleagues (2014). 

Based on the high divergence among the three intraspecific populations, C. 

nuicamensis was treated as three independent taxa in the EBSP analyses. The 

dataset for each population included RAD-seq loci, which were sequenced for at 

least 70% of individuals from the population and contained more than 3 SNPs 

per locus (see electronic supplementary material for details), and the ND2 

sequences. We reduced the parameters of the EBSP model by linking site 

substitution model in each locus class, using the HKY model with empirical base 

frequencies, and allowing for rate variation in four discrete gamma categories. 

Kappa values were linked across site models to alleviate computational load. 

Each run was carried out with 500 million MCMC steps, trace was sampled every 

10,000 steps and EBSP was sampled every 5,000 steps. We used the same 

substitution rate of ND2 as that used in the G-PHOCS analyses. 

 

3 Results 

3.1 De novo locus assembly  

De novo assemblies results 4,474,115 loci with a total of 11,020,361 SNPs. We 

generated the input datasets for different downstream analyses from the de novo 

assembled loci by changing the -p, -r and -m parameters of the “populations.pl” 

script. The input datasets chosen depended on the trade-off between the numbers 

of loci included and computing time required for each analysis (see electronic 

supplementary material for details). 

 

3.2 Phylogenetic relationship  

Phylogenetic analyses using RAD-seq datasets with 40%, 50%, and 60% missing 

data revealed the same tree topology, which was consistent with a previous study 

(Grismer et al., 2014; Figure 2.1a). C. aurantiacopes was the most basal clade in 
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the tree, in which C. nuicamensis and C. tucdupensis were sister species and 

formed a monophyletic group with C. caudanivea. The phylogenetic tree also 

revealed three strongly supported, allopatric clades within C. nuicamensis in the 

NuiKet, NuiCam and NuiDai hills, respectively.  

 

3.3 Population structure 

The STRUCTURE analyses showed that a model of four clusters (K = 4) was the 

most likely structure for the dataset that included all four Cnemaspis species (ΔK 

= 2977.47 when K = 4; see electronic supplementary material for details). The 

four clusters were consistent with the named species and individual samples were 

assigned to the corresponding clusters with probabilities of 0.997 or greater 

(Figure 2.2a).  

The STRUCTURE analyses with the dataset containing only C. nuicamensis 

samples had the highest support for a model of three clusters (ΔK = 2962.36 when 

K = 3; see electronic supplementary material for details), which corresponded to 

the three allopatric populations (in the NuiCam, NuiDai, and NuiKet hills) with 

all individuals being assigned to the corresponding clusters with probabilities of 

1.000 (Figure 2.2b). In the second-best model of K = 2 (1693.7), one cluster 

contained all samples from the NuiKet hill and the other included samples from 

the NuiCam and NuiDai hills; the individual assignment probabilities were all 

1.000 (see electronic supplementary material for details). 

 

3.4 Demographic histories of the four species  

The G-PHOCS analyses based on the AB-C model showed that there were 

detectable levels of gene flow from C. nuicamensis to C. tucdupensis (mean = 

9.550%, 95% CI = 7.858 – 11.259%), and from C. tucdupensis to C. caudanivea 

(mean = 1.350%, 95% CI = 0.111 – 2.823%; Figure 2.3a & 2.3c; see electronic 

supplementary material for details). The AB-D model showed detectable levels 

of gene flow from C. nuicamensis to C. tucdupensis (mean = 9.622%, 95% CI = 
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7.124 – 12.124%), from C. nuicamensis to C. aurantiacopes (mean = 2.188%, 

95% CI = 0.886 – 3.574%) and from C. tucdupensis to C. aurantiacopes (mean 

= 5.814%, 95% CI = 3.425 – 8.268%; Figure 2.3b & 2.3c; see electronic 

supplementary material for details). 

The G-PHOCS analyses could not estimate divergence times precisely 

enough to solve the trifurcating relationships among C. aurantiacopes, C. 

caudanivea and the common ancestor (AB) of C. nuicamensis and C. tucdupensis 

(Figure 2.3). We found that the divergence time between C. caudanivea and AB 

(mean = 16.28 MYA, 95% CI = 14.85 – 17.78 MYA) highly overlapped with that 

between C. aurantiacopes and AB (mean = 14.90 MYA, 95% CI = 13.63 – 16.19 

MYA) (see electronic supplementary material for details). In addition, the two 

models (AB-C and AB-D) showed similar estimated divergent times between C. 

nuicamensis and C. tucdupensis (AB-C: mean = 9.82 MYA, 95% CI = 8.97 – 

10.59 MYA; AB-D: mean = 10.02 MYA, 95% CI = 9.16 – 10.89 MYA; see 

electronic supplementary material for details).  

In both models, the common ancestors of all studied species showed the 

largest Ne (NeABC = 6.03 million, 95% CI = 5.39 – 6.64 million; NeABD = 5.79 

million, 95% CI = 5.23 – 6.36 million). The Ne of the current species were 

generally smaller than those of their common ancestors (C. nuicamensis: NeA = 

2.96 or 2.99 million, 95% CI = 2.83 – 3.09 million or 2.86 – 3.12 million; C. 

tucdupensis: NeB = 1.82 million, 95% CI = 1.72 – 1.91 million or 1.72 – 1.92 

million; C. caudanivea: NeC = 1.16 million, 95% CI = 1.07 – 1.23 million; C. 

aurantiacopes: NeD = 0.83 million, 95% CI = 0.75 – 0.9 million; see electronic 

supplementary material for details), suggesting long-term trends towards 

population decline along the speciation process.  

 

3.5 Demographic histories of C. nuicamensis populations and C. tucdupensis  

The G-PHOCS model (A1A2A3-B) showed no significant level of gene flow 

among the three C. nuicamensis populations and C. tucdupensis (Figure 2.4a). 
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The mean values of total migration rate from all estimates were smaller than 0.03 

and the lower bounds of the 95% CIs approximately equaled to zero (see 

electronic supplementary material for details). However, the migration among the 

three populations of C. nuicamensis estimated by MIGRATE-N showed detectable 

levels of bidirectional migration (Nm > 1) among the three C. nuicamensis 

populations (Figure 2.4b, and see electronic supplementary material for details). 

C. tucdupensis and C. nuicamensis diverged in approximately the late 

Miocene (mean = 7.018 MYA, 95% CI = 6.392 - 7.674 MYA). Divergence 

among the three C. nuicamensis populations started from late Pliocene to early 

Pleistocene. The NuiKet hill population was separated from ancestors of the 

NuiDai and NuiCam hill populations around 2.750 MYA (95% CI = 2.444 - 3.073 

MYA), and the latter two populations split around 2.518 MYA (95% CI = 2.252 

- 2.774 MYA; Figure 2.4a, and see electronic supplementary material for details).  

The Ne of C. nuicamensis and C. tucdupensis’ common ancestor (NeAB = 

4.50 million, 95% CI = 4.08 – 4.93 million) was the highest of all estimated Ne 

in the A1A2A3-B model. In addition, all the current populations showed lower Ne 

compared to their ancestors. This result indicates that these taxa experienced 

population decline along their divergence history (Figure 2.4; and see electronic 

supplementary material for further details), consistent with the patterns found in 

the AB-C and AB-D models. The θ values estimated by MIGRATE-N represented 

the relative magnitudes of effective population sizes and showed the trend θA1 > 

θA2 > θA3, congruent with the G-PHOCS estimates (see electronic supplementary 

material for details).  

 

3.6 Population fluctuations 

The EBSP analyses revealed that C. tucdupensis, C. aurantiacopes, and C. 

caudanivea all show a common pattern of population shrinkage across geologic 

history (Figure 2.5). The effective population sizes of C. tucdupensis and C. 

caudanivea have been shrinking since 1 MYA, while C. aurantiacopes 
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experienced a population expansion before 2 MYA, and started to shrink 2 MYA. 

All three C. nuicamensis populations have shown dramatic population declines 

in the last one to two million years (Figure 2.5). 

 

4 Discussion 

4.1 Specialization leads to population shrinkage 

Studies that debate on the “evolutionary dead end” hypothesis of specialization 

often base their points on phylogenetic comparative analyses (Kelley & Farrell, 

1998; Tripp & Manos, 2008; Day, Hua, & Bromham, 2016; Stern et al., 2017). 

Several studies reject the hypothesis because they find similar speciation or 

extinction rates between specialist and generalist taxa (Tripp & Manos, 2008; 

Day, Hua, & Bromham, 2016; Stern et al., 2017). In contrast, discussions based 

on population genetic analyses are comparatively rare. Our results provide a 

novel case intimating how ecological specialization renders species endangered 

from a phylogeographic perspective.  

Several lines of evidence from our analyses support the hypothesis that 

specialists are highly vulnerable to environmental changes over geologic time. 

Firstly, all of the four species studied have experienced continuous population 

shrinkages during the last one or two million years (Figure 2.5). Most of their Ne 

started to decrease from 1 MYA, except for C. aurantiacopes, which began to 

decline earlier (~ 2 MYA). This phenomenon has rarely been found in other 

amphibians or reptiles at a similar latitude (Lukoschek, Waycott, & Marsh, 2007; 

Measey & Tolley, 2011; Parra-Olea, Windfield, Velo-Antón, & Zamudio, 2012; 

Prado, Haddad, & Zamudio, 2012). Secondly, the Ne of descendant species and 

populations are always smaller than their ancestors (Figure 2.3 and Figure 2.4). 

The pattern suggests a long-term, gradual fragmentation of their habitats.  

The trend towards population decline is likely caused by the continuous 

decrease of rocky habitat in this area. Similar to karst topography, these granite 

rock hills have been gradually collapsing due to climate weathering and erosion 
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(Kiernan, 2011). The geckos we studied in this region live exclusively on rocks 

and cannot utilize other types of habitats. In the past millions of years, most parts 

of the Mekong Delta region have experienced rapid changes in many aspects, 

including fluctuations in sea water level (Woodruff, 2010; Zhong, Geng, Wong, 

Ma, & Wu, 2004), shifts in the Mekong River’s course (Attwood & Johnston, 

2001), and the accumulation of Cenozoic deposits (Métivier, Gaudemer, 

Tapponnier, & Klein, 1999; Tran, 1995). In contrast, the rocky hills are the only 

place that has maintained environmental stability over geologic time. However, 

the relatively stable environment and its continuously shrinking area has also 

confined the geckos to rocky “islands” and caused their populations to decrease 

with the rocky areas.  

 

4.2 Strong isolation has facilitated speciation among habitat islands 

In spite of the contribution to long-term population shrinkage, habitat 

specialization may also play a critical role in facilitating differentiation among 

populations. Among a total of 55 species in Cnemaspis, there are more than 30 

rocky habitat specialists, most of which are strictly distributed (Grismer et al., 

2014; Grismer et al., 2015; Kurita et al., 2017; Wood Jr et al., 2017). In addition 

to Cnemaspis spp., several Cyrtodactylus spp. geckos also occupy these tiny hill 

patches in the Mekong Delta; all of them show extremely limited distributional 

ranges (Grismer et al., 2015). These observations suggest that the surrounding 

unsuitable habitats limit the dispersal of specialist geckos, which are isolated in 

their “habitat islands” even without rising of the sea level. 

The majority of landscapes in the Mekong Delta are characterized by 

muddy flooding plains. Given the high level of habitat specialization on boulder 

rocky hills, the dispersal of Cnemaspis geckos is extremely limited, which was 

shown by the results of STRUCTURE analyses with no recent migration among the 

studied species and populations (Figure 2.2). Estimations from G-PHOCS further 

reveal that these species have diverged with negligible levels of gene flow except 

 



32 

for that between C. nuicamensis and its sister species C. tucdupensis (Figure 2.3). 

However, although the gene flow averaged across the entire divergence process 

between these two species (~ 9 – 10 MY to the present time) is not trivial, there 

was no significant level of gene flow found between C. tucdupensis and each of 

the C. nuicamensis populations (Figure 2.4a). The results suggest that the overall 

migration rates among the four sibling gecko species are low.  

Interestingly, these limited levels of gene flow show a congruent direction 

from inland and upstream taxa toward island and downstream ones (Figure 2.3c). 

Ancient channels existed across the distributed ranges of these geckos, which 

may represent the past courses that the Mekong River took (Attwood & Johnston, 

2001; Hutchison, 1989; Nguyen, Ta, & Tateishi, 2000). The decrease in gene 

flow correlates with the increase in geographic distances (Figure 2.3c), indicating 

that this Cnemaspis group is incapable of dispersing long distances.  

The MIGRATE-N results show that migration among C. nuicamensis 

populations is detectable (Nm > 1) and symmetrical among these three 

populations (Figure 2.4), although the STRUCTURE results suggest no recent 

migration among these populations. These contrasting results between the 

STRUCTURE and MIGRATE-N analyses may present different phases of the whole 

divergence history among these populations. The STRUCTURE approach tends to 

show recent or ongoing gene flow, whereas the MIGRATE-N model assumes that 

separated taxa have reached equilibrium between mutation and gene flow and 

thus returns long-term average gene flow results between populations. The 

current habitats between the hills, where C. nuicamensis is distributed, are basal 

rocks covered by thick layers of mud. The basal rocks of this region are higher 

than other areas (e.g., the area between the NuiCam and TucDup hills; Balica, 

Dinh, Popescu, Vo, & Pham, 2014) (see electronic supplementary material for 

details), indicating that sediment from weathering or erosion between these C. 

nuicamensis populations’ rocky hills formed later than that between other species’ 

hills (Liu et al., 2007; Métivier et al., 1999; Tamura et al., 2009). Therefore, the 
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gene flow among the C. nuicamensis populations could be traced back to the 

period of time when their hills were still connected to one another and separated 

from other Cnemaspis species’ hills, but diminished as the hills fragmented to 

their current isolation status.  

 

4.3 Conservation implications  

Boulder caves generally fail to attract as much conservation attention as karst 

caves (Porembski, Seine, & Barthlott, 1997; Porembski & Barthlott, 2000; 

Twidale & Romani, 2005). However, some of such habitats may harbor high 

endemic levels of vertebrate fauna, like our case in the Mekong Delta. For 

example, the small TucDup hill (16.42 km2) contains three endemic geckos with 

extremely restricted distribution: Gekko vietnamensis (Nguyen, 2010), 

Cyrtodactylus grismeri (Ngo, 2008) and Cnemaspis tucdupensis. Our results 

further support the distinct taxonomic statuses of the two newly discovered 

populations of C. nuicamensis in the NuiDai and NuiKet hills, with 7.7% to 8.7% 

mitochondrial difference from that in the NuiCam hill (Grismer & Ngo, 2007). 

These three populations are in the ongoing process of speciation and will likely 

diverge to different species if their isolation lasts long enough. Our results explain 

why each isolated rocky hill can nurture unique gecko species that could be found 

nowhere else in the world.  

Despite this region’s faunal uniqueness and diversity, its biodiversity 

inventory is still incomplete (Grismer et al., 2015; Grismer & Ngo, 2007). 

Integrative practices, combining scientific research with suitable conservation 

managements, are desperately needed to protect this critically threatened habitat. 

In recent years, human activities such as mining, agriculture and tourism 

(Kiernan, 2010) have caused habitat degradation in these caves. Even though 

religious tourism tends to protect these areas from direct exploitation, some of its 

practices, such as cave modification, destructive rituals and littering, might 

seriously influence or even destroy this habitat. The last strike to these endemic 
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geckos might be threats from alien species highly associated with human 

activities, such as the notorious Hemidactylus spp. (Bauer, Jackman, Greenbaum, 

Giri, & de Silva, 2010; Williams, Pernetta, & Horrocks, 2016). Once introduced 

into these isolated and small habitats, they could become strong competitors to 

native species and lead to the latter’s extinction. Therefore, further studies on the 

ecology and behavior of these geckos are needed to evaluate their extinction risks 

under the impacts of human activities.  

 

4.4 Conclusion 

We use the above results to conclude that the extremely high specialization of 

these cave-dependent Cnemaspis species has contributed to (1) their narrow 

distribution ranges, (2) long-term decreases in their Ne, and (3) their speciation 

processes shaping the unique fauna across the Mekong Delta. Although the strict 

isolation effects in this unique topography might have facilitated speciation, we 

also predict that the degradation of this specialist species’ unique habitat has had 

the irreversible consequence of long-term population shrinkage. Cave-dependent 

species have rarely been studied, especially in the tropical area. Thus, the unique 

history of extended population decline in our studied species has never been 

formally reported.  However, even though the evidence from the Cnemaspis case 

may be convincing, our argument will benefit from comparative studies on 

“generalist” geckos, especially in the Mekong Delta. For example, the sympatric 

Cyrtodactylus geckos can provide reasonable comparison to further test the 

“evolutionary dead end” hypothesis, which represents a remarkable debate in 

evolutionary biology.  More importantly, our study calls for conservation 

attention to these unique but potentially vulnerable, cave-dependent geckos. 
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Tables and Figures 

 

 

Figure 2.1 (a) Phylogenetic tree and sample sizes of the four Cnemaspis species based on RAD-seq dataset; and (b) their 

geographic distribution in the Mekong Delta. 
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Figure 2.2 (a) STRUCTURE plot of the four Cnemaspis geckos generated using the 1030 single SNPs for model with K = 4, the model that best fit the data 

sensu Evanno, Regnaut, & Goudet (2005). (b) STRUCTURE plot among the three independent populations of C. nuicamensis generated using 2673 single SNPs 

for model with K = 3.
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Figure 2.3 G-PHOCS estimates of effective population sizes, divergence times 

and migration rates for AB-C model (a) and AB-D model (b), where A, B, C, and 

D, denotes for Cnemaspis nuicamensis, C. tucdupensis, C. caudanivea, and C. 

aurantiacopes, respectively. The graph was scaled to represent estimates of 

effective population sizes (Ne; in number of individuals), divergence time (T; in 

year) and migration rate (m; % total migration rate) with ranges corresponding to 

95% Bayesian confident intervals. The spatial directions of these migrations are 

represented on the map (c).  
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Figure 2.4 (a) G-PHOCS estimates of population sizes, divergence times and migration rates between Cnemaspis nuicamensis 

and C. tucdupensis (the A1B1C1-B model). (b) MIGRATE-N estimates of migration (Nm) per generation among the three C. 

nuicamensis populations. 
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Figure 2.5 Population fluctuations inferred by Extended Bayesian Skyline Plot analysis of Cnemaspis tucdupensis, C. 

aurantiacopes, C. caudanivea, and the three independent populations of C. nuicamemsis. The dashed line represents median 

estimates and the grey area show 95% confident interval. For each species or population, historical demography was showed 

in a large time scale (4 MY; the left one) and a small time scale (0.5 MA; the right one). 
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Chapter 3 

Niche similarity between Cnemaspis sister species 

 

Abstract 

Within the Cnemaspis genus with high species diversity and local endemism, 

sister species pairs are usually allopatric. Potential explanation might be that 

niche conservatism after promoted allopatric speciation prevented the sister 

species to attain sympatric by unsuitable habitat barrier. However, in two sister 

species Cnemaspis nuicamensis and C. tucdupensis, the former species show 

capability to cross to the other species’ range and there is sufficient time after 

speciation. Based on Hutchinson’ theory, two taxa need a certain level of 

morphological divergence to partition resource and coexist. In this chapter, I 

investigate the realized niche of the two sister species to see if there is enough 

divergence in their habitat use for them to coexist. The results showed that there 

is moderate difference in the habitat preference of the sister species but is unlikely 

divergent enough to use distinct resource and become sympatric. The results 

suggest that there is strong niche conservatism in Cnemaspis species which 

promoted speciation and prevent sympatry afterward. 

 

1 Introduction 

The phenomenon that sister species are mostly allopatric, had been observed in 

many taxonomic groups (Boucher, Zimmermann, & Conti, 2016; Kozak & 

Wiens, 2006). Sister taxa cannot be sympatric is likely because they do not have 

sufficient time to expand into each other’s range. It is also possible that the niche 

conservatism could prevent the sister species to disperse to each other’s range or 

cause them to compete for the same resource in secondary contact (Zink, 2014). 

Therefore, sister taxa need to yield enough divergence in adaptation to exploit 

different resources in order to coexist (Davies, Meiri, Barraclough, & Gittleman, 

2007; Hutchinson, 1959).  
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The rock geckos genus Cnemaspis Strauch, 1887, comprising more than 

50 species across South East Asia with high ratio of local endemism, might had 

been through complex speciation processes (Grismer et al., 2015; Grismer et al., 

2014; Kurita, Nishikawa, Matsui, & Hikida, 2017; Wood Jr et al., 2017). With 

strict endemism and specialization on rocky habitat which had been fragmented 

and eroded by climate (Twidale & Romani, 2005); the speciation of this group 

might be promoted and enforce by niche conservatism and geographic isolation 

(Heinicke, Jackman, & Bauer, 2017; Kozak & Wiens, 2006; Wiens & Graham, 

2005). Species in Cnemaspis are rarely sympatric (Grismer et al., 2014) except 

for a few cases, where they occupy different microhabitats (Grismer et al., 2010) 

or have different activity cycles (Grismer et al., 2014). This pattern indicates that 

Cnemaspis species tend to partition habitat to avoid interspecific competition in 

areas where they are sympatric. Nonetheless, sister species in this genus 

sometimes distribute extremely close; the distributional pattern and their niche 

differentiation present interesting system to examine.  

 The habitat of two sister species C. nuicamensis and C. tucdupensis are 

only a few kilometers apart (Grismer & Ngo, 2007) (Figure 1b). The highly 

specialization on rocky habitat which lower their dispersal ability (Nguyen et al., 

2019). However, the fact that one location of C. nuicamensis (NuiKet hill) where 

is farther away than location of C. tucdupensis (TucDup hill) (Figure 1b) 

demonstrated high dispersal ability of C. nuicamensis. Additionally, the 

occurring of the diurnal gecko Cyrtodactylus septimontium (Murdoch et al., 

2019), which occupies similar habitat with Cnemaspis species in both location of 

C. nuicamensis and C. tucdupensis, suggests that it is not impossible for these 

geckos, especially C. nuicamensis, to cross among the hills. Finally, long time 

divergence of the two species (Nguyen et al., 2019), should provide ample time 

for them to attain sympatric.  

Therefore, in this chapter, I identified the microhabitat use of two sister 

species to test whether there is difference in their habitat use. If there is high 
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overlap between their habitat use, it would cause high competition and prevent 

coexistence. If there is high difference in their habitat use, the currently allopatric 

situation might be maintained simply by the geographical barriers of unsuitable 

habitat around their location.  

 

2 Materials and Methods  

2.1 Study sites 

Field survey was conducted at the distribution sites (Figure 2.1) in Mekong delta, 

Southern Vietnam: C. nuicamensis in NuiCam, NuiDai and NuiKet hills and C. 

tucdupensis in TucDup hill (Figure 2.1 & 3.1). Among these hills, NuiCam hill 

is the largest (~32.3 km2) and highest (~650 m), while NuiKet is the smallest 

(~11.7 km2) and lowest (~240 m). These hills are covered with primary semi-

deciduous forest (Figure 3.1 c & d), which was highly disturbed by human 

activities such as: agriculture, historical and religious tourism. 

 

2.2  Sampling 

Observations were conducted along the trails on four hills where the geckos 

inhabit from 7 am to 6 pm in June and July, 2018. The geckos were detected by 

visual encounter. The coordinates and elevation of observations were recorded 

by a Garmin© GPSmap 60CS to ensure the distance between two samplings more 

than 20m. The temperature and humidity at the position of the geckos were 

measured. I estimated parameters around the location of each gecko, including: 

the percentage of round covered by shrub, soil, litter and rock within one meter; 

and the number of trees, rocks and bamboos within five-meter radius were 

estimated and assigned into four categories (none, less than five, from five to ten 

and more than ten) (Table 3.1). Finally, in order to measure the overhead rock 

cover above, one picture of canopy above the position of each gecko was taken 

by a cellphone front camera (8MP) with 180o fisheye lens Aukey PL-A1.  
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A random site across the trail with a distance of 10m from the original one, 

was selected to represent the habitat site that the gecko does not use. The same 

environmental factors were estimated and measured expecting the rock coverage 

photo (Figure 3.1a). 

 

2.3  Data analyses 

Image processing for rock coverage 

Percentage of overhead rock coverage at individual geckos’ locality was 

calculated by ratio of the number of pixels of rock on the total number pixel in 

each canopy picture. This process was accomplished by using Fiji software 

(Schindelin et al., 2012). 

 

Statistical analysis 

Data was analyzed and represented in R STUDIO, version 1.1.447 (R Core Team, 

2018; RStudio Team, 2016). Firstly, I scaled and applied Spearman rank 

correlation analysis to all of the environmental variables to check the 

autocorrelation. Then, to test whether there is significant differentiation between 

the available environment of the two Cnemaspis species, I conducted 

Discriminant Analysis of Principal components (DAPC) on every environmental 

parameters by using function dapc of adegenet package (Ahmed & Jombart, 

2011). I conducted Principal Component Analysis (PCA) for each species to 

figure out which environmental parameter to be the most influent one to the 

habitat selection of each species. Each environmental parameter (including 

overhead rock coverage) of each species was scaled before the Wilcoxon signed-

rank test was applied to test the difference between the habitat use of two species.  

 

3 Results 

In total, I recorded a total of 109 sites in which 26 were used by C. tucdupensis 

and 83 by C. nuicamensis (32 sites in NuiCam hill, 21 sites in NuiDai hill and 30 
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in NuiKet hill) along with 110 unused sites (number of unused sites is the same 

with number of used site for each hill excepting TucDup hill with 27 sites). Most 

of the lizards were found under the granite boulder excepting one individual in 

NuiKet hill which was found on the top of a granite rock.  

 DAPC results showed that the available environment of two species 

overlapped with each other, which indicates that there is no differentiation of 

microhabitat availability between distributed locations of these two sister species 

(Figure 3.2).   

The results of PCA of environmental parameters of C. tucdupensis 

indicates that the differentiation between used and unused sites could be 

explained mostly by PC1 (40.2%) (Figure 3.3). On PC1, three variables show the 

most contribution to the difference between used site and unused site are rock_5m, 

rock_1m and shrub_1m. Among these three variables, rock_5m and rock_1m 

have strong positive correlation and characterize the sites where the geckos use 

while shrub_1m is negative correlated with them and characterizes the unused 

sites. Furthermore, litter_1m, lux and tree_5m are correlated with shrub_1m and 

also explained the unused sites. For C. nuicamensis, the PCA result also show 

that rock (rock_5m and rock_1m) is the most important environmental factor, 

tree_5m is correlative with those rock parameters and one key parameter for 

habitat for this species. 

For Wilcoxon signed-rank test, there are significant difference in soil_1m, 

shrub_1m, tree_5m, bamboo_5m, light density and overhead rock coverage 

between two species (Figure 3.5). From further testes with different alternative 

hypotheses (less, greater), shrub_1m, tree_5m and light density of C. nuicamensis’ 

used site are greater than C. tucdupensis’ used site while soil_1m, bamboo_5m 

and overhead rock coverage at the site C. nuicamensis uses are less than at the 

site C. tucdupensis uses (Figure 3.5).  

 

4 Discussion 
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In this study, I investigated the realized niche that the species actually use. 

Despite of close distance between occupied locations, the rocky habitat 

specialization and the similarity of habitat availability, there is still difference in 

microhabitat preferences of the two sister Cnemaspis species. Although the 

differences in microhabitat use might be effected by habitat availability, the 

habitat availability of two sister species seems not much distinctive which likely 

resulted from their same history and origin (Kiernan, 2010, 2011). As the boulder 

cave dependent species, both species restrict their activity to rocky area and there 

is no significant difference of rock cover percentage in one-meter radius or the 

number of rocks in five-meters between two species. Though, within one-meter 

the cover percentage of shrub at used site of C. nuicamensis is significantly higher 

while the cover of soil is higher at C. tucdupensis’ habitat than the others. Further, 

in five-meter radius, the amount of tree is higher at habitat of C. nuicamensis 

while the amount of bamboo is higher at habitat used by C. tucdupensis. 

Nonetheless, these differences are likely contributed from human activities in the 

region (Kiernan, 2010).  

In addition, C. tucdupensis geckos hide deeper under the boulder or in the 

boulder cave as their used sites have higher overhead rock coverage thus the light 

density at their location is also lower. This slightly difference in habitat 

preference had been also mentioned by Grismer and Ngo (2007). The restriction 

to under boulder cracks or boulder caves might lower dispersal ability of C. 

tucdupensis, led to genetic divergence among their populations due to low gene 

flow (Devictor, Julliard, & Jiguet, 2008; Hoehn et al., 2007) within its small hill 

ranges (4% based on the mtDNA data). However, this difference in habitat 

preference is unlikely enough to preclude the strong competition for resources 

for the two sister species. There are a number of cases when species of Cnemaspis 

are sympatric, they seem to be partitioning their habitat by having different 

activity periods (nocturnal/diurnal), substrate preferences (granite rock, karst or 

vegetation) or various combines of them (Grismer et al., 2010, 2014). The most 
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similarity of these sympatric pairs is they are not closed related species. Similar 

pattern can be observed in other gecko genus Cyrtodactylus in Southeast Asia 

that sympatric species are not close related and partition different niche in the 

habitat (Grismer, Wood, Ngo, & Murdoch, 2015; Phung, Schingen, Ziegler, & 

Nguyen, 2014). 

  The Cnemaspis genus complies mostly of the species that are specialist  

on rocky microhabitat with some exceptions are generalist or vegetation 

specialist (Grismer et al., 2014). Because of this highly niche conservatism on 

rocky habitat of the Cnemaspis genus, both of sister species’ occurring are 

extremely restricted to rocky area. Further, almost every lizard was alert and 

retreated into boulder cracks or caves when approached. This combination of 

cryptic behavior and microhabitat specialization had limited the dispersal ability 

and distribution of these species which led to the speciation between them along 

with the shrinkage of their population sizes (See Chapter 2). This is one example 

of how niche conservatism promoted allopatric speciation (Kozak & Wiens, 2006; 

Wiens & Graham, 2005). And in this chapter, I have shown the high niche 

conservatism in this genus where sister species C. nuicamensis and C. 

tucdupensis maintain pretty similar habitat use long after speciation. Thus, the 

niche conservatism might not only promote allopatric speciation but also prevent 

post-speciation sympatric distribution. 
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Tables and Figures 

 

Table 3.1 Index of the environmental parameters. 

Parameters Measurement 

Temp Temperature at the location of each gecko or center of unused site 

Humidity Humidity at the location of each gecko or center of unused site  

Soil_1m Percentage of soil covers within 1m radius around the location of each gecko or center of unused site 

Rock_1m Percentage of rock covers within 1m radius around the location of each gecko or center of unused site 

Shrub_1m Percentage of shrub covers within 1m radius around the location of each gecko or center of unused site 

Litter_1m Percentage of litter covers within 1m radius around the location of each gecko or center of unused site 

Rock_5m Number of rock within 5m radius around the location of each gecko or center of unused site 

Tree_5m Number of tree within 5m radius around the location of each gecko or center of unused site 

Bamboo_5m Number of bamboo within 5m radius around the location of each gecko or center of unused site 

Lux Light density at the location of each gecko or center of unused site 

Elevation Elevation at the location of each gecko or center of unused site 

Rock coverage Percentage of overhead rock coverage above the location of each gecko 
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Table 3.2 Correlation value between environmental parameters 

  Temp Humidity Soil_1m Rock_1m Liter_1m Shrub_1m Rock_5m Tree_5m Bamboo_5m Lux 

Temp           

Humidity -0.75          

Soil_1m 0.03 -0.04         

Rock_1m -0.10 -0.11 -0.22        

Liter_1m -0.07 0.12 -0.31 -0.54       

Shrub_1m 0.19 0.03 0.02 -0.60 -0.18      

Rock_5m -0.10 0.00 -0.22 0.72 -0.35 -0.45     

Tree_5m -0.18 0.12 0.05 -0.02 0.04 -0.05 -0.02    

Bamboo_5m -0.30 0.26 -0.08 -0.02 0.17 -0.11 -0.08 -0.14   

Lux 0.40 -0.11 0.00 -0.33 0.10 0.33 -0.20 -0.17 0.04  

elevation -0.51 0.24 -0.04 -0.01 0.14 -0.11 -0.03 0.19 0.30 0.03 
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Figure 3.1 (a) Sampling design; (b) Map of four locations in the study; (c) 

Granite habitat at TucDup hill; (d) Granite habitat at NuiCam hill. 
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Figure 3.2 DAPC scatter plot for all environmental factors between two species. 
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Figure 3.3 PCA scatter plot of environmental parameters of both used site and 

unused site of C. tucdupensis. 

 

 

  

 



52 

 

Figure 3.4 PCA scatter plot of environmental parameters of both used and 

unused sites of C. nuicamensis. 
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Figure 3.5 Boxplot of environmental factors at used sites of two species, with 

level of significant from Wilcoxon signed rank test: * p < 0.05; ** p < 0.01; *** 

p < 0.001.  
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Chapter 4 

Temporal activity response to sympatric competitors in 

Cnemaspis genus in Southeast Asia 

 

Abstract 

Multiple studies had been done to convince that temporal niche partitioning 

among species can have a strong phylogenetic conservation. Among gecko 

groups with nocturnal ancestors, Cnemaspis genus appears to be mostly diurnal 

with many nocturnal species. This raises a question about the evolution of 

temporal activity in this group. Furthermore, this genus has multiple diurnal 

species sympatrically distributed with the nocturnal Cyrtodactylus species, which 

are also strict rocky habitat specialists. In this chapter, I attempted to investigate 

the link between the pattern of temporal activity of Cnemaspis species and the 

existence of sympatric Cyrtodactylus species by analyzing diel activity data 

across the phylogeny of Cnemaspis genus and testing the relationship between 

the temporal activity pattern of Cnemaspis species with the existence of 

sympatric Cyrtodactylus species. I found strong phylogenetic signal in habitat 

use trait but not in temporal activity, showing that the temporal niche of this genus 

is more labile compare to microhabitat niche. Further, the absent of the 

competitor as Cyrtodactylus species may open an opportunity for Cnemaspis 

species to shift back to nocturnality.   

 

1 Introduction 

The niche which describes both the environmental element where a species can 

live (the Grinnellian niche) and the resources required for them (the Eltonian 

niche) is critical concept ecology, evolution and biogeography. And how the 

species partition the niche is important aspect to understand how many species 

can coexist at the same place. While there is great effort in study how sympatric 
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species share their habitat and resource in spatial dimension to coexist (e.g. 

Luiselli, 2008; Rouag, Djilali, Gueraiche, & Luiselli, 2007), we still have little 

knowledge on their diel segregation. For many groups, they might use the same 

area and resource but they are active at different time which could help them to 

avoid competition (Goodyear, Pianka, & Desert, 2011).  

 Based on phylogenetic analyses,  Anderson and Wiens (2017) suggested  

terrestrial vertebrates may had nocturnal ancestral and strong phylogenetic signal 

in this trait. They further supported the idea of Vitt et al. (2003) that the temporal 

niche partition among current species may have arisen since ancient time. Among 

current nocturnal vertebrates, gecko is one taxa group that composes with 

primarily nocturnal species with strong phylogenetic signal and nocturnal 

ancestor (Gamble, Greenbaum, Jackman, & Bauer, 2015). Additionally, Gamble 

and colleagues (2015) also found that there were multiple transitions between 

diurnality and nocturnality in this group at various time scales in which some 

occurred rather recently. The Southeast Asian Cnemaspis genus is composed of 

both diurnal and nocturnal species (Grismer et al., 2014) despite of belonging to 

old nocturnal clade, suggested there were multiple transitions in this group. 

Further, the fact that this genus is composed primarily of  rocky habitat specialist 

and habitat use between sister species still maintains great similarity after long 

divergence (Chapter 3), indicates that this group may has strong niche 

conservatism (Wiens et al., 2010) on habitat use. However, Cnemaspis species 

usually occur sympatrically with nocturnal Cyrtodactylus genus (Grismer et al., 

2014) which is the most diverse (Shea, Couper, Wilmer, & Amey, 2011; Uetz, 

2019) and among the most widely distributed gekkonid group (Wood, Heinicke, 

Jackman, & Bauer, 2012). Moreover, this gecko group strongly specialize on 

microhabitat such as rocky habitat (Grismer et al., 2014; Ngo, Nguyen, Nguyen, 

van Schingen, & Ziegler, 2018; Nguyen et al., 2019). Multiple Cyrtodactylus 

species also occupy rocky habitat and further evolved to partition the rocky 

habitat with multiple occurrences within distribution of Cnemaspis taxa (Grismer, 
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Wood, Ngo, & Murdoch, 2015; Phung, Schingen, Ziegler, & Nguyen, 2014). 

Therefore, if Cnemaspis species are nocturnal active and sympatric with 

Cyrtodactylus species, they would face a strong competition from the 

Cyrtodactylus lizards. There are many observations that Cnemaspis lizards occur 

at the same habitat at day time as nocturnal Cyrtodactylus species (Grismer et al., 

2014; Grismer & Ngo, 2007; Ngo et al., 2018). Therefore, there is likely a diel 

partitioning between these two gekkonid groups, and the Cnemaspis geckos may 

avoid to compete with the other genus species due to their smaller size. However, 

this hypothesis has never been tested. I performed (1) phylogenetic comparative 

analysis on habitat use and temporal activity traits of Cnemaspis genus to identify 

the ancestor states of these traits and  infer if there is niche conservatism in these 

traits and transition; (2) examined the correlation between temporal activity of 

Cnemaspis species and the existence of sympatric Cyrtodactylus species along 

with other ecological and environmental factors to see if there is any relation 

between these factor to the temporal activity of Cnemaspis geckos.  

 

2 Materials and Methods 

2.1  Tree construction and data collection 

The dataset of mitochondrial fragment – nicotinamide adenine dehydrogenase 

subunit 2 (ND2) with 51 available Cnemaspis species (Table 4.1) was retrieved 

from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) then was aligned by 

using CLUSTAL (Thompson et al., 1994) implemented in MEGA 6 (K. Tamura 

et al., 2013). I estimated the phylogenetic relationships among Cnemaspis species 

in a Bayesian framework using MrBayes v3.2.6 (Ronquist & Huelsenbeck, 2003). 

I ran two independent Metropolis-coupled MCMC analyses, each one was run 

for 1 million generations, sampling every 1000 generations. Further, some 

species from Perochirus, Hemiphyllodactylus, Gehyra, Alsophylax and 

Microgecko genus were used as outgroup (Table 4.1). 
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The data on the temporal activity of Cnemaspis speciestheir maximum 

body size (SVL), the habitat type that they use and the existence of Cyrtodactylus 

species at their locations was collected form the literature reviewing (i.e. Grismer 

et al., 2009, 2014; Wood, Quah, Anuar, & Muin, 2013) All the data were two 

character states. For temporal activity they are diurnal and nocturnal based on the 

description of their active time in the literature. The existence of sympatric 

Cyrtodactylus species were also stated as two characters (yes/no). For habitat 

type, the species that specialize on rocky habitat were stated as rock and the other 

species which are terrestrial or habitat generalists were stated as others. For the 

distribution range, the distances between localities of each species were 

calculated by distm function of R package ‘geosphere’ (Hijmans, 2017) and the 

maximum distance was selected as representative distribution range of each 

species. 

 For the climate data, following the results of Cunningham et al. (2015) and 

Vidan et al. (2017), I chose the following climate variables: (1) night temperature; 

(2) annual mean temperature(bio1); (3) mean diurnal range (bio2); (4) 

temperature seasonality (bio4); (5) mean temperature of coldest quarter (bio6); 

(6) precipitation seasonality (bio12); (7) precipitation of driest quarter (bio17); 

(8) precipitation of warmest quarter (bio18).  For night temperature,  high-

resolution (~1km) remote-sensed land surface temperature (LST) data were 

extracted from the Moderate Resolution Imaging Spectroradiometer (MODIS) 

Land Surface Temperature and Emissivity dataset (MOD11A2 Terra) (Wan, 

Hook, & Hulley, 2015) by R package ‘MODISTools’ (Tuck et al., 2014). The 

rest of climate variables was extracted from 2.5 minutes resolution layers of 

WorldClim Version 2 (Fick & Hijmans, 2017) 

 

2.3 Testing for phylogenetic signal 

I used the test developed by Fritz and Purvis (2010) which is specific for 

measuring the phylogenetic signal in binary traits, to estimate the character 
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dispersion on a phylogeny (D) from the R package ‘caper’ (Orme, Freckleton, 

Thomas, Petzold, & Fritz, 2011). Here, a D ~ 0 suggests a Brownian motion 

model of evolution, D = 1 suggests a random phylogenetic structure. I did the test 

on temporal activity and habitat type with 1000 permutations in each ones. 

 

2.4 Ancestor state reconstruction 

The ancestor state of temporal activity and habitat use were constructed using 

two methods: Bayesian ancestral state reconstruction and stochastic mapping. 

Bayesian ancestral state reconstruction was performed using BayesTraits v2.0 

(Pagel, Meade, & Barker, 2004). A set of 1000 trees drawn from the posterior 

distribution of trees inferred by the MrBayes analyses was used to incorporated 

phylogenetic uncertainty. Analyses were run for 1 million generations, sampled 

every 1000 generations, and the first 10.000 generations discarded as burn-in. I 

ran three chains of each analysis to assess convergence of the results by checking 

their MCMC trend lines. Models with different transition rates were built and 

compared based on Bayes factors.  

 For stochastic mapping, I mapped the temporal activity and habitat use 

states onto the maximum clade credibility tree from MrBayes analysis using the 

simmap function in the R package ‘phytools’ (Revell, 2012). The transition 

models that best fit the data were estimated by maximum-likelihood with the ace 

function in the R package ‘APE’ (Paradis & Schliep, 2018). 

 

2.5 Regression between diel active and ecological factors 

I used multiple logistic regression to test for the relationship between temporal 

activity mode and the existence of sympatric Cyrtodactylus species, habitat type, 

distribution range and the climate variables. The variables were test for 

collinearity by using variance inflated factors with vif function in the R package 

‘car’ (Fox & Weisberg, 2011). Mean annual temperature (bio1), mean 

temperature of coldest quarter (bio6) and precipitation of warmest quarter (bio18) 
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were excluded (Table 4.2). I selected the best model according to Akaike 

Information Criterion (AIC) scores using stepAIC function in the R package 

‘MASS’ (Venables & Ripley, 2002). 

 

3 Results 

In total, there are 51 Cnemaspis species with available ND2 sequences in which 

36 are diurnal and 15 are nocturnal. Most of them are specialist on rocky habitat 

(35 species) while others (16 species) are terrestrial or habitat generalists. Among 

them, 20 species have sympatric Cyrtodactylus species.  

 

3.1 Phylogenetic signal  

The phylogenetic signal was tested on two different aspect of the niche of 

Cnemaspis species (Table 4.4). The estimated D = ~0.299 on the habitat type, 

that Cnemaspis species use, suggested there is phylogenetic signal in this trait. 

And the simulation test indicated that, while the phylogenetic pattern differed 

significantly from random phylogenetic structure, it did not differ significantly 

from the Brownian expectation. For the temporal activity, the estimated D = 

~0.878 indicated a low level of phylogenetic signal. Further, the simulation test 

showed that, the phylogenetic pattern followed the expectation of random 

phylogenetic structure. 

 

3.2 Ancestral state reconstruction 

For both temporal activity and habitat use, comparison of a 1 or 2 rate model in 

Bayestraits did not show difference (temporal activity: single rate = -35.86 and 

asymmetric rates model = -33.58, logBF = 4.561; habitat use: single rate = -29.25 

and asymmetric rates model = -28.29, logBF = 1.933). However, for temporal 

activity, both models favored diurnal root (Table 4.5 and Figure 4.1 a & b) while 

for habitat use, both models favored rocky habitat use as root’s character (Table 

4.6 and Figure 4.1 c & d). 
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Even though the model comparison with maximum likelihood preferred 

the asymmetric multi-rate (Table 4.4), the stochastic mapping method still 

showed congruent results with Bayestraits analyses (Figure 4.2 and 4.3) and 

confirmed the robustness of these results.  

 

3.3  Regression between temporal activity mode and ecological factors 

The best model includes the existence of sympatric Cyrtodactylus species and 

precipitation of Driest Quarter (Table 4.7 & Table 4.8), and explain 66.5% of the 

temporal activity pattern among the Cnemaspis species. However, the sympatric 

Cyrtodactylus factor was not significant and precipitation of driest quarter 

explained better (significant negative relationship) the active time pattern of 

Cnemaspis species. 

 

4 Discussion 

4.1 Ancestor states  

The results of the ancestor state constructions were mostly congruent across 

methodologies. The diurnal state of Cnemaspis ancestor was confirmed and the 

nocturnal species in this genus was the results of recent shift from diurnality to 

nocturnality (Figure 4.3). The early evolutionary of diurnality of this group might 

be related to competition avoidance with other gecko groups such as Gekko, 

Cyrtodactylus and Gehyra genera which have higher species richness, are 

physical stronger (bigger body size) and usually occupy similar habitat. The 

possibility, that the partitioning of the temporal niche among clades may have 

arisen long time ago, was discussed for the original nocturnality in geckos’ 

ancestors by Vitt et al. (2003) and supported by Anderson and Wiens (2017). 

Rocky habitat as ancestor state of habitat use for this group was agreed by both 

methodologies further supported for this possibility as they had to share the rocky 

habitat with other rock-dwelling lizards.  
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4.2 Conservatism in temporal and spatial niche 

Contrast to Anderson and Wiens (2017) who suggested diel activity had long-

term conservatism, my results showed no phylogenetic signal or conservatism in 

temporal activity of Cnemaspis geckos while there was strong niche conservatism 

in habitat use. These suggested that Cnemaspis group might change their active 

time easier than the habitat they use. In theory, there was a temp to simplistically 

divide geckos by pupil shape into nocturnal taxa with vertical narrow pupils and 

diurnal ones with circular pupils (Werner, 1969). However, in reality, the relation 

of pupil shape and temporal active mode across gecko species is unclear (Werner 

& Seifan, 2006). The changeable temporal niche might be due to the fact that 

Cnemaspis geckos have evolved from nocturnal ancestors. Further, many day 

geckos (e.g. Sphaerodactylus macrolepis) can be active and detect motion in dim 

light condition if they inhabit dark environment (Nava, Conway, & Martins, 

2009). And some diurnal lizards opportunely swift to night time active to avoid 

predator, competition and utilize unused resource (Gordon, Dickman, & 

Thompson, 2010). Therefore, Cnemaspis species which should be familiar with 

low light condition as they mostly restrict their movements to the shadow under 

rocks, are easy to adapt to night life.  

  

4.3 Temporal niche responses to competitor and environmental factors 

The existence of sympatric Cyrtodactylus species and precipitation of the driest 

quarter are the only factors in the best model explains for the pattern of temporal 

activity of Cnemaspis species. My result was congruent with Vidan et al. (2017) 

that precipitation of the driest quarter is the strong predictor for the distribution 

of nocturnal lizards. The negative relation of rain fall in dry quarter with temporal 

activity of Cnemaspis species indicates that the geckos tend to be active at night 

when the dry season is dryer. This might be related to the water loss of geckos, 

they have higher rate of water loss than other lizards (Leclair, 1978) and the water 

loss rate is correlated with ambient temperature (Snyder & Weathers, 1976). 
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Therefore, Cnemaspis species tend to be nocturnal, when their localities are arid, 

in order to avoid high water loss. 

The existence of sympatric Cyrtodactylus species was included in the best 

model (Table 4.3 and 4.4). Nocturnal Cnemaspis species only occur where there 

is no existence of sympatric Cyrtodactylus species, these recent shift to 

nocturnality may be the results of ecological release (Bolnick et al., 2010) from 

the competition of Cyrtodactylus species. Nonetheless, not all the Cnemaspis 

species without sympatric Cyrtodactylus geckos are nocturnal (Figure 4.3).  This 

pattern might be caused by  incomplete data: multiple species of Cyrtodactylus 

genus were described in south Thailand and Malaysia (Grismer, 2011; Grismer 

et al., 2012; Davis et al., 2018; Grismer & Quah, 2019) that is highly overlap with 

local Cnemaspis species but there was no available information on their 

sympatric species. Secondly, the absence of competition from Cyrtodactylus 

might be the initial condition for switching to nocturnality but not the complete 

condition. The competition among sympatric Cnemaspis species might led to 

their diel niche partition, however until now only two case had been reported (C. 

kendallii with C. nigrida and C. monachorum with C. roticanai) (Grismer et al., 

2010, 2014) and those sympatric species occupy different microhabitat. Further, 

the pressure might come from other nocturnal lizard as they are abundant in 

Southeast Asia (Vidan et al., 2017).  

 

4.4  Conclusion 

In this study, confirmation of the diurnal ancestral state of Cnemaspis genus in 

the clade with mostly nocturnal lineages (Gamble et al., 2015) suggests that the 

ancestors of this genus might had partitioned day time niche in order to avoid 

competition with other nocturnal geckos which are greatly abundant within their 

distributed range (Vidan et al., 2017). Moreover, their ancestral state of habitat 

use was the space and resource limited rocky habitat which shows the necessary 

of diel niche partition to avoid direct competition. Further, I analyzed patterns of 
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temporal activity and habitat use across Cnemaspis species and the results 

showed strong, significant phylogenetic signal in the later trait but not on the 

former one. Therefore, Cnemaspis is likely to change their active time under 

pressure than their habitat use. Even though the pattern is not perfectly fitting, 

nocturnal Cnemaspis species only occur where there is no existence of sympatric 

Cyrtodactylus species. These recent shift to nocturnality may be the results of 

ecological release (Bolnick et al., 2010) from the competition of Cyrtodactylus 

species.   
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Tables and Figures 

Table 4.1 List of species and sequences used for phylogenetic tree construction, 

as well as the sources for the activity time, existence of sympatric Cyrtodactylus 

species and habitat use for Cnemaspis species.  

Genus Species Genbank ID 

Data source for activity, existence 

of sympatric Cyrtodactylus, habitat 

use 

Cnemaspis Cnemaspis boulengerii KM024710.1 Grismer et al. 2014 

 Cnemaspis psychedelica KM024827.1 Grismer et al. 2014 

 Cnemaspis monachorum KM024758.1 Grismer et al. 2009 

 Cnemaspis biocellata KM024709.1 Grismer et al. 2008 

 Cnemaspis niyomwanae KM024774.1 Grismer et al. 2010 

 Cnemaspis kumpoli KM024745.1 Grismer et al. 2014 

 Cnemaspis chanthaburiensis KM024716.1 Grismer et al. 2014 

 Cnemaspis neangthyi KM024769.1 Grismer et al. 2010 

 Cnemaspis aurantiacopes KM024693.1 Grismer & Ngo 2007 

 Cnemaspis caudanivea KM024712.1 Grismer & Ngo 2007 

 Cnemaspis nuicamensis KM024775.1 Grismer & Ngo 2007 

 Cnemaspis tucdupensis KM024855.1 Grismer & Ngo 2007 

 Cnemaspis siamensis KM024839.1 Grismer et al. 2010 

 Cnemaspis huaseesom KM024735.1 Grismer et al. 2010 

 Cnemaspis chanardi KM024715.1 Grismer et al. 2010 

 Cnemaspis omari KM024780.1 Grismer et al. 2014 

 Cnemaspis roticanai KM024830.1 Grismer & Onn 2010 

 Cnemaspis flavigaster KM024720.1 Onn & Grismer 2008 

 Cnemaspis argus KM024689.1 Grismer et al. 2014 

 Cnemaspis karsticola KM024737.1 Grismer et al. 2008 

 Cnemaspis perhentianensis KM024821.1 Grismer et al. 2014 

 Cnemaspis affinis KM024685.1 Grismer et al. 2008 

 Cnemaspis harimau KM024730.1 Onn et al. 2010 

 Cnemaspis pseudomcguirei KM024825.1 Grismer et al. 2009 

 Cnemaspis shahruli KM024834.1 Grismer et al. 2010 

 Cnemaspis mcguirei KM024753.1 Grismer et al. 2008 

 Cnemaspis grismeri KM024722.1 Wood et al. 2013 

 Cnemaspis flavolineata KM024721.1 Grismer et al. 2008 

 Cnemaspis temiah KM024849.1 Grismer et al. 2014 

 Cnemaspis narathiwatensis KM024765.1 Grismer et al. 2010 

 Cnemaspis hangus KM024729.1 Grismer et al. 2014 

 Cnemaspis selamatkanmerapoh KM024833.1 Grismer et al. 2013 

 Cnemaspis bayuensis KM024700.1 Grismer et al. 2008 

 Cnemaspis stongensis KM024840.1 Grismer et al. 2014 

 Cnemaspis limi KM024749.1 Das&Grismer 2003 
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Genus Species Genbank ID 

Data source for activity, existence 

of sympatric Cyrtodactylus, habitat 

use 

 Cnemaspis nigridia KM024772.1 Grismer et al. 2014 

 Cnemaspis paripari KM024783.1 Grismer&Onn 2009 

 Cnemaspis sundainsula KM024847.1 Grismer et al. 2014 

 Cnemaspis kendallii KM024743.1 Grismer et al. 2014 

 Cnemaspis pemanggilensis KM024786.1 Grismer & Das 2006 

 Cnemaspis baueri KM024699.1 Das&Grismer 2003 

 Cnemaspis mumpuniae KM024761.1 Grismer et al. 2014 

 Cnemaspis peninsularis KM024789.1 Grismer et al. 2014 

 Cnemaspis bidongensis KM024706.1 Grismer et al. 2014b 

 Cnemaspis mahsuriae KT250634.1 Grismer et al. 2015 

 Cnemaspis leucura LC158334.1 Kurita et al. 2017 

 Cnemaspis lineogularis KY091233.1 Wood et al. 2017 

 Cnemaspis phangngaensis KY091235.1 Wood et al. 2017 

 Cnemaspis thachanaensis KY091239.1 Wood et al. 2017 

 Cnemaspis punctatonuchalis KY091236.1 Grismer et al. 2010 

 Cnemaspis vandeventeri KY091238.1 Grismer et al. 2010 

Perochirus Perochirus ateles JN393946.1  

Hemiphyllodactylus Hemiphyllodactylus montawaensis MF576999.1  

 Hemiphyllodactylus hongkongensis MF893333.1  

 Hemiphyllodactylus tonywhitteni MF576992.1  

 Hemiphyllodactylus linnwayensis MF576990.1  

 Hemiphyllodactylus typus KF219797.1  

 Hemiphyllodactylus titiwangsaensis KF219795.1  

Gehyra Gehyra spheniscus JX524116.1  

 Gehyra multiporosa JX524070.1  

 Gehyra rohan KX954301.1  

 Gehyra xenopus JX524129.1  

 Gehyra occidentalis JX524108.1  

Alsophylax Alsophylax pipiens JX041309.1  

Microgecko Microgecko helenae JX041386.1  

Cyrtodactylus Cyrtodactylus battalensis KC151983.1  

 Cyrtodactylus pateni KU232620.1  

 Cyrtodactylus sharkari KJ659853.1  

 Cyrtodactylus russelli JX440555.1  

 Cyrtodactylus phillippinicus JX440550.1  

Hemidactylus Hemidactylus greefii EU268369.1  

 Hemidactylus garnotii EU268364.1  

 Hemidactylus flaviviridis AB937992.1  

 Hemidactylus frenatus KM975950.1  

 Hemidactylus tenkatei KM975946.1  

Altiphylax Altiphylax levitoni KC151974.1  
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Genus Species Genbank ID 

Data source for activity, existence 

of sympatric Cyrtodactylus, habitat 

use 

 Altiphylax stoliczkai KC151972.1  

Stenodactylus Stenodactylus leptocosymbotus HQ443536.1  

 Stenodactylus doriae KC151985.1  

 Stenodactylus slevini KC151986.1  

 Stenodactylus sthenodactylus KC151987.1  

  Stenodactylus yemenensis HQ443550.1   
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Table 4.2 Dataset for logistic regression model. 

Species Active_time 

Existence of 

sympatric 

Cyrtodactylus 

species 

Habitat 

type 

Distributi

on range 

Night 

temper

ature 

Mean 

diurnal 

temperat

ure 

Temperatur

e 

seasonality 

Mean 

temperat

ure of 

coldest 

quarter 

Percipitatio

n 

Seasonality 

Precipitatio

n of driest 

quarter 

Cnemaspis 

boulengerii 
Diurnal Yes Rock 8.481 21.91 6.10 8.97 25.00 75.00 28.67 

Cnemaspis 

psychedelica 
Diurnal Yes Rock 3.468 23.44 6.30 8.34 25.15 62.50 73.00 

Cnemaspis 

monachorum 
Diurnal No Rock 26.278 22.94 9.20 4.61 25.95 54.50 155.00 

Cnemaspis 

biocellata 
Diurnal Yes Rock 30.731 23.20 9.15 5.74 25.68 47.75 173.50 

Cnemaspis 

roticanai 
Nocturnal No Others 13.327 22.68 9.15 4.54 25.55 54.00 159.00 

Cnemaspis 

affinis 
Nocturnal No Others 16.764 22.52 8.85 3.79 25.45 42.50 329.50 

Cnemaspis 

mahsuriae 
Nocturnal No Others 10.286 23.22 9.15 4.62 25.75 54.50 158.00 

Cnemaspis 

chanthaburiensis 
Nocturnal No Others 235.937 21.23 9.05 10.88 24.25 70.18 61.91 

Cnemaspis 

aurantiacopes 
Diurnal Yes Rock 2.002 23.51 6.70 8.47 25.80 73.00 42.00 

Cnemaspis 

caudanivea 
Diurnal Yes Rock 2.762 23.36 6.70 8.15 25.10 70.00 55.00 

Cnemaspis 

nuicamensis 
Diurnal Yes Rock 17.165 22.65 7.13 8.03 25.80 67.33 46.67 

Cnemaspis 

tucdupensis 
Diurnal Yes Rock 4.478 22.89 7.00 8.34 25.80 69.00 41.50 
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Cnemaspis 

siamensis 
Nocturnal No Others 614.854 21.73 8.68 10.20 24.40 64.00 122.60 

Cnemaspis 

omari 
Nocturnal No Others 52.230 22.43 9.00 6.16 25.65 48.50 168.50 

Cnemaspis 

chanardi 
Diurnal No Others 199.326 21.15 9.20 7.91 24.30 53.17 190.00 

Cnemaspis 

shahruli 
Nocturnal No Others 139.852 22.99 9.18 3.81 26.00 38.80 348.40 

Cnemaspis 

vandeventeri 
Nocturnal No Others 154.023 21.30 8.83 7.03 24.67 70.00 127.00 

Cnemaspis 

flavigaster 
Diurnal No Rock 18.144 23.09 9.70 3.65 25.10 27.00 424.00 

Cnemaspis argus Diurnal No Rock 19.690 20.54 7.75 6.82 21.85 53.00 394.50 

Cnemaspis 

karsticola 
Diurnal No Rock 5.555 21.43 8.90 6.18 24.80 40.50 335.00 

Cnemaspis 

niyomwanae 
Nocturnal No Rock 14.447 23.02 9.10 6.55 25.65 48.50 162.00 

Cnemaspis 

neangthyi 
Nocturnal No Rock 88.614 21.79 8.45 9.74 24.85 72.50 52.50 

Cnemaspis 

harimau 
Diurnal Yes Others 10.266 22.37 10.45 3.76 26.50 45.00 274.50 

Cnemaspis 

pseudomcguirei 
Diurnal No Others 68.846 20.67 8.83 3.94 22.43 30.67 532.67 

Cnemaspis 

huaseesom 
Nocturnal No Rock 32.637 21.29 10.25 13.84 23.50 94.00 24.00 

Cnemaspis 

mcguirei 
Diurnal Yes Rock 70.069 18.93 8.47 3.86 21.27 30.67 518.00 

Cnemaspis 

grismeri 
Diurnal Yes Rock 5.526 20.21 9.50 4.43 24.15 33.50 442.00 

Cnemaspis 

flavolineata 
Diurnal No Rock 97.273 16.89 9.00 5.02 18.93 30.00 417.67 
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Cnemaspis 

temiah 
Diurnal No Others 7.009 22.34 7.00 7.16 25.25 40.50 346.50 

Cnemaspis 

narathiwatensis 
Diurnal No Rock 50.842 20.49 8.80 6.05 24.70 43.50 304.50 

Cnemaspis 

hangus 
Diurnal No Rock 1.974 22.12 10.05 6.06 24.35 26.00 447.50 

Cnemaspis 

selamatkanmera

poh 

Diurnal Yes Rock 2.657 21.81 9.80 5.32 24.50 33.00 384.00 

Cnemaspis 

bayuensis 
Diurnal No Rock 4.931 21.61 9.05 6.27 25.05 37.50 360.00 

Cnemaspis 

perhentianensis 
Nocturnal No Rock 2.589 22.44 7.30 8.34 25.30 75.00 304.00 

Cnemaspis limi Diurnal No Rock 8.672 21.30 7.90 5.28 24.10 64.00 345.00 

Cnemaspis 

punctatonuchalis 
Nocturnal No Rock 3.742 19.75 8.80 10.54 22.35 54.00 118.00 

Cnemaspis 

paripari 
Diurnal Yes Rock 4.229 23.55 8.50 4.46 25.85 39.50 597.00 

Cnemaspis 

sundaiinsula 
Diurnal Yes Rock 4.371 22.10 6.50 5.60 25.10 27.50 445.00 

Cnemaspis 

kendallii 
Diurnal Yes Others 888.222 22.91 8.22 3.72 25.46 33.15 607.62 

Cnemaspis 

pemanggilensis 
Diurnal No Rock 3.842 23.28 7.73 5.56 25.33 61.33 380.33 

Cnemaspis 

baueri 
Diurnal Yes Rock 4.481 22.00 7.65 5.52 25.35 55.50 409.50 

Cnemaspis 

mumpuniae 
Diurnal Yes Others 38.074 22.28 6.55 5.73 25.30 28.50 450.50 

Cnemaspis 

peninsularis 
Diurnal No Others 331.615 22.47 8.60 5.11 24.75 44.25 417.38 

Cnemaspis 

bidongensis 
Diurnal No Others 0.857 23.12 7.10 8.59 25.50 77.00 308.00 
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Cnemaspis 

kumpoli 
Nocturnal No Rock 110.241 22.58 8.93 7.02 25.80 57.00 169.67 

Cnemaspis 

leucura 
Diurnal Yes Rock 5.373 20.65 8.65 2.86 23.70 27.50 540.00 

Cnemaspis 

lineogularis 
Diurnal Yes Rock 14.880 24.24 8.35 13.12 25.40 66.50 83.50 

Cnemaspis 

phangngaensis 
Diurnal Yes Rock 3.833 22.78 8.40 6.69 26.10 60.00 164.50 

Cnemaspis 

thachanaensis 
Diurnal Yes Rock 3.794 23.44 9.50 10.09 25.40 52.00 154.00 

Cnemaspis 

stongensis 
Nocturnal No Rock 4.040 21.26 9.00 6.10 25.15 38.50 347.00 

Cnemaspis 

nigridia 
Nocturnal No Rock 66.749 22.35 8.33 4.17 25.30 52.33 493.00 
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Table 4.3 Comparison among transition rates models used in the maximum-

likelihood ancestral state construction for stochastic mapping method. 

  Model d.f. ln likelihood AIC 

Temporal activity 
ARD 2 -31.03136 66.06272 

ER 1 -34.65736 71.31472 

Habitat use 
ARD 2 -25.50891 55.01783 

ER 1 -27.89241 57.78482 

The number of parameters (d.f.) for each model is listed. Models were compared 

using the Akaike Information Criterion (AIC) and AIC scores of the best fitting 

model for each dataset are in bold type. The following models were compared: 

all rates different model (ARD) and equal rates model (ER).  
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Table 4.4 Results of dispersion on a phylogeny (D) for the habitat type and 

temporal activity mode for Cnemaspis genus. 

  Habitat type Temporal activity 

Estimated D 0.2989471 0.8776223 

Random Phylogenetic Structure (p value) <0.01 0.303 

Brownian Phylogenetic Structure (p value) 0.221 <0.01 
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Table 4.5 Results of Bayesian ancestral state reconstruction of temporal activity 

using BayesTraits v2.0. 

(a) Asymmetric multi-rate model 

Summary Statistic Lh Tree No qDN qND Root P(D) Root P(N) 

mean -31.8738 502.0633 9.2338 21.1873 0.5049 0.4951 

stderr of mean 5.79E-03 1.6856 0.0292 0.0624 1.27E-04 1.27E-04 

stdev 0.9839 291.9517 5.0407 10.7493 0.0219 0.0219 

variance 0.968 85235.7916 25.4089 115.5464 4.80E-04 4.80E-04 

median -31.6634 503 8.2339 19.3542 0.5002 0.4998 

mode n/a n/a n/a n/a n/a n/a 

geometric mean n/a 365.3853 7.9799 18.5889 0.5044 0.4945 

95% HPD Interval 
[-33.8199, -30.43] [1, 955] 

[1.6183, 

19.0891] 

[3.9952, 

42.2726] 

[0.5, 

0.5303] 

[0.4697, 

0.5] 

auto-correlation time 

(ACT) 
1039.125 1000 1006.7843 1009.6748 1000 1000 

effective sample size 

(ESS) 
28870.4443 30000 29797.8414 29712.5383 30000 30000 

 

(b) Single-rate model 

Summary Statistic Lh Tree No qDN qND Root P(D) Root P(N) 

mean -35.5686 494.5309 14.4192 14.4192 0.5374 0.4626 

stderr of mean 3.31E-03 1.7527 0.065 0.065 4.73E-04 4.73E-04 

stdev 0.5728 293.7971 11.254 11.254 0.0819 0.0819 

variance 0.3282 86316.7227 126.6536 126.6536 6.71E-03 6.71E-03 

median -35.5168 492 11.5609 11.5609 0.501 0.499 

mode n/a n/a n/a n/a n/a n/a 

geometric mean n/a 346.5213 10.5524 10.5524 0.5324 0.4499 

95% HPD Interval 
[-36.6182, -

34.6937] 
[1, 954] 

[0.8497, 

36.5756] 

[0.8497, 

36.5756] 

[0.5, 

0.7502] 

[0.2498, 

0.5] 

auto-correlation time 

(ACT) 
1000 1067.683 1000 1000 1000 1000 

effective sample size 

(ESS) 
30000 28098.2279 30000 30000 30000 30000 
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Table 4.6 Results of Bayesian ancestral state reconstruction of habitat use using 

BayesTraits v2.0 

(a) Asymmetric multi-rate model 

Summary Statistic Lh Tree No qOR qRO Root P(O) Root P(R) 

mean -26.5768 487.2724 6.8139 2.6654 0.4184 0.5816 

stderr of mean 0.0065509 1.7072 0.0225 0.0102 5.41E-04 5.41E-04 

stdev 1.1308 291.2086 3.9019 1.7589 0.0915 0.0915 

variance 1.2787 84802.449 15.2246 3.0936 0.0083809 0.0083809 

median -26.3321 483 6.0107 2.226 0.4461 0.5539 

mode n/a n/a n/a n/a n/a n/a 

geometric mean n/a 337.6287 5.8605 2.2529 n/a 0.5754 

95% HPD Interval 
[-29.1719, -

25.0866] 
[2, 947] 

[0.5665, 

14.1877] 

[0.3917, 

5.91] 
[0.2324, 0.5] [0.5, 0.7676] 

auto-correlation time 

(ACT) 
1006.8544 1031.1365 1000 1010.4419 1047.7839 1047.7839 

effective sample size 

(ESS) 
29795.7692 29094.111 30000 29689.9799 28631.8585 28631.8585 

 

(b) Single-rate model 

Summary Statistic Lh Tree No qOR qRO Root P(O) Root P(R) 

mean -27.6966 444.8258 2.3197 2.3197 0.2088 0.7912 

stderr of mean 0.0144 2.0303 0.0105 0.0105 8.63E-04 8.63E-04 

stdev 1.9373 314.2241 1.8255 1.8255 0.1383 0.1383 

variance 3.7532 98736.814 3.3324 3.3324 0.0191 0.0191 

median -27.9476 438 1.8892 1.8892 0.1968 0.8031 

mode n/a n/a n/a n/a n/a n/a 

geometric mean n/a 203.6084 1.9615 1.9615 0.1332 0.7783 

95% HPD Interval 
[-30.2201, -

22.4893] 
[2, 945] 

[0.4664, 

5.1027] 

[0.4664, 

5.1027] 

[7.4E-5, 

0.4571] 

[0.5429, 

0.9999] 

auto-correlation time 

(ACT) 
1669.0301 1252.482 1000 1000 1167.3337 1167.3337 

effective sample size 

(ESS) 
17974.5109 23952.441 30000 30000 25699.5923 25699.5923 
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Table 4.7 Akaike information criterion (AIC) as a tool for model selection  

Model Df AIC 

Active_time ~ Cyrto_Sym + Habitat.type + max_SVL + dist_range +  Avg_night_temp + 

bio2 + bio11 + bio15 + bio17 + bio4 
40 49.0911 

Active_time ~ Cyrto_Sym + Habitat.type + max_SVL +  Avg_night_temp + bio2 + bio11 + 

bio15 + bio17 + bio4 
41 47.1136 

Active_time ~ Cyrto_Sym + Habitat.type + max_SVL +  Avg_night_temp + bio2 + bio11 + 

bio15 + bio17 
42 45.3215 

Active_time ~ Cyrto_Sym + Habitat.type  +  Avg_night_temp + bio2 + bio11 + bio15 + 

bio17 
43 43.5049 

Active_time ~ Cyrto_Sym  + Avg_night_temp + bio2 + bio11 + bio15 + bio17 44 41.643 

Active_time ~ Cyrto_Sym  + bio2 + bio11 + bio15 + bio17 45 39.9633 

Active_time ~ Cyrto_Sym  + bio2 + bio11 + bio17 46 38.7426 

Active_time ~ Cyrto_Sym  + bio11 + bio17 47 36.9189 

Active_time ~ Cyrto_Sym  + bio17 48 36.7731 
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Table 4.8 Parameter estimates for the regression models of temporal activity on 

the ecological factors. 

  Slope Std. Error z value Pr(>|z|) 

Sympatric Cyrtodactylus present -2.196E+01 3.303E+03 -0.007 0.9947 

Precipitation of Driest Quarter 1.137E-02 3.998E-03 2.844 0.00446 

R2 model = 0.665  

 



77 

 

Figure 4.1 The 95% credible interval of probability of ancestor’s character 

estimated by Bayestraits v2.0: (a) and (b) for temporal activity with asymmetric 

multi-rate model and single-rate model respectively; (c) and (d) for habitat use 

with asymmetric multi-rate model and single-rate model respectively. N-

nocturnal, D-diurnal, R-rocky habitat and O-other habitats or habitat generalist. 

  

 



78 

 

Figure 4.2 Phylogenetic distribution of habitat use in Cnemaspis genus. 
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Figure 4.3 Phylogenetic distribution of temporal activity in Cnemaspis genus. 

The species with sympatric Cyrtodactylus species are given in blue. 
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