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ARTICLE INFO ABSTRACT

Keywords: Recognizing species-level diversity is important for studying evolutionary patterns across biological disciplines
bModelTest and is critical for conservation efforts. However, challenges remain in delimiting species-level diversity, espe-
Bayesian Phylogenetics and Phylogeography cially in cryptic radiations where species are genetically divergent but show little morphological differentiation.
(BPP)

Using multilocus molecular data, phylogenetic analyses, species delimitation analyses, and morphological data,
we examine lineage diversification in a cryptic radiation of Riopa skinks in Myanmar. Four species of Riopa
skinks are currently recognized from Myanmar based on morphological traits, but the boundaries between three
of these species, R. anguina, R. lineolata, and R. popae, are not well-defined. We find high levels of genetic
diversity within these three species. Our analyses suggest that they may comprise as many as 12 independently
evolving lineages, highlighting the extent to which species diversity in the region is underestimated. However,
quantitative trait data suggest that these lineages have not differentiated morphologically, possibly indicating
that this cryptic radiation represents non-adaptive evolution, although additional data is needed to corroborate
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this.

1. Introduction

The species is the fundamental taxonomic unit in characterizing
biodiversity (de Queiroz, 2005). Diverse biological research fields, in-
cluding ecology, developmental biology, genetics, and physiology rely
on the accurate identification of species-level lineages to analyze and
interpret results (Knowlton and Jackson, 1994; Bickford et al., 2007;
Bortolus, 2008). Additionally, accurate species identification is crucial
for conservation efforts (e.g. Dubois, 2003; Frankham et al., 2012;
Seifan et al., 2016; Garnett and Christidis, 2017; Tantipisanuh and Gale,
2018), with organizations such as the IUCN using data on the dis-
tribution, ecology, and demography of recognized species for con-
servation assessments (IUCN-SSC, 2017).

Nevertheless, despite the fundamental nature of the species-level
unit in research and conservation, challenges remain in recognizing
entities that constitute species. Historically, species were defined based
on morphological characteristics (e.g. Linnaeus, 1758); however, with
the advent of molecular phylogenetics and phylogenomics, it has be-
come possible to recognize distinct lineages from genetic data alone.
Use of molecular data in species identification over the last three dec-
ades has indicated that many widespread species actually comprise

multiple genetically divergent morphologically similar cryptic species.
Complexes of cryptic species often result from non-ecological specia-
tion, in which diversification is not accompanied by apparent ecological
or morphological separation in traditional quantitative traits
(Czekanski-Moir and Rundell, 2019). Despite the advance of techniques
in molecular-based species identifications, morphology remains a cri-
tical component of taxonomy and systematics (Ceriaco et al., 2016);
therefore, cryptic radiations present particular challenges for tax-
onomists because of the lack of criteria for describing species that do
not exhibit clear diagnostic phenotypic characters (Barley et al., 2013).
As the number of recognized cases of cryptic speciation increases, many
people suggest taking an integrative approach towards describing these
new species that incorporates morphological, ecological, demographic,
and geographic datasets with phylogenetic evidence (e.g. Bauer et al.,
2011; Barley et al., 2013; Sukumaran and Knowles, 2017; Singhal et al.,
2018; Denham et al., 2019; Duran et al., 2019; Hillis, 2019). However,
these integrative approaches, although ideal, are challenging when
there is a paucity of genetic samples for lineages or observational data
on a group’s habits—a situation particularly manifest in tropical scincid
lizards.

Lizards in the Family Scincidae (skinks) are a remarkably successful
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group of vertebrates, comprising more than 1,600 species (Uetz et al.,
2019). Found in tropical and temperate regions on all continents except
Antarctica, and on most oceanic islands, skinks have evolved a diverse
array of ecologies, including terrestrial, fossorial, arboreal, rupicolous,
and aquatic and are a major part of the global herpetofauna (Vitt and
Caldwell, 2013). Therefore, recognizing species-level diversity is cri-
tical to understanding the evolutionary history of these lizards and the
role they play in regional ecosystems. However, there has been his-
torical taxonomic confusion and instability for a number of groups (e.g.
Linkem et al., 2011; Brandley et al., 2012; Skinner et al., 2013; Erens
et al., 2017; Freitas et al., 2019), driven in part by lack of diagnostic
morphological characters for genera. Furthermore, within genera,
cryptic and non-adaptive diversification appears common, which
complicates efforts to quantify species-level diversity of the family—44
of the 94 new scincid species described between 2014 and November
2019 (Uetz et al., 2019) were considered members of formerly re-
cognized widespread species that subsequently were found to be dis-
tinct species based on genetic data (Table S1). These taxonomic revi-
sions highlight broadly generalized and highly conserved external
morphologies and body plans across species as contributing to diffi-
culties in recognizing taxonomic boundaries.

Despite this high number of taxonomic revisions over the years, it is
likely that underestimated levels of cryptic diversity still exist across the
family Scincidae, particularly within poorly studied regions of the
globe. Previous phylogenetic explorations of Asian Gracile Skinks
(genus Riopa) from South and Southeast Asia have suggested that the
genus harbors substantial genetic diversity beyond what has been for-
mally recognized taxonomically (Freitas et al., 2019), and we report on
this unrecognized diversity here. The genus Riopa comprises nine re-
cognized species from Bangladesh, India, Maldives, Myanmar, Nepal,
Pakistan, and Sri Lanka (Uetz et al., 2019). Members of the genus are
semifossorial with small, gracile, and elongate bodies, found in or
among rotting logs, loose soil, leaf litter and rocks in dry-semi-dry
forest, grassland, and urban habitats across their range (Das, 2010;
Vyas, 2014; Bhattarai et al., 2018; Prasad et al., 2018), although little is
known about their natural history in Myanmar (Das, 2010). Long a
source of taxonomic confusion due to their lack of diagnostic characters
(reviewed in Freitas et al., 2019), Riopa recently has been the subject of
several revisionary studies which have attempted to elucidate species-
level relationships within the genus (Datta-Roy et al., 2014; Freitas
et al., 2019). Currently, there are four species of Riopa recognized from
Myanmar: R. albopunctata Gray 1846, R. anguina Theobald 1868, R.
lineolata Stoliczka 1870, and R. popae Shreve 1940. Of these, R. lineolata
and R. popae are endemic; R. albopunctata was described originally from
India but is widespread across southern Asia and is recognized to occur
in both countries (Manthey and Grossman, 1997), and R. anguina, de-
scribed originally from Myanmar, also occurs in localities in south-
western Thailand in Prachuap Khiri Khan and Chumphon Provinces
(Nabhitabhata et al., 2000; Chan-ard et al., 2015). Historically, the four
species from Myanmar have been diagnosed by variation in mensural
and meristic characters, including relative limb lengths, midbody scale
row count, and coloration (Theobald, 1876; Stoliczka, 1870; Shreve,
1940; Das, 2010; Geissler et al., 2012; Freitas et al., 2019). However,
the considerable overlap in these characters between taxa have made
recognizing species boundaries difficult (Jayaram, 1949; Vyas, 2001,
2010; Seetharamaraju et al., 2009; Srinivasulu and Seetharamaraju,
2010).

Myanmar is located in Southeast Asia, bordered by India and
Bangladesh in the northwest, the Bay of Bengal and the Andaman Sea in
the southwest, China and Laos in the northeast, and Thailand in the
southeast (Fig. 1). The country is diverse ecologically, varying in ha-
bitat type and abiotic factors such as elevation, temperature and pre-
cipitation (Fig. 2). Although Myanmar and the surrounding region were
not initially identified as a biodiversity hotspot (Myers, 1988, 1990),
over the past three decades there has been an increase in recognized
species-level biodiversity in the region, prompting its classification as
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the Indo-Burma Biodiversity Hotspot (Mittermeier et al., 1999; Myers
et al., 2000). During the last five years alone, expeditions across
Myanmar have discovered large amounts of population- and species-
level diversity among major vertebrate groups and has resulted in the
description of 65 new species: ten species of amphibian, 17 species of
fish, two species of mammal, and 36 species of reptile (Table S2).
However, the level of unrecognized and cryptic diversity within scincid
lizards in Myanmar remains poorly understood. In this paper, we use
multilocus coalescent-based species delimitation methods and multi-
variate analyses of morphological data to illustrate that species di-
versity within the genus Riopa in Myanmar is greatly underestimated.
The results of our study suggest that the genus has undergone sig-
nificant lineage diversification with little discernable divergence in
external morphology. These levels of potential cryptic species diversity
affect our understanding of the evolutionary, biogeographic, and eco-
logical patterns of vertebrate diversification within the country.

2. Materials and methods
2.1. Taxon sampling and molecular methods

Ingroup sampling comprised 41 individuals of Riopa from central
and northern Myanmar (Fig. 1) identified in museum collections as R.
anguina (18 individuals), R. bowringii (three individuals), R. lineolata
(nine individuals), R. popae (five individuals), and R. sp. (six in-
dividuals) (Table S3). Several samples were obtained from Mount Popa,
the type locality of R. popae, and Bago and Yangon provinces, the ap-
proximate type locality of R. anguina; however, we did not obtain
samples from the type locality of R. lineolata, which is farther south in
Mon State (Fig. 1). Outgroup sampling included GenBank sequences for
seven members of three closely related genera : Lygosoma quadrupes,
Mochlus brevicaudis, M. guineensis, M. sundevallii, Subdoluseps bowringii,
S. herberti, and S. samajaya, and one additional species from the genus
Riopa, R. albopunctata, shown previously to be the sister species to
Myanmar Riopa (Freitas et al., 2019; Table S3). Tissue samples were
provided by the California Academy of Science (CAS).

Genomic DNA was extracted from ethanol-preserved liver, muscle,
or tail tissue using a high-salt extraction method (Aljanabi and
Martinez, 1997) or the Wizard SV© Genomic DNA Purification System
(Promega). Extracts were amplified via PCR in 10 uL reactions fol-
lowing standard protocols (Siler et al., 2011) for three nuclear DNA
(nuDNA) loci and three mitochondrial DNA (mtDNA) genes. Nuclear
loci comprised brain-derived neurotrophic factor (BDNF; 690 base pairs
[bp]), RNA fingerprint protein 35 (R35; 662 bp), and recombination
activating gene 1 (RAGI1; 891 bp); mtDNA genes comprised NADH
dehydrogenase subunit 1 (ND1; 966 bp) and subunit 2 (ND2; 1032 bp),
and 16S ribosomal RNA (16S; 535 bp; Table 1). PCR products were
purified by ExoSAP-IT (ThermoFisher Scientific), sequenced with
BigDye® Terminator v3.1 sequencing kit (ThermoFisher Scientific) and
cleaned using ethanol precipitation. We sent sequencing products to
Eurofins Genomics in Louisville, Kentucky or the Genomic Sciences
Laboratory at North Carolina State University for visualization. All
novel sequences were deposited in GenBank (Table S3).

2.2. Sequence alignment and phylogenetic analyses

Raw sequences were imported into Geneious v10.2.4 (Biomatters,
Ltd.), assembled into contigs, and checked for quality. All nuDNA
contigs were examined for miscalled heterozygous sites. Once we were
satisfied with data quality, we trimmed the primer binding sites from
both ends of each contig and aligned contigs using MUSCLE (Edgar,
2004) in Geneious with default settings. Alignments were checked by
eye for misplaced indels and, for all coding genes (all genes except 16S),
erroneous internal stop codons.

We ran preliminary Maximum Likelihood (ML) analyses in RAXML
v8.2.12 (Stamatakis, 2014) on each nuDNA gene separately and on the
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Fig. 1. Map of Myanmar showing localities of
specimens and tissues used in this study and the
type localities for the three species described
from Myanmar. Myanmar is shaded according to
elevation, with lighter colors indicating higher
elevations. Geographic features mentioned in
text are labeled on the map, with the exception
of the Central Myanmar Basin, which comprises
the low elevation region between the Indo-
Myanmar Range in the west (Naga Hills, Chin
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Hills, Arakan Yoma) and Shan Hills in the east.
The lower right inset shows the closeup of sam-
pling around Mount Popa, the type locality of
Riopa popae. The upper right inset shows the
location of Myanmar in South and Southeast
Asia, with the countries labeled according to
their two letter ISO 3166-1 alpha-2 country
codes: BD = Bangladesh, BT = Bhutan,
CN = China, IN = India, KH = Cambodia,
LA = Laos, LK = Sri Lanka, MM = Myanmar,
NP = Nepal, TH = Thailand, VN = Vietnam.
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concatenated mtDNA dataset to check for discordance between loci. For
ML analyses, 16S was analyzed as a single partition and nuDNA and
mtDNA protein coding genes were partitioned by codon position, and
the substitution model GTR + I' was applied to each partition. Topo-
logical support was assessed by 100 bootstrap pseudoreplicates. Results
of these analyses showed no incongruence between the mtDNA and
nuDNA topologies; therefore, we conducted additional partitioned,
phylogenetic analyses on the concatenated nuDNA + mtDNA dataset.

We used BEAST v2.5.1 (Bouckaert et al., 2014) to conduct Bayesian
phylogenetic analysis on our concatenated dataset, employing the
package bModelTest v1.1.2 (Bouckaert and Drummond, 2017) to cal-
culate the best substitution model for each partition. This approach
estimates the phylogeny and the substitution models jointly using a
reversible jump Monte Carlo Markov Chain (rjMCMC) algorithm, which
allows the chain to analyze substitution models with different numbers
of parameters (Bouckaert and Drummond, 2017). We limited our
rjMCMC search to models containing different transition-transversion
rates for computational efficiency, which includes the Jukes-Cantor
model where all rates are equal, the GTR model where all rates are
different, and all models where the rate of transitions is different from
the rate of transversions—a total of 31 models (Bouckaert and
Drummond, 2017). Although bModeltTest can search for the best sub-
stitution model for each partition, it requires a priori selection of the

partitioning scheme. Therefore, like the ML single gene analyses, we
partitioned our data by codon position, with the exception of 168,
which was treated as a single partition. The analysis was run using a
relaxed lognormal molecular clock with default priors and a Yule
Speciation model with default priors. We applied separate molecular
clocks and tree models to the mtDNA and nuDNA. We conducted two
runs of 100,000,000 generations each, sampling every 10,000 genera-
tions, using the CIPRES Science Gateway (Miller et al., 2010). The re-
sults of these two analyses were examined separately and together in
Tracer v1.7.1 (Rambaut et al., 2018) and RWTY v1.0.1 (Warren et al.,
2017) in R v3.5.0 (R Core Team, 2018) to assess stationarity and con-
vergence, determined by ESS values above 200 for parameters and runs
sampling the same regions of tree space in RWTY. The RWTY analyses
were run using the command analyze.rwty. Convergence of most
parameters occurred after 10,000,000 generations, and so we discarded
the first 10% of each run as burnin. We combined the BEAST2 bMo-
delTest analyses in LogCombiner v2.5.1 (Bouckaert et al., 2014), dis-
carding the first 10% of trees in each posterior distribution as burnin
(observed as appropriate for cutoff, see above). The output had 18,002
trees in the combined posterior distribution of the final two runs. We
used TreeAnnotator v2.5.1 (Bouckaert et al., 2014) to select the max-
imum clade credibility tree and calculated the posterior probability of
each bifurcation.
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Fig. 2. Maps of Myanmar showing different abiotic gradients: (A) Mean annual
temperature; (B) Difference between the mean annual high temperature and the
mean annual low temperature; (C) Mean annual precipitation; and (D)
Precipitation of the driest month. Abbreviations for geographic features men-
tioned in text: CMB = Central Myanmar Basin, CDZ = Central Dry Zone,
IMR = Indo-Myanmar Range, MP = Mount Popa, SH = Shan Hills.

2.3. Putative lineage identification

The coalescent-based species delimitation program Bayesian
Phylogenetics and Phylogeography (BPP), used to delimit species
within Myanmar Riopa (see below), requires input of putative species-
level lineages a priori to the analysis. BPP then tests these lineages and
determines whether they warrant species-level recognition. Because
specimen morphology gives few clues to the species-level identity of
each individual, we used barcoding distance thresholds and the
Bayesian species delimitation program bGMYC (Reid and Carstens,
2012) to determine lineages objectively within Myanmar Riopa. These
methods determine groups of samples that can then be used as
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hypotheses for species assignment in BPP. We implemented barcoding
distance thresholds and bGMYC on our ND2 ingroup data. As a mtDNA
gene, ND2 has a higher mutation rate than nuDNA loci (Vawter and
Brown, 1986), making it useful for detecting structure at shallow nodes
in our topology. Additionally, we chose to use ND2 for species discovery
because this gene had the most complete dataset of all our mtDNA
markers (Table S3).

The barcoding distance threshold method clusters sequences based
on a genetic threshold value determined by the barcoding gap, which is
the numerical value not represented in a dataset of pairwise genetic
distances, and thus a value that represents the gap between intra- and
interspecific genetic diversity (Meyer and Paulay, 2005). Although this
approach to lineage identification is purely distance-based and does not
account for evolutionary processes, it is useful for identifying mono-
phyletic genetic clusters that serve as a priori hypotheses of con-
specificity within a set of samples. To implement the barcoding distance
threshold method, we first calculated the uncorrected pairwise distance
for ND2 (Table 2, S4) using the command dist.dna in the R package ape
v5.2 (Paradis and Schliep, 2018), and then used these distances to
identify the barcoding gap with the command localMinima in the R
package Spider v1.5.0 (Brown et al., 2012) with the barcoding gap
corresponding to the lowest local minimum as determined by plotting
the distances using the command plot. We then determined the number
of genetic clusters by setting the barcoding gap as the maximum in-
traspecific genetic diversity threshold with the command tclust in
Spider.

In addition to the barcoding distance threshold method, we used the
species delimitation program bGMYC to determine species-level
lineages. BGMYC is the Bayesian implementation of GMYC (Pons et al.,
2006), which uses the general mixed Yule coalescent model to estimate
divergence events on a topology. The program bGMYC goes a step
farther, in that it uses the general mixed Yule coalescent model to es-
timate divergent events on a posterior distribution of topologies, al-
lowing it to incorporate phylogenetic uncertainty into its lineage as-
signment hypotheses and generate probabilities of conspecificity.
Although the program has been used previously in species delimitation
studies to identify species-level lineages, it was shown in simulation
studies that it overestimates the number of species more often than BPP
(Luo et al., 2018); therefore, we used bGMYC instead to identify pu-
tative lineages within our ND2 dataset.

BGMYC requires ultrametric topologies as input and so we gener-
ated ND2 phylogenies with ingroup samples only, using bModelTest in
BEAST2. We partitioned ND2 by codon position and used a random
local clock. This phylogenetic analysis was run once for 5,000,000
generations sampling every 500 generations and the output was viewed
in Tracer to check for convergence, as described above. We used
LogCombiner to remove the first 10% of trees as burnin and resample
the posterior distribution every 5,000 generations, so that there were
181 trees in our posterior distribution to use as input for bGMYC. We
implemented bGMYC in the R package bGMYC v1.0.2 (Reid, 2014)

Table 1
The primers, primer sequences, and annealing temperatures used in this study.
Gene Primer Sequence (5-3") Annealing Temp (°C) Reference
BDNF BDNF.F GACCATCCTTTTCCTKACTATGGTTATTTCATACTT 61 Leaché and McGuire (2006)
BDNF.R CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC
R35 R35.F GACTGTGGAYGAYCTGATCAGTGTGG 55 Fry et al. (2006)
R35.R GCCAAAATGAGSGAGAARCGCTTCTG
RAGI RAG1.R13 TCTGCTGTTAATGGAAATTCAAG 53 Adapted from Groth & Barrowclough, 1999 by unknown
RAG1.R13.rev AAAGCAAGGATAGCGACAAGAG
ND1 16dR CTACGTGATCTGAGTTCAGACCGGAG 53 Leaché and Reeder (2002)
tMet TCGGGGTATGGGCCCRARAGCTT
ND2 ND2_14437 AAGCTTTCGGGCCCATACC 53 Macey et al. (1997)
ND2_H5730 AGCGAATRGAAGCCCGCTGG
16S 16Sar-L CGCCTGTTTATCAAAAACAT 46 Palumbi (1991)

16Sbr-H CCGGTCTGAACTCAGATCACGT
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Table 2
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The uncorrected pairwise distance for the mitochondrial gene ND2 for all lineages recovered in barcoding distance thresholds lineage discovery method. The intra-
lineage distances are bolded. Distances between lineages within each of the three major clades are highlighted in gray: Clade I = light gray; Clade II = medium gray;

Clade III = dark gray.

Lineage Lineage Lineage Lineage Lineage Lineage Lineage Lineage Lineage Lineage Lineage Lineage
A B C D E F G H I J K L
n=3 n=3 n=6 n=1 n=1 n=6 n=1 n=1 n=1 n=2 n=1 n=14
Linecage  0.0-0.3
A
Lineage 10.4-  0.0-4.7
B 11.1
Lineage 9.0-9.6 7.8-92 0.5-6.1
C
Lineage 11.1- 12.4— 10.8— NA
D 11.4 13.4 12.7
Lineage 11.8 12.8- 11.6—- 8.7 NA
E 13.6 12.4
Lineage 11.3— 11.7-  9.6-124  85-87 9.0-92 0.0-0.5
F 11.7 13.1
Lineage 12.5— 11.1- 10.4— 13.7 13.4 12.5-
G 12.8 13.1 12.8 12.8
Lineage 12.7 12.4- 11.1- 12.8 13.1 12.2—
H 13.4 12.2 12.5
Lineage I  12.2— 13.3- 11.3— 13.4 12.5 12.5-
12.5 14.0 12.5 13.0
Lineage 10.5— 10.4— 10.4— 11.6—- 10.8— 10.8—
J 12.0 12.5 13.0 13.6 12.5 12.5
Lineage 11.4- 15.4- 13.3— 14.2 14.2 14.3—
K 12.8 15.7 14.5 14.5
Lineage 11.1- 12.2— 12.0- 11.9- 12.0- 12.7—
L 12.8 14.8 14.2 13.6 13.1 13.9

using the command bgmyc.multiphylo. We ran the MCMC chain for
50,000 generations with a burnin of 25,000 and a thinning interval of
500, which resulted in a total of 9,050 samples in the posterior dis-
tribution of the analysis. We used the command plot to visualize the
MCMC output and determine if the analysis had converged. Finally, the
MCMC samples were analyzed using the command bgmyc.point and a
threshold value of 0.05, so that individuals or groups of individuals
needed a more than 95% chance that they were distinct from other
samples to be considered an independent lineage.

Because BPP implements the Jukes-Cantor substitution model, it
performs best when samples are separated by less than 10% sequence
divergence (Flouri et al., 2018). However,the results of our uncorrected
pairwise distance calculation indicated that distances between lineages
exceeded 10%. Therefore, we performed barcoding distance threshold
and bGMYC on the entire dataset (Fig. 3i, 3ii), as well independently on
each of three major clades recovered in phylogenetic analyses (Fig. 3iii,
3iv; Table 3; see results below)

2.4. Species delimitation

To investigate the number of cryptic species within Myanmar Riopa,
we ran Bayesian species delimitation analyses on our dataset using the
program Bayesian Phylogenetics and Phylogeography (BPP) v4.0
(Rannala and Yang, 2003; Yang and Rannala, 2010; Yang, 2015). The
program uses rjMCMC to analyze multiple loci under the multispecies
coalescent (MSC), and it estimates relative species divergence times and
ancestral population sizes. The MSC model implemented in BPP as-
sumes free recombination between loci, no recombination within a
given locus, and an absence of gene flow between taxa (Yang, 2015). In
a recent simulation study, BPP was shown to outperform other species
delimitation methods across different speciation scenarios, generally
producing fewer false positives (overestimates of numbers of species)
than the other methods (Luo et al., 2018).

We ran the A10 analysis in BPP (species delimitation with a fixed
guide tree) to validate the lineages recovered by barcoding threshold
distance and bGMYC, basing our guide species tree off the results of our

concatenated phylogenetic analysis (above). To avoid pseudoreplica-
tion, we removed ND2 from our genetic dataset, and we concatenated
NDI and 16S so that the mtDNA was treated as a single locus.
Therefore, the analysis was run on four loci: BDNF, R35, RAGI, and
mtDNA, as well as on the nuDNA dataset only (Table 3). We did not
phase our nuDNA for the analysis. We set the parameter locusrate = 1
so that there was rate heterogeneity across loci, and in the combined
nuDNA + mtDNA analyses, we used a heredity scaler so that the her-
edity of nuDNA = 1 and the heredity of mtDNA = 0.25. All other
parameters were kept at default values, including the inverse gamma
priors6 and 7y, with 6 = (3, 0.002) and 7, = (3,0.03). Each BPP analysis
was run twice to check consistency of the performance of the rjMCMC
algorithm. Runs were conducted for 20,000 generations, sampled every
10 generations, with a burnin of 8,000 generations.

2.5. Population structure

We used the NeighborNet algorithm (Bryant and Moulton, 2004) as
implemented in the program SplitsTree v4.14.8 (Huson and Bryant,
2006) to visualize clade-level diversification and possible reticulating
relationships within Myanmar Riopa. SplitsTree generates a phyloge-
netic network, which allows for visualization of all possible evolu-
tionary histories of the samples, including all discordant splits (Huson
and Bryant, 2006), giving us a clearer picture of monophyly and genetic
differentiation between populations and species. We ran the program
on the concatenated mtDNA dataset and on each individual nuDNA
gene alignment using HKY-corrected p-distances to generate networks.
Support for inferred network splits was assessed with 1,000 bootstrap
replicates; splits with bootstrap (bs) values of 70 or higher were con-
sidered highly supported (Hillis and Bull, 1993). Lineage assignment
was determined based on the results of the BPP analysis of the con-
catenated nuDNA + mtDNA dataset for 12 putative species.

2.6. Species tree analysis

We conducted species tree analyses on the ingroup taxa using
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Fig. 3. Phylogeny showing the results of the concatenated bModelTest analysis
performed in BEAST2. Gray circles indicate nodes that are highly supported
(pp = 0.95). The scale bar indicates branch lengths in average substitutions
over time. The columns to the right of the topology indicate the putative
lineages supported by each lineage discovery method: i—barcoding threshold
values on the entire dataset; ii—bGMYC on the entire dataset; iii—barcode
threshold values on each clade individually; and iv—bGMYC on each clade
individually. The final column in black shows lineages supported by the BPP
analysis with 12 putative lineages as input.

Table 3
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*BEAST2 v0.15.2 (Ogilvie et al., 2017) in BEAST2. Taxa were desig-
nated as a member of a species based on the results of the BPP analysis
of the concatenated nuDNA + mtDNA dataset for 12 putative species
(Table 3). The results of the previous concatenated bModelTest in-
dicated that several of the nuDNA codon position partitions were un-
informative. Therefore, we changed our partitioning strategy for this
analysis and partitioned nuDNA by gene instead of by codon position.
ND1 and ND2 remained partitioned by codon position due to the higher
information content of these partitions. We ran bModelTest on the in-
group taxa three times each for 100,000,000 generations, sampling
every 10,000 generations, to obtain estimates for the substitution model
for each partition. The analysis was run with a random local clock
because lineages are all closely related and so we assumed similarity of
clock rates with random change across branches (Drummond and
Suchard, 2010), and a Yule Speciation model. As in the first bModelTest
run, the nuDNA and mtDNA were linked separately so that two trees
and two clocks, one each for nuDNA and mtDNA, were estimated.
Alpha and beta values on the gamma prior for each clockrate.c para-
meter were changed to 2.0 and 0.5, respectively, as preliminary runs
under default priors produced infinitesimally low values for these
parameters and caused the likelihood to approach infinity. All other
priors were kept at default values. Substitution model results from this
analysis for each partition are shown in Table S5.

We plugged in the substitution models obtained from bModelTest
into StarBEAST2 and ran a species tree analysis twice for 100,000,000
generations each, sampling every 10,000 generations. We used a
random local clock, and again changed the gamma prior on the
clockrates.c parameter to an alpha and beta of 2.0 and 0.5, respectively.
We viewed the output in Tracer and RWTY to determine convergence
and stationarity, and discarded the first 10% of runs as burnin, leaving
18,002 trees in the posterior distribution.

2.7. Morphological analyses

We examined fluid-preserved specimens of Riopa from Myanmar for
variation in mensural and meristic characters, selecting characters that
have been used in previous skink phylogenetic studies to delimit species
(Siler et al., 2010). Our final morphological dataset comprised 86 in-
dividuals and contained 14 mensural characters: snout-vent length
(SVL), axilla-groin distance (AGD), midbody width (MBW), tail width
(TW), tail depth (TD), head length (HL), head width (HW), head depth
(HD), eye diameter (ED), eye-nares distance (END), snout length (SNL),
internares distance (IND); fore limb length (FLL), and hindlimb length
(HLL), and five meristic characters: midbody scale row count (MBSRC),
axilla-groin scale row count (AGSRC), paravertebral scale row count
(PVSRC), Finger III lamellae (FinllIlLam), and Toe IV lamellae

Results of the Bayesian Phylogenetics and Phylogeography (BPP) analyses across all samples and for each clade analyzed separately. Each analysis was run on the
complete genetic dataset, excluding ND2, which was used in lineage discovery, and on the nuDNA genetic dataset only.

Taxonomic sampling Lineage identification method

No. putative species

Genes tested in BPP No. BPP species (pp)

All barcoding distance thresholds 12
bGMYC 11

Clade I barcoding distance thresholds 6
bGMYC 3

Clade II barcoding distance thresholds 3
bGMYC

Clade III barcoding distance thresholds 4
bGMYC 2

nuDNA, ND1, 16S 12 (1.00)
nuDNA 12 (0.97)
nuDNA, ND1, 16S 11 (1.00)
nuDNA 11 (0.99)
nuDNA, ND1, 16S 6 (0.99)
nuDNA 6 (0.99)
nuDNA, ND1, 16S 3 (1.00)
nuDNA 3 (1.00)
nuDNA, ND1, 16S 3 (1.00)
nuDNA 3 (1.00)
nuDNA, ND1, 16S 4 (0.52)
nuDNA 4 (0.98)
nuDNA, ND1, 16S 2 (1.00)
nuDNA 2 (0.99)
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(ToelVLam). Additionally, we counted the number of supralabial, in-
fralabial, supraocular, superciliary, loreal, and preocular scales and
examined the degree of contact between head scales; however, fol-
lowing the observation that these characters show little to no variation
across ingroup samples, they were excluded from subsequent morpho-
logical analyses. Measurements were taken by ESF and AHM with di-
gital calipers accurate to 0.01 mm with the exception of SVL and
AGD—because older specimens were often fixed with curved bodies,
SVL and AGD were measured with a string which was then measured
with digital calipers accurate to the 0.01 mm. All scale counts were
taken on the right side of the body when possible.

We conducted principal component analyses (PCA) on our mensural
and meristic character datasets separately to visualize the distribution
of the putative species recovered by BPP in morphospace. We removed
individuals with missing data so that the mensural character dataset
contained 73 individuals, with 38 of those also included in our phylo-
genetic analyses, and the meristic character dataset contained 81 in-
dividuals, with 45 of those also included in our phylogenetic analyses.
Before conducting PCA on the mensural data, we size-corrected in-
dividuals to account for the disproportionately large effect of SVL on
variance and to address any potential changes in body shape that occur
with changes in body size, using the allometric equation:
Xadj = log10(X)-Bllog10(SVL)-10810(SVLiean)], Where X is the original
value of the mensural character, X,q; is the size-corrected value of the
mensural character, SVLye., is the average SVL across all individuals,
and P is the linear regression coefficient calculated from log;o(X)
against log1o(SVL) (Thorpe, 1975; Lleonart et al., 2000). Ideally, we
would calculate 3 for each putative species; however, several hy-
pothesized lineages were represented by a single individual only,
making the calculation of B impossible in these instances. Therefore, we
calculated one f for each measurement across our dataset; because all
individuals in our dataset are members of the same radiation across
Myanmar, we feel confident that this did not have a large effect on the
results. Prior to conducting the PCAs, we calculated the Z scores for
each variable in both the mensural and meristic datasets using the scale
function in R to standardize the variance for each variable. We ran each
PCA using the command prcomp in R.

3. Results
3.1. DNA sequencing and phylogenetic results

Our molecular dataset comprised 4,776 base pairs for 49 in-
dividuals—41 ingroup and eight outgroup samples with a total of
11.2% missing data across the entire concatenated alignment. The
majority of missing data was confined to outgroup taxa, with only a few
(n = 7) ingroup taxa missing locus-specific coverage (Table S3). Our
concatenated analyses in bModelTest inferred a well-supported to-
pology (Fig. 3). Similar to the recent higher-level study of Lygosoma
group skinks (Freitas et al., 2019), we recover a clade of Riopa from
Myanmar with high support (posterior probability [pp] = 1.0; Fig. 3).
Within Myanmar Riopa, three major clades are recovered (pp = 1.0 for
each; Fig. 3, Clades I-III), each displaying significant intraspecific and
well-supported genetic structure. These clades do not correspond to
known species—individuals identified to species are not recovered as
monophyletic groups (Table S3).

3.2. Cryptic lineage identification and species delimitation

Calculation of the uncorrected p-distances for the ND2 gene used in
barcoding threshold values reveals high levels of genetic diversity be-
tween samples, with observed divergences between individuals of up to
15.7% (mean = 10.4 = 3.8%; Tables 2, S4). Within each of the three
major clades (Figs. 1, 3, 6; Clades I-III), the pairwise genetic distances
range from 9.2-13.0% (Tables 2, S4). These ND2 distances were used as
input for the lineage barcoding threshold method and resulted in four
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Fig. 4. Graph of the resulting barcoding threshold values for ND2. The gray and
black dashed lines correspond to minimum values, with the bolded black da-
shed line at 6.8%, which represents the lowest minimum value. This value
(6.8%) was used as the input value for lineage discovery using the barcode
threshold method.

potential thresholds at 1.7%, 5.0%, 6.8%, and 10.1%, with 6.8% cor-
responding to the lowest minimum threshold (Fig. 4). Based on this
threshold value, we recovered 12 putative lineages, each comprising
1-14 sampled individuals (Fig. 3; Table 3). Clades I and II each were
supported as comprising three lineages and Clade III was supported as
comprising six lineages. Comparatively, bGMYC supported 11 putative
lineages, with Clades I and II again comprising three lineages, but Clade
III instead comprising five lineages (Fig. 3; Table 3). Clade-specific
lineage barcoding distance thresholds and bGMYC lineage identifica-
tion analyses identified six and three putative lineages, respectively for
Clade I, three for Clade II, and four and two, respectively for Clade III
(Fig. 3; Table 3). These intra-clade analyses excluded lineages G and H
from Clade III because these samples were greater than 10% divergent
from all other lineages recovered. For within clade barcoding distance
thresholds analyses, the threshold values were 2.8% for Clade I, 5.4%
for Clade II, and 6.4% for Clade III.

In most cases, BPP analyses identified all input lineages as species
with high support (considered to be posterior probabilities of above
0.95; Huelsenbeck and Rannala, 2004; Yang and Rannala, 2010) for
both concatenated (nuDNA + mtDNA) and nuDNA only datasets. The
exception was poor support (pp = 0.52) observed for four putative
lineages within Clade III in analyses of the concatenated dataset how-
ever, each of the same four lineages was highly supported (pp = 0.98)
in analyses of the nuDNA only dataset (Fig. 3; Table 3).

3.3. Phylogenetic networks

Analysis of genetic structure using SplitsTree revealed that in-
dividual lineages were, for the most part, well defined with mtDNA but
not with nuDNA (Fig. 5). In the mtDNA SplitsTree network, all in-
dividual lineages were well supported (bs = 95-100) with the excep-
tion of lineage J, which was moderately supported (bs = 69; Fig. 5). A
split that grouped one individual of lineage L with lineage K also was
recovered as highly supported (bs = 89; Fig. 5). Additionally, Clades I
and II were both recovered as highly supported (Clade I bs = 70, Clade
Il bs = 91), whereas Clade III was only moderately supported (bs = 67,
Fig. 5). However, a subclade within Clade III comprising lineages I, J, K,
and L, to the exclusion of lineages G and H, was recovered as highly
supported (bs = 100), and the subclade comprising lineages G and H
was also recovered as highly supported (bs = 91; Fig. 5). The nuDNA
SplitsTree networks were less resolved than mtDNA. Both the R35
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Fig. 5. SplitsTree network graphs illus-

CLADE | trating genetlc splits for four loci: mi-
oA tochondrial DNA (mtDNA) and the nuclear
genes BDNF, RAG1, and R35. Gray lines re-
os present the topology of each network, and
B C blue, pink, and black lines crossing over the
g

gray lines indicate major splits between taxa
CLADEII on either side of the line, with blue re-
OD presenting splits between clades, pink re-
OFE presenting splits between lineages, and
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CLADE IlI line show the bootstrap support value for
G the split. Bootstrap support was assessed via
4 1000 bootstrap replicates and splits with
¥ H values = 70 are considered to be highly
\ A supported. (For interpretation of the refer-
v) ences to color in this figure legend, the
v K reader is referred to the web version of this

article.)

VL
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0.001
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network and the RAGI network had some support for individual
lineages but clades were not supported, with the exception of Clade I in
the RAG1 SplitsTree network (bs = 95; Fig. 5). BDNF was least resolved
out of all four networks, with the only instance of high support found
for the separation of lineage G from all other lineages (bs = 86; Fig. 5).
Lineage G is also well supported in the R35 SplitsTree network
(bs = 100), but not in the RAG1 SplitsTree network (bs = 61). Lineages
that are well supported in both the R35 SplitsTree network and the
RAGT1 SplitsTree network include A (bs = 80 [R35] and 100 [RAG1]), B
(bs = 84 [R35] and 83 [RAG1]), and E (bs = 96 [R35] and 90 [RAG1]).
Two lineages were highly supported only in a single nuDNA SplitsTree
network: C (bs = 90 [RAGI]) and D (bs = 94 [R35]). Lineages that
were not highly supported across any nuDNA SplitsTree network were
lineages F, H, I, J, K, and L. Several of these lineages were represented
by a single sample and did not amplify for every nuDNA gene
(Table S3).
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Fig. 7. Graphs of the mensural (left) and meristic (right) PCAs. Lineage H is not shown in the figure because the specimen was damaged and excluded from analyses.

3.4. Species tree

Species tree analysis of the 12 putative species obtained from BPP
resulted in a topology with poorly supported structure (Fig. 6). Clade I
is recovered with high support, although the relationships of lineage A,
B, and C within Clade I are not resolved (Fig. 6). Clade II is also re-
covered with high support; however, lineage H is supported as part of
Clade II, although its placement within the clade is not resolved (Fig. 6).
Additionally, within Clade II, we recover lineages D and F as sister
lineages (Fig. 6), which differs from the concatenated bModelTest
analysis in which E and F are recovered as sister lineages, although this
result in the concatenated analysis is only moderately supported
(pp = 0.93; Fig. 3). A monophyletic Clade III is not recovered, with
lineages G, I, J, K and L instead forming a polytomy along the backbone
of the tree (Fig. 6).

3.5. Multivariate analyses of morphology

Results of the principal components analysis indicate that lineages
and clades are not separated in morphospace (Fig. 7). In the mensural
PCA analysis (Fig. 7), the first principal component (PC1) accounted for
36.5% of the variation and was loaded most heavily by TD, HW, HD,
and FLL, suggesting that individuals are separated by body robustness,
and the second principal component (PC2) accounted for 13.6% percent
of the variation and loaded most heavily on AGD, MBW, TW, TD, END,
and SNL, with AGD, MBW, TW, and TD negatively correlated with END
and SNIL, suggesting that individuals snout lengths are negatively cor-
related with body size (Table S6). Similarly, in the meristic PCA ana-
lysis (Fig. 7), PC1 accounted for 45.0% of the variation and loaded most
heavily on MBSRC, PVSRC, FinllILam, and ToelVLam, with FINIILam
and ToelVLam negatively correlated with MBSRC and PVSRC, sug-
gesting that body size is negatively correlated with digit length, and
PC2 accounted for 21.1% percent of the variation and loaded most
heavily on MBSRC and AGSRC, with MBSRC negatively correlated with
AGSRC, suggesting that as the body elongates, body robustness de-
creases, and indicating that the degree of body elongation is important
in distinguishing individuals in morphospace (Table S6). In the results
of the meristic PCA, there does appear to be some separation of in-
dividuals along PC1 (Fig. 7); however, this separation does not corre-
spond to phylogenetic placement and may be an artifact of the low
samples size for some lineages. Clades or lineages do not form distinct
clusters in morphospace in either the mensural or the meristic analysis.
Lineage H, represented by a single sample, was excluded from both
mensural and meristic analyses because the specimen was damaged.
Lineage I was excluded from the mensural analysis because of its small
size and damage, but it was included in the meristic analysis.

4. Discussion
4.1. Genetic and morphological diversity within Myanmar Riopa

Overall, we find high levels of genetic diversity within Myanmar
Riopa that are not consistent with previously recognized morphological
species boundaries. Currently, four species in the genus are recognized
to occur in the country based on morphology: R. albopunctata, R. an-
guina, R. lineolata, and R. popae. However, results from our species
delimitation analyses suggest that Myanmar harbors as many as 13
unique evolutionary lineages—the morphologically distinct R. albo-
punctata, plus 12 putative lineages recovered in species delimitation
analyses that comprise the R. anguina-lineolata-popae species complex.
Our concatenated and coalescent phylogenetic results indicate that
these 12 lineages form a clade, sister to R. albopunctata (Fig. 3), which
suggests that Myanmar Riopa has diversified in situ within the country.
These 12 lineages of the R. anguina-lineolata-popae species complex are
separated by ND2 mitochondrial distances of 7.2-15.7% (Table 2) and
are well supported by the mtDNA SplitsTree network analysis (Fig. 5).
However, their support among nuDNA SplitsTree network analyses
varies, with several lineages (A, B, E, G) supported by two out of three
nuDNA SplitsTree networks, two lineages (C, D) supported by one
nuDNA SplitsTree network, and the remaining six lineages (F, H, I, J, K,
L) not supported by any of the nuDNA SplitsTree networks (Fig. 5).
These results are not surprising given that mtDNA evolves at a faster
rate than nuDNA (Vawter and Brown, 1986). The species delimitation
program BPP is known to delimit population-level structure in addition
to species-level structure (Sukumaran and Knowles, 2017; Barley et al.,
2018; Luo et al., 2018; Leaché et al., 2019), and therefore, the lack of
resolution among our nuDNA networks may indicate that some of the
recovered lineages are genetically structured populations or incipient
species instead of full species. Additionally, the species tree analysis
does not fully resolve inter-lineage relationships (Fig. 5), which may be
an artifact of low genetic sampling, or again, indicate that the lineages
are insipient species.

Riopa species are small, cryptically colored, and semi-fossorial (Das,
2010), making them hard to detect during field surveys. As a result,
one-half of the lineages recovered in species delimitation analyses (D,
G, E, H, [, K) are represented in the dataset by a single individual, which
prevents us from being able to characterize intra-lineage genetic di-
versity at this time. Furthermore, geographic sampling gaps exist across
much of Myanmar, including in low-mid elevation regions in the
eastern and southern portions of the country, and it is likely that ad-
ditional unsampled genetic lineages exist within these regions. Species
delimitation methods are affected by the taxonomic and geographic
scope of sampling, and many do not accommodate low intra-specific
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sampling (Lim et al., 2012), which affects their accuracy. As a result,
the small sample size of many of our lineages (averagen = 3.4 * 3.8)
combined with the possibility of unsampled lineages in Myanmar may
distort the signal of population- versus species-level diversity. Under-
standing the distributions of Myanmar Riopa is crucial to appreciating
the evolutionary history of the group, therefore additional surveys
targeting Riopa across the country are needed to better resolve popu-
lation- and species-level diversity within this clade.

Despite the high amount of genetic diversity within Myanmar Riopa,
we do not find that lineages or clades are separated in morphospace
(Fig. 6). Instead, both the mensural and meristic PCAs show that there
are no consistent morphological trends across lineages or clades. In the
PC1 loadings for the mensural PCA and PC2 loadings for the meristic
PCA, we do find the expected trend that body robustness is negatively
correlated with body elongation across individuals (Gans, 1975; Wiens
and Slingluff, 2001), but the other PC loadings are more difficult to
interpret (Table S6). Additionally, no lineages are separated by quali-
tative head scalation patterns, with the exception of lineage F, in which
all examined members have a scaly lower eyelid instead of a lower
eyelid with a transparent disc. However, the taxonomic value of the
lower eyelid state is a matter of debate due to its variability within
clades (e.g. Broadley, 1966; Linkem et al., 2011; Freitas et al., 2019),
with the state reportedly varying even between eyelids on the same
individual (Hora, 1927). These morphological results suggest that intra-
lineage morphology varies at least as much as inter-lineage morphology
and indicates that body morphology is conservative across Riopa
lineages in Myanmar, highlighting the limitations to employing diag-
nostic characters traditionally used in species delimitations studies in
skinks.

Our qualitative head scalation patterns are coded in a binary fashion
(e.g. presence verses absence); however, geometric morphometric
analyses on skull characteristics have been shown to be a useful tool in
separating species that appear qualitatively similar (Ruane, 2015; Rej
and Mead, 2017; Gabelaia et al., 2018) and may help to differentiate
lineages of Myanmar Riopa in future studies. Furthermore, we did not
examine internal osteological characters or hemipenes morphology,
character sets that have helped to distinguish species in other squamate
systematic studies (Welton et al., 2010; Protzel et al., 2018), and re-
searchers undertaking future studies on Riopa may wish to include these
additional morphological elements.

4.2. Biogeographic patterns within Myanmar Riopa

Myanmar is both geographically and geologically complex, com-
prising multiple regions of tectonic uplift resulting from the collision of
the Indian subcontinent with the Laurasian subcontinent beginning
approximately 52 million years ago (van Hinsbergen et al., 2012; Khin
et al., 2017), with some eastern topographical features such as the Shan
Plateau (Fig. 1) dating to the Late Cretaceous (reviewed in Licht, 2013).
This complex landscape has contributed to high levels of endemism in
other groups of squamate reptiles, including two genera of geckos in
Myanmar: Cyrtodactylus (e.g. Grismer et al, 2018a) and Hemi-
phyllodactylus (e.g. Grismer et al., 2018b), and may have driven di-
versification of Myanmar Riopa in the western and central parts of the
country. Based on the localities of sampled specimens (Fig. 1), it ap-
pears that most putative Myanmar Riopa species are allopatric, with the
possible exceptions of lineages J and L on the western side of the Ir-
rawaddy (Ayeyarwady) River and lineages B, G, and I at Mount Popa
(Fig. 1). Despite their close proximity, lineages J and L are separated by
ND2 genetic distances of 7.2-9.3%, and lineages B, G, and I separated
by ND2 genetic distances of 11.1-14.0% and may represent instances of
secondary contact between lineages that diverged in allopatry.

Lineages A and C are separated from the rest of Myanmar Riopa by
the Arakan Yoma and Chin Hills, mountains that, along with the Naga
Hills to the north, form the Indo-Myanmar (Indo-Burma) Range (Fig. 1).
Uplift of the Indo-Myanmar Range began approximately 37 million
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years ago, resulting from the collision of the Indian subcontinent with
the Laurasian subcontinent (Mitchell, 1993; Licht et al., 2013). These
mountains separate the western coast of Myanmar (the Assam Basin)
from the country’s interior Central Myanmar (Central Burma) Basin.
Although the timing of the complete separation of the Central Myanmar
Basin from the Assam Basin remains unknown (Licht et al., 2013), it is
likely that biotic exchange could have occurred between the two re-
gions until as recently as the early Oligocene, approximately 33 million
years ago (Licht et al., 2013). This separation most likely predates the
divergence of lineages A and C from the rest of Myanmar Riopa, sug-
gesting that there was an instance of trans-mountain dispersal early in
the diversification of the clade. The mountains in the southern Indo-
Myanmar Range reach an elevation of over 3,000 m at Nat Ma Taung
(Mount Victoria). Elevation data taken in the field for a subset of Riopa
specimens indicates that individuals were found predominately at mid-
elevations, with some individuals found at higher elevations
(77-2,065 m above sea level; Table S3), suggesting that parts, but not
all, of the Arakan Yoma and Chin Hills may be a barrier to dispersal
between eastern and western lineages. Additionally, orographic lift of
monsoon winds on the western side of the mountains results in the rain
shadow effect in which the Assam Basin in the west is wetter than the
Central Myanmar Basin in the east (Fig. 2), potentially exposing
lineages A and C to a different set of ecological conditions than what is
experienced by other members of Myanmar Riopa, although detailed
ecological data on this group are not available.

Lineage B in Clade I and all lineages within Clades II and III are
located in the central and southern portions of the Central Myanmar
Basin, east of the Indo-Myanmar Range (Fig. 1). Within the southern
and central portion of the Central Myanmar Basin, lineages B, E, G, H, J,
and L are separated from each other by the Irrawaddy River, with B, E,
G, and H found on the eastern side of the river and J and L found on the
western side of the river. Lineages D, F, and K are located in the
northern Central Myanmar Basin between the Chindwin and Irrawaddy
Rivers. Although rivers have been implicated as barriers to dispersal of
skinks in other parts of the world (Jackson and Austin, 2010; Miralles
and Carranza, 2010; but see Vences et al., 2014), this is the first study
recognizing the Irrawaddy River as a potential barrier to dispersal.
Future studies focusing on gene flow between lineages on eastern and
western sides of the river are needed to elucidate the role of the Irra-
waddy River as a biogeographic barrier in Myanmar Riopa.

In addition to geographical boundaries, Myanmar has experienced
changes in climate throughout the Miocene, Pliocene and Pleistocene,
resulting from the uplift of the Himalayas and the subsequent
strengthening of the South and East Asian monsoon systems (Clift et al.,
2008; Zhang et al., 2015). Simulation studies suggest that the Chin Hills
and the Arakan Yoma affect the climates of the Assam and Central
Myanmar Basins by playing a critical role in the strengthening and
seasonality of the annual South Asian Monsoon across the Indian sub-
continent (Wu et al., 2014; Wu and Hsu, 2016). These climate changes
caused a transition from C3- to C4-dominated grasslands (Quade et al.,
1989) and gave rise to mosaic savannah forest habitat across the Indian
Subcontinent and Southeast Asia (Sun and Wang, 2005; Patnaik and
Nanda, 2010; Louys and Meijaard, 2010; Ratnam et al., 2016). Fossil
ungulates and hominids from Pliocene and Pleistocene deposits in
South and Southeast Asia provide additional evidence for the expansion
of grassland habitats in the region during this time (Takai et al., 2006;
Suraprasit et al., 2014; Patnaik, 2016). Species of Riopa are typically
found in dry to semi-dry forests and grasslands (Das, 2010; Vyas, 2014;
Bhattarai et al., 2018; Prasad et al., 2018), and populations may have
been isolated by patches of forest habitats as vegetation shifts occurred
throughout the Tertiary, thus promoting speciation under a scenario of
reduced or suspended gene flow.

Across portions of the Central Myanmar Basin, precipitation falls
below 1000 mm per year (Fig. 2C; Matsuda, 2013), forming a region of
semi-arid habitat known as the Central Dry Zone (Figs. 1 and 2; Wu
et al., 2014). This region has unique arid-adapted forest and grassland
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habitats and high levels of endemicity within terrestrial vertebrates
(Grismer et al., 2018a; Platt et al., 2003; Poyarkov et al., 2019; Shimada
et al., 2010; Slowinski and Wiister, 2000; Smith, 1943; Zug et al., 2006)
and has been hypothesized as a major center of speciation (Zug et al.,
2006); however, the mechanisms behind the high levels of diversifi-
cation in this region remain unknown. Our results supporting multiple
cryptic lineages of Riopa concentrated within the boundaries of the
Central Dry Zone (lineages B, G, H, I, J, L; Figs. 1 and 2C) provide
further evidence for the important role this biogeographic region may
have played in vertebrate diversification.

4.3. Are Myanmar Riopa an example of non-ecological diversification?

The pattern of high genetic diversity with no accompanying mor-
phological differentiation suggests that Myanmar Riopa have undergone
non-ecological diversification, in which genetic divergence between
lineages has not been driven by adaptation to divergent environmental
conditions. Non-ecological diversification results from allopatric se-
paration of populations into isolated ecologically similar regions, fol-
lowed by non-ecologically mediated genetic evolution over time (Pyron
et al., 2015; Czekanski-Moir and Rundell, 2019). Given the lack of
morphological separation between lineages of Myanmar Riopa, it does
not appear that lineages have been subjected to divergent natural se-
lection or have undergone disparification (increase in morphospace
area occupied over time by a clade [Czekanski-Moir and Rundell,
2019]) despite genetic diversification (Table 2). However, the lack of
ecological data for Myanmar Riopa preclude the possibility of statistical
tests of ecological differentiation within the clade, and we also lack
knowledge on which morphological characters are ecologically relevant
in the genus. It is possible that ecologically relevant variation exists
between individuals but was not examined in this study. Additionally,
we lack fossil data that could provide concrete evidence of ancestral
morphology, an important consideration of whether diversification has
been driven by ecological or non-ecological processes, although given
the morphological uniformity of lineages within the clade, we hy-
pothesize that the current morphology is pleisiomorphic.

Signatures of non-ecological speciation have been documented in
other groups of skinks including Eutropis in the Philippines (Barley
et al., 2013), Carlia and Lampropholis in Australia (Singhal et al., 2018),
and Cryptoblepharus in Australia (Blom et al., 2016). Similar to our
observations, these studies reveal high levels of genetic diversification
not accompanied by morphological disparification, although only Blom
et al. (2016) conducted explicit statistical tests linking the morphology
examined in the study with species’ ecologies. In addition to these
studies, the numerous instances of cryptic radiations across the Family
Scincidae (see Table S1 for a list of all cryptic species described between
2014-2019) allude to non-ecological speciation as a common occur-
rence within scincid lizards, but this has not been tested explicitly in a
statistical framework. Therefore, although it is clear that Myanmar
Riopa constitutes a cryptic radiation, the processes contributing to di-
versification in the clade cannot be determined based on our current
data.

4.4. Taxonomic implications

In discussing distribution patterns of Riopa species in Myanmar,
Jayaram (1949:407) remarked, “it is likely that these are mere races of
a single species.” Our genetic results dispute this hypothesis and instead
suggest that there is significant cryptic diversity present within the R.
anguina-lineolata-popae species complex. However, because the species
delimitation program BPP delimits both population- and species-level
structure (Sukumaran and Knowles, 2017; Barley et al., 2018; Luo et al.,
2018; Leaché et al., 2019), it is likely that some of the 12 lineages re-
present genetically divergent populations and not full species. Fur-
thermore, using genetic data alone to diagnose species remains con-
troversial (Bauer et al., 2011; Singhal et al., 2018; Hillis, 2019) despite
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the widespread adoption of the General Lineage Concept definition of
species (de Queiroz, 1998, 1999), which states only that species are
independently evolving lineages.

Therefore, determination of which of our Myanmar Riopa lineages
represent new species is complicated by the lack of distinguishing
morphological features and the current paucity of other pertinent nat-
ural history information, such as behavior, ecology, microhabitat pre-
ferences, and geographic distributions. The type specimens of R. an-
guina, R. lineolata, and R. popae are housed at the Zoological Survey of
India, the British Museum of Natural History, and the Museum of
Comparative Zoology, respectively, and, except for R. popae, were not
available for examination. Additionally, three sampled lineages were
found at Mount Popa, the type locality of R. popae (lineages B, G, and I)
and one sampled lineage (lineage B) was found around the approximate
type locality of R. anguina, but no genetic samples exist from the type
locality of R. lineolata (Fig. 1), making it difficult to assign lineages to
recognized species based on their geographical distributions.

Additional studies are needed to determine what proportion of
lineages identified within the R. anguina-lineolata-popae species warrant
recognition as separate species. Because several lineages are found in
close proximity with large genetic differentiation (J and L; B, G, and I;
Fig. 1, Table 2), it is likely that they represent distinct species along
separate evolutionary trajectories, according to the General Lineage
Concept (de Queiroz, 1998, 1999). However, at this time, we decline to
advance the taxonomy of this group until more data are available that
will allow for improved resolution of species-level diversity within the
R. anguina-lineolata-popae species complex. Recognizing the high levels
of cryptic diversity with Myanmar Riopa is a critical first step in un-
derstanding the evolutionary dynamics that generate biodiversity in the
region.
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