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Abstract

With the advent of molecular data, the discovery of cryptic species has become commonplace. New Guinea, a region
of high vertebrate biodiversity and complex geological history, has been found to contain immense numbers of cryptic
skink species. We present the first molecular phylogenetic analysis of Carlia Gray, 1845, and its sister genus Lygisaurus
de Vis, 1884, across mainland New Guinea and the Solomon Islands. We find rainbow skinks exhibit significant genetic
divergence with minimal morphological variation and our data suggest the existence of many undescribed species. Due
to the morphologically cryptic nature of rainbow skinks, we demonstrate the efficacy of the COI gene as a “barcode” for
difficult species determinations.

Divergence time and biogeographic analyses support four separate dispersal events from Australia to New Guinea
for rainbow skinks from ~10-5 mya, with most groups arriving first in the East Papua Composite Terrane (EPCT)
and dispersing from there to other terranes and islands. Exceptions to this pattern were observed in Lygisaurus,
which dispersed first to the West Papuan portion of the Craton ~8.4mya, and the island clade of the Carlia fusca
group, which dispersed to the Vogelkop peninsula ~4.7mya and from there to many islands.
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Introduction

Historically, species delimitation has been based on distinct morphological characters. With the advent of DNA
sequencing and molecular technologies, thousands of cryptic species have been identified (Li & Weins 2023, Funk
et al. 2012, Oliver et al. 2009). Often, morphological characters are found a posteriori to support the molecular
based species designations, but there are groups where phenotype does not appear to change at the same rate as
genotype (Bruna et al. 1996; Cerca et al. 2020; Lavoué et al. 2011; Prates et al. 2023a; Prates et al. 2023b; Vacher
et al. 2020). Mounting evidence suggests the presence of cryptic species to be far more commonplace in nature than
previously predicted (Pérez-Ponce de Ledn & Poulin 2016; Pfenninger & Schwenk 2007), at times accounting for
more than half the species richness in a lineage (Adams et al. 2014; Eme et al. 2018; Luki¢ et al. 2019). Four causes
have been identified for morphological similarity between genetically distinct species: parallelism, convergence,
recent divergence, and molecular stasis (Fiser ef al. 2018; Struck et al. 2018). Of these, recent divergence is the
most common explanation for morphological similarity (Monro & Mayo 2022), resulting from a lack of time for the
species to accumulate significant morphological differences (Knowlton 1993; Korshunova et al. 2017; Reidenbach
etal. 2012). Yet deep genetic divergences with low morphological variation is a repeatedly observed phenomenon in
many skink lineages (Austin 1995; Barley et al. 2013, Bruna et al. 1996, Linkem et al. 2010, Kornilios et al. 2018;
Prates et al. 2023D).

New Guinea is the second largest island on the planet and is recognized as an area of high vertebrate biodiversity
(Austin et al. 2008; Camara-Leret et al. 2020; Mittermeier et al. 2003; Stattersfield 1998; Toussaint et al. 2014).
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Despite the immense biodiversity, New Guinea remains a taxonomic knowledge gap for many groups. The diversity
of skinks in New Guinea is second only to Australia (Chapple et al. 2023), and recent molecular studies have
found large numbers of new and cryptic species (Austin et al. 2011; Slavenko et al. 2023; Slavenko et al. 2020;
Slavenko et al. 2022). New Guinea emerged from the collision of the Australian and Pacific plates (Hall & Spakman
2003; Johnson & Molnar 1972), with further interactions from the Sunda plate forming Northwestern New Guinea
(Baldwin et al. 2012; Bird 2003). This tectonic activity resulted in the rapid formation of the central mountain
range (Davies 2012) and high volcanic activity in the surrounding region, leading to the formation of Northern
New Guinea and various island arcs (Baldwin ef al. 2012; Lindley 1988). While the timing and sequence by which
these events occurred is still debated (Dow 1972, 1977; Davies 2012; Hall 1998; 2002; Pigram and Davies 1987;
Davies et al. 1996; Quarles van Ufford and Cloos 2005), it is well accepted that New Guinea is composed of 5 major
geologic regions: the Australian Craton, the East Papua Composite Terrane (EPCT), the Fold Belt, the Accreted
Terrane, and the Vogelkop Peninsula (Davies 2012). The complex geologic history of New Guinea has likely played
a critical role in shaping species distributions and driving speciation.

Named for their iridescent scales and colorful male breeding coloration, the rainbow skinks are distributed across
Australia, New Guinea, Wallacea, and the Solomon Islands. Most species are identified by the distinct breeding
coloration of males, while morphological scalation characters used in species descriptions are often continuous
and overlapping rather than discrete (Allison and Zug 2006; Stuart-Fox et al. 2002, Zug 2004). This is problematic
when dealing with preserved museum specimens where color rapidly fades and makes species delimitation and
recognition difficult (Kraus 2007; Zug 2004). Studies have found up to 10% sequence divergence among closely
related species with only minor scalation differences (Couper et al. 2005; Donnellan et al. 2009). Currently rainbow
skinks are composed of 64 species across three genera (Lygisaurus, Liburnascincus Wells and Wellington 1983,
and Carlia) with the bulk of diversity found in north-eastern Australia and New Guinea. Relationships among
the Australian rainbow skinks have historically been disputed due to the lack of morphological characters and the
speed at which the group diversified. However, a multitude of recent molecular studies have established a well-
supported phylogeny, including the resurrection of the genus Lygisaurus, creation of the genus Liburnascincus, and
the description of many new species (Austin ef al. 2011; Bragg et al. 2018; Dolman & Hugall 2008; Donnellan et
al. 2009; Hoskin & Couper 2015; Ingram & Covacevich 1988, 1989; Stuart-Fox et al. 2002; Wells & Wellington
1983)

Within New Guinea, rainbow skinks are represented by three distinct species groups; Carlia bicarinata group,
Carlia fusca group, and Lygisaurus novaeguineae group. Each group is thought to represent a separate colonization
event from Australia followed by rapid diversification (Dolman & Hugall 2008; Stuart-Fox et al. 2002), consistent
with the radiation of other scincid genera found in the region (Skinner et al. 2013). Kraus (2007) reviewed the
Lygisaurus novaeguineae group, distinguished by small body size and smooth scales, from the southern portion
of New Guinea and resurrected two species, L. macfarlani Giinther 1877, and L. curtus Boulenger 1897, based on
morphological data. The C. bicarinata group consists of three species (C. Schmeltzii Peters 1867, C. bicarinata
Macleay 1877, and C. storri Ingram and Covacevich 1989) found in northern Australia and southern New Guinea,
distinguished by small slender bodies, moderately sized limbs, and strongly bicarinate scales although C. schmeltzii
has both bicarinate and tricarinate populations (Ingram & Covacevich 1989; Zug 2004, 2010). The C. fusca group,
comprised of 18 species across Northern Australia, New Guinea, Wallacea, and the Solomon Islands (Donnellan et
al. 2009; Zug 2004; Zug & Allison 2006), is united through weakly tricarinate to smooth scales, larger body size,
and more robust limbs (Zug 2004, 2010). Zug’s (2004) systematic morphological revision of the C. fusca group was
the most complete work to date on the group and included the description of 6 new species but also left multiple
populations in New Guinea unassigned. An additional two species were described from western New Guinea (Zug
& Allison 2006), and C. longipes Macleay 1877 (distributed in northern Australia and the Torres strait) was split
into three species (Donnellan et al. 2009). While investigating invasive island populations, Austin et al. (2011)
found significant disagreement between molecular data and Zug’s (2004) species delimitations for C. ailanpalai
Zug, 2004, C. mysi Zug, 2004, and C. tutela Zug, 2004, again emphasizing the decoupling of phenotypic and
genotypic evolution within rainbow skinks. Given the dearth of useful morphological characters, the apparent rapid
diversification of rainbow skinks, and the complex geological history of New Guinea, we seek to test previous
morphological species delimitations by generating a molecular phylogeny and inferring the biogeographic history
of rainbow skinks in New Guinea.
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Materials and Methods
Sampling

Tissues were obtained from 73 specimens and sequences for an additional 62 individuals were obtained from
GenBank (see supplementary data, table S1). Sampling included all rainbow skink species from mainland New
Guinea, with the exception of C. fusca Duméril and Bibron, 1839, and C. diguliensis Kopstein, 1926, (see Fig. 1
and 2 for sampling localities). Representatives of all three Australian rainbow skink genera were included, and two
species of the closely related Eugongyline genus Cryptoblepharus Wiegmann 1834, were used as the outgroup
(Brandley et al. 2015; Chapple et al. 2023).
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FIGURE 1. Phylogenetic relationships between three genera of rainbow skinks based on Bayesian analysis of the concatenated
dataset. Posterior probabilities are listed below branches. Liburnascincus and Lygisaurus are represented by Li. and L.
respectively. Clades within the Carlia fusca complex have been collapsed and are shown in detail in figure 2. A sampling map
is provided for Lygisaurus with the 5 major geological terranes of New Guinea labeled according to Davies (2012) and drawn
based on Hill et al. (2023). Clades and colors within the Carlia fusca group reflect relationships shown in figure 2.
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Molecular methods

DNA was extracted from preserved tissues using the Zymo Research Quick-DNA Miniprep Plus Kit (Cat#D4068)
following the solid tissues protocol with the following adaptations: tissue samples were incubated in Proteinase
K overnight before DNA extraction, and DNA elution buffer was heated to 55°C before use. Portions of three
mitochondrial genes; NADH dehydrogenase subunit 4 (ND4), 16S rRNA (16S), and cytochrome C oxidase subunit
1, as well as five nuclear genes; oocyte maturation factor (C-mos), aldolase exon S(ALD), B-globin-intron 2 (p-
Globin-2), recombination activating gene 1 (Rag-1), and myosin heavy chain 2 (MHC2), were amplified using the
primers and cycling profiles listed in Supplementary data (Table S2). PCR was performed using Cytiva PuReTaq
Ready-To-Go PCR Beads, and products were sent to Eton Bio (https://www.etonbio.com/) for purification and
Sanger sequencing. Chromatographs were aligned in Pearl (https://www.gear-genomics.com) (Rausch et al. 2020)
and checked manually for sequencing errors and single nucleotide polymorphisms.

Alignment and Phylogenetic inference

Sequences were aligned using MUSCLE (Edgar 2004) with UPGMA clustering as implemented in MEGA v11.0.1
(Tamura et al. 2021). Models of DNA sequence evolution were inferred via Akaike Information Criteria (AIC) in
IQTREE v1.6.12 (Nguyen et al. 2015) for the following partitions; individual genes, mitochondrial genes, nuclear
genes, and total concatenated dataset. Trees were constructed using Bayesian Inference (BI) with default priors in
MrBayes v3.2.7a (Ronquist et al. 2012), run for 1E7 generations, sampling every 1000 generations, and discarding
the first 25% as burn-in. Trees were visualized using Interactive Tree of Life (iTOL) (Letunic & Bork 2021).

Divergence Time Estimation and Biogeographical Reconstruction

We used the Chronos function through the ape package v5.8 (Paradis & Schliep 2019) in R to calibrate an ultrametric
starter tree based on our concatenated Bayesian analysis with the following arguments (lambda = 0.1, model =
relaxed). The minimum and maximum age for the MRCA of rainbow skinks was specified to be (12-22mya)
according to the secondary calibration date of Chapple et al. (2023).

Divergence times were estimated with BEAST v2.7.7 (Bouckaert 2019; Drummond et al. 2012) using the
concatenated data set under the substitution model GTR + F + R4. We used a birth-death speciation model with
a lognormal relaxed clock. Due to a lack of fossil priors, we specified the prior divergence time as previously
estimated in Chapple et al. (2023) to be 20.8 + 2 Mya under log normal distribution (M = 3.035, S = 0.096). All
unspecified priors were set as default. We conducted our run for 1E7 generations, with sampling at intervals of every
1000 generations. Tracer v1.7.2 was used to examine convergence, posterior trace plots, effective sample sizes, and
burn-in. To generate a maximum clade credibility tree based on sample trees, we used TreeAnnotator with a 25%
burn-in.

To examine the biogeographical history of New Guinean rainbow skinks, we performed biogeographic
reconstruction analyses. Each sample in our analysis was assigned to a discrete region in New Guinea and
surrounding islands based on the collection locality: Australia, EPCT, Accreted Terranes, Vogelkop Peninsula,
Craton, Fold Belt, New Britain, Manus, New Ireland, Mariana Islands, Fergusson Island, Woodlark Islands, Sudest
Island, Torres Strait, and Halmahera. The range of Cryptoblepharus was set to Australia given strong evidence for
Australia being the point of origin for the common ancestor of Cryptoblepharus, Saproscincus Wells and Wellington
1983, Lampropholis Fitzinger 1843, Lygisaurus, Liburnascincus, and Carlia (Chapple et al. 2023).

We performed the reconstruction on our time-calibrated phylogeny using the R package ‘BioGeoBEARS 1.1.3’
(Matzke 2013). We tested the dispersal-extinction-cladogenesis (DEC) against the DEC+J model, which includes
an additional parameter allowing for founder-event speciation via jump dispersal (Matzke 2014). We ran this on
the unconstrained data set to allow for all possible combinations, with the maximum range size limited to three
regions.
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Morphology

Morphological characters were recorded from 102 adult Carlia specimens representing four geographic regions that
also formed monophyletic clades in the molecular analysis: Maimafu (m=7, f=1), East New Britain (m=19,f=8),
Haia (m=11, f=1), and Lakekamu =20, m=36. Localities with limited sampling (<8) were excluded, as was Alotau
due to the discovery of two distinct species in this locality. The following measurements were taken: snout-vent
length (SVL), head length (HL), head width (HW), head depth (HD), pectoral width (PeW), pectoral depth (PeD),
pelvic width (PIW), pelvic depth (PID), arm length (AL), forearm length (FAL), manus length (ML), femur length
(FL), crus length (CL), and pes length (PL) according to Slavenko (2021). Limb measurements were taken from the
left side of the body, unless damaged. Measurements were taken with digital calipers and rounded to the nearest .5
mm. The sum of arm length, forearm length, and manus length was represented as a single measurement: forelimb
length (FrL). Similarly, femur length, crus length, and pes length were summed into hind limb length (HiL). Sex
and reproductive maturity were determined through dissection and examination of gonads. All statistical analyses
were conducted in R v4.4.0 (R Core Team 2013) through the stats package v4.4. To remove the effect of body
size, residuals were taken from linear regressions against SVL for the individual measurements, which were then
used in subsequent analyses. To ensure a normal distribution of variables, histograms were analyzed for each
length measurement. Multivariate analysis of variance (MANOVA) was used to determine if there was a statistical
difference within populations due to sexual dimorphism. If a significant difference exists between males and females,
Welch’s T-Test was applied to each measurement variable. Variables with significant differences due to sex were
removed from interpopulation comparisons. To visualize the morphospace occupied by Carlia populations, we used
principal component analysis (PCA) applying the broken stick method to determine which principal components
were significant contributors to variance (Jackson 1993). The Analysis of Variance (ANOVA) test was used to
compare the residual means of the morphological variables between the various geographic locations. If a statistical
difference between localities was detected in a variable, we applied the Tukey Honesty Significant Difference test
to assess the significance of differences.

DNA Barcoding

To test the efficacy of the COI-5P region in the identification of rainbow skinks, we calculated raw distances
using sequences from this study and additional sequences obtained from BOLD (Ratnasingham & Hebert 2007)
consisting of a total of 135 Carlia sequences and 37 Lygisaurus sequences. MEGAv11.0.1 (Tamura et al. 2021) was
used to compute pairwise distances between individuals, and haplotype networks were constructed in SplitsTree
v4.11 (Huson & Bryant 2006) under the NeighborNet algorithm (Bryant & Moulton 2004) with branch lengths used
as an estimation of sequence divergence.

Results
Phylogenetic analyses

The total concatenated dataset consisted of 4,758 base pairs (best fit model = GTR + F + R4). Best fit models for each
partition are as follows: ND4 (755bp, TIM2+F+R4), 16S (480bp, TIM2+F+1+G4), COI (715bp, TPM2u+F+R3),
RAG-1 (810bp, TPM3u+F+I+G4), B-Globin-2 (853bp, TVM+F+G4), C-mos (400bp, TN+F+G4), ALD (235bp,
SYM+R2), MHC-2 (510bp, TN+F+G4), mitochondrial (1950 bp, GTR+F+R4), and nuclear (2,808bp, TVMe+R3).
We find no well supported conflict between the partitioned and concatenated results (see Supplementary Figure 1),
therefore results from the concatenated analysis are presented here.

The concatenated Bayesian analysis (Fig. 1) strongly supports (1.0pp) the monophyly of all three genera of
rainbow skinks, with Liburnascincus sister to Lygisaurus + Carlia (.97pp), as found in Dolman & Hugall (2008)
but in contrast to Bragg et al. (2018). Within Lygisaurus our results support two distinct clades, one composed of
Australian species, and the other with the Australian L. macfarlani, (referred to as L. novaeguineae Meyer, 1874,
in Dolman & Hugall 2008; changed here based on locality) sister to all New Guinean samples. The placement of L.
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sesbrauna Ingram & Covacevich, 1988, is problematic and unresolved in the concatenated tree. Lygisaurus curtus,
is monophyletic (.94pp) with long branch lengths and deep genetic distances across localities.

Within Carlia, the fusca group is sister to the bicarinata group, with all remaining Australian taxa sister this
clade (1.0pp). Support for the monophyly of the C. bicarinata clade is low (.77pp) and results in a basal tritomy,
due to the placement of C. schmeltzii. Our results add to the support for the monophyly of the C. fusca group (1.0
pp) (Dolman & Hugall 2008; Donnellan et al. 2009; Stuart-Fox et al. 2002; Zug 2004) and divide it into four well
supported clades, with the exception of C. caesius Zug and Allison, 2006 where placement is poorly supported (Fig.

2).
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FIGURE 2. Pruned subtree based on Bayesian analysis of the con catenated dataset showing expanded relationships within the
Carlia fusca and C. bicarinata groups. Posterior probabilities are displayed below branches. Clades are color coded according
to their primary geologic terrane, and taxon names reflect the current species description and sampling locality. Taxa in bold
represent sequences generated in this study, while those in plain text were taken from GenBank. The map shows sampling

localities color coded by clade.

Estimation of Divergence Times and biogeographic history

We find the DEC+J model to be a significantly better fit to our phylogeny compared to the DEC model (AIC 268.4
v.s 333.7). There are problems with the use of the DEC+J model (Ree & Sanmartin 2018) with models returning
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zero dispersal and extinction probabilities. We find similar problems in our biogeographical analysis with d=0
(dispersal) and e=0 (extinction). Although this model seems appropriate for testing biogeographical hypotheses
of Carlia considering their widespread distribution across the Islands of Oceania (Zug 2004; Zug & Allison 2010;
Donnellan et al. 2009), we recommend caution in the interpretation of the results. We find Australian Carlia and
the fusca + bicarinata group diverge ~16.9 mya (Fig. 3, for confidence intervals on dates see Supplementary Figure
S2), followed by the rapid radiation of the firsca group beginning ~10.4 mya in Australia. Our data support four
independent colonizations of New Guinea from Australia; single invasions by Lygisaurus and the C. bicarinata
group, and two by the C. fusca group.
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FIGURE 3. Time calibrated biogeographic reconstruction of rainbow skink dispersal under the best fit DEC+J model generated
in BioGeoBears. Node probabilities are represented by pie charts, with the size of colored slices corresponding to the probability
of each state at the given node. Nodes with 100% probability and unchanged from the previous node are not listed. For important
colonization events, the mean node age is given to the left of the node. The color of the terminal branches represents the area
from which the specimen originated. For relationships of New Guinean rainbow skinks that were unresolved in our phylogenetic
analysis but resolved here, posterior probabilities are listed under the node indicated by an asterisk (*).
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New Guinean Lygisaurus diverged ~8.7 mya, dispersing to the Craton and then the EPCT, while the C. bicarinata
group dispersed directly to the EPCT (~7.0mya). The first invasion of the C. fusca group to New Guinea occurred
~9.8 mya into either the Craton or the EPCT (the relationships between C. caesius from the Craton is poorly
resolved in our phylogenetic analysis (.56, see Fig. 2) and the probability of colonization through the Craton is only
slightly higher than the EPCT). The EPCT appears to have served as a “launching point” for dispersal to the fold
belt and Accreted terranes as well as island dispersal and speciation, with Darnley, Fergusson, Woodlark, and Sudest
populations all originating from the EPCT. The second fusca group colonization event involves the dispersal of the
Island clade to the VogelKop peninsula (~4.7mya), with additional long-distance dispersal events to Halmahera,
New Ireland, Palau, and New Britain.

Morphometric analyses

All morphological measurements are reported in supplementary data (Table S3). MANOVA tests revealed significant
sexual dimorphism in New Britain Carlia (p = 0.01), but not in Lakekamu (p=.174), as Welch’s T-test showed
significant differences in HL (p=0.00065, t= 4.20), HW (p=0.0076, t = 3.014), and PID (p=0.0039, t= 3.50). To
remove the effects of sexual dimorphism in interpopulation comparisons, these characters (HL, HW, and PID) were
removed from subsequent analyses.

The Broken stick method revealed only PC1 (pectoral width, pelvic width) and PC6 (pelvic depth, pelvic width)
(Table 1) of our Principal Components Analysis to explain a substantial portion of variance, explaining 41.5% of the
cumulative variance. The morphospace resulting from PCA reveals considerable overlap between regions (Fig. 4).
Results of Tukey Honesty significant difference tests of ANOVA results are shown in Table 2, with significant
differences marked with an asterisk. New Britain and Maimafu were found to contain no significant differences in
characters analyzed. No more than 1-2 significant differences were found between other regions apart from New
Britain and Lakekamu, with Lakekamu specimens possessing wider bodies and longer forelimbs.

Morphospace (PC1 vs PC6) Morphospace (PC1 vs PC2)
44 .
o . E] Haia
8?“,’ 8 E Iz' Lakekamu
o> a % Maimafu
E New Britain
PC1 - PC1

PV=36.6%

FIGURE 4. Carlia morphospace visualized by statistically significant principal components (PC1 and PC6) and PC2, depicting
morphometric variables and their variance between regions. Samples are represented by a point, with an ellipse drawn around
all points in a population to visualize the area occupied. The populations are color coded according to their designated clade
from our phylogenetic analysis, with New Britain from the Island clade and Lakekamu, Maimafu, and Haia from the Fold Belt.
Significant overlap is found between Carlia from all regions.

DNA Barcode

COI haplotype networks were able to differentiate between recognized species and identify multiple clades that
may represent new species (see Fig. 5; for simplicity only the network for Lygisaurus is shown, see Supplementary
Figure S2 for the Carlia haplotype network).
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TABLE 1. Principal component analysis loadings from the Broken stick method. PC1 and PC6 were found to be

significant.
Character PC1 PC2 PCo6
HD -0.27401 0.681675 -0.47447
PeW -0.50042 -0.26053 0.274893
PeD -0.42909 0.508985 0.501551
PIW -0.50493 -0.36697 -0.5988
FrL -0.42801 -0.25657 0.26225
HiL -0.22852 0.088809 -0.14289

TABLE 2. Results of Tukey Honesty Significant Differences test run on results of ANOVA. Statistically significant
results are denoted by an asterisk (*).

Populations HD PeW PeD PIW FrLL HiL
Lakekamu-Haia -0.383 0.104 -0.88* 0.795* 0.0639 -0.884
New Britain-Haia -0.467 -0.55 -1.18%* -0.216 -1.067* -0.791
Maimafu-Haia -0.537 -0.362 -0.57 0.371 -1.265 -2.165%
Maimafu-Lakekamu -0.154 -0.466 0.309 -0.424 -1.329* -1.281
New Britain-Maimafu 0.0696 -0.188 -0.61 -0.588 0.198 1.374
New Britain-Lakekam -0.0847 -0.654%* -0.301 -1.011* -1.131%* 0.092
— 0.01 . aeratus
L curtus Wara Sera L. novaeguineae Freeport
Lygisaurus Tabubil

L. curtus Mt.

L. curtus Lakekamu

Victory

L. curtus Mt. Peko

L. novaeguineae Urisa

L. novaeguineae Kumawa

L. novaeguineae Lobo

L. macfarlani

L. malleolus

L. rimula

FIGURE 5. Haplotype Network for Lygisaurus generated from COI-5P sequences from this study and BOLD. Currently
recognized species are found to represent distinct branches. Significant genetic divergence is found between geographic localities

of L. curtus, and between L. novaeguineae from Bird Head Peninsula and Freeport.
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Discussion
Phylogeny

Our molecular phylogeny highlights problems with previous morphological delimitations of rainbow skinks, similar
to recent findings in other skink genera (Prates et al. 2023b; Slavenko ef al., 2020, 2021). As currently defined,
Carlia eothen Zug 2004, C. mysi, C. bomberai Zug and Allison 2006, and C. ailanpalai are all paraphyletic and
likely represent multiple species. Deep genetic divergence between localities of C. mysi, C. luctuosa Peters and
Doria 1878, and Lygisaurus curtus suggests the presence of species complexes with multiple undefined species.
Additional potential undescribed species are found in the C. fusca group in the following localities; the Lakekamu
basin, central highlands (Maimafu), West Papua Highlands (Freeport), and the Milne Bay province (labeled in Fig.
2 by their localities). Additional species of rainbow skinks will undoubtedly be revealed with added sampling. The
inclusion of in-life color patterns, morphological data, and more complete geographic sampling is necessary to
describe and define the boundaries of these new species.

Despite evidence for the existence of several cryptic species, we find only a sole case of allopatric species within
the Carlia fusca group; the coastal town of Alotau in the Milne Bay province. Austin (2011) lists two undescribed
Carlia species from the Milne Bay province, with C. sp. “North Milne Bay °’ containing samples from the northern
coast to the Eastern Cape, and C. sp. “South Milne Bay” distributed from Alotau through the south of the province. In
this study, samples from a single locality in Alotau group with both Austin’s north and south Milne Bay species. Zug
(2004) hinted at the possibility of two Carlia species within Milne Bay as he noted two distinct adult color patterns,
yet no significant difference was detected in morphological characters (Zug 2004). Due to their distinct evolutionary
history, we can assume that these two species came into sympatry secondarily due to range expansion.

While the molecular data has identified many cryptic species, we also find evidence of possible over-splitting
within Carlia. Zug (2004) restricted C. ailanpalai to the Admiralty Islands, however Austin (2011) found that Carlia
from the Bismarck archipelago, Halmahera, Palau, and the Mariana Islands (described as C. mysi and C. tutela by
Zug, 2004) were all part of this same species group. Our results confirm Austin’s findings and add additional
populations found in West Papua (described as C. bomberai by Zug and Allison, 2006) to this group. Additional
work is necessary to determine species boundaries within this group.

Biogeography

Results from divergence time and biogeographic analyses for rainbow skinks are similar to what has been found
in other New Guinean clades including Lobulia Greer 1974, Papuascincus Allison and Greer 1986, Prasinohaema
Greer 1974, and Microhylidae Giinther 1858 (Hill et al. 2023); Hill et al. 2023), with original dispersal events to
the EPCT followed by dispersal to the other terranes and islands. However, our results suggest later colonization
dates of ~10-5 mya for the four rainbow skink dispersal events to New Guinea, as compared to 20-30 mya found
in other groups. Clades resulting from the first invasion of the C. fusca (~9.8 mya) group appear to reflect the
geological terranes of New Guinea (Davies 2012; Pigram 1987) (see Figure 2). The EPCT clade (~7.7 mya) is found
on the southern side of Owen Stanley Mountain range and southeastern Islands. The Accreted clade (~6.1 mya)
is distributed along the Northern Coast of the Accreted Terranes and EPCT, while the Fold Belt clade (~6.3 mya)
is distributed primarily along the Fold Belt and the southern tip of the EPTC. The Craton is represented by a sole
individual, C. caesius, whose placement in our phylogenetic analysis is recovered with low support.

Three primary hypotheses have been postulated to explain the geologic history of New Guinea (Hill et al.
2023), the “mobile belt” (Dow 1972, 1977; Davies 2012), “recent emergence”, and “slow and steady” (Davies et
al. 1997, Pigram and Davies 1987; Polhemus and Polhemus 1998; Quarles van Ufford and Cloos 2005; Davies
2012). Each hypothesis specifies different dates for the formation and docking of New Guinea’s five terranes. Given
that our results show Carlia and Lygisaurus colonizing the Craton or EPCT before 5 mya, the “recent emergence”
hypothesis is not supported by our data. While our results cannot definitively reject either the “mobile belt” or
“slow and steady” hypotheses, our Accreted Carlia taxa have a diversification date of ~3 mya, supporting a younger
Accreted Terrane as found in the “slow and steady” hypothesis. However, because we used secondary calibrations to
estimate divergence dates due to a lack of fossil priors, our dates may be erroneous (Schenk 2016) and not reflective
of the true timing of divergence between clades. Although we find similar patterns of dispersal in Lygisaurus, we
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lack adequate sampling to demarcate discrete phylogenetic clades within the group. Furthermore, our Lygisaurus
samples from the Accreted Terrane come from the Highlands of New Guinea and lie at the border of the Fold Belt
and thus the Accreted Terrane may not be truly represented here. Both Lygisaurus and Carlia are widespread across
Western Papua, the Torres Strait, and Wallacea; sampling of these areas is necessary to truly test biogeographic
hypotheses.

Despite overall agreement with previous biogeographical studies, some patterns of dispersal remain perplexing,
particularly within the Fold Belt clade. Carlia from Waro and Tabubil are recovered as sister group to Carlia eothen
South Milne Bay despite these localities being geographically quite distant. Likewise, Sudest Island Carlia is found
to be sister to C. quinquecarinata from the Torres Strait, despite a distance of nearly 1,000km. Similarly, the Island
Clade defies traditional biogeographical hypotheses, dispersing from Australia to the Vogelkop Peninsula. The areas
occupied by the Island Clade are some of the youngest formed in the region, supporting the much more recent date
of dispersal for this clade of ~4.7 mya. Austin (2011) concluded human mediated dispersal was responsible for low
genetic divergence between geographically disjunct populations of C. ailanpalai. However, between some localities
within this clade the genetic divergence and divergence dates are greater than expected given human mediated
dispersal.

Skinks have been shown to have impressive vagility across large bodies of water (Adler et al. 1995; Austin
1995; Austin & Zug 1999; Blom et al 2019; Kurita & Hikida 2014; Richmond ez al. 2021; Whiting et al. 2006), and
the small body size and oviparity of these skinks make them ideal for successful waif dispersal (Escoriza 2023).
While life history strategies of Carlia ailanpalai remain unknown, reproductive studies in the Mariana Islands
show year-round breeding with an average clutch size of n=20 (Goldberg & Kraus 2012), demonstrating their high
reproductive capability, which would allow for rapid colonization of new islands. While the exact dispersal patterns
of rainbow skinks cannot be determined in this study, we can conclude that overwater dispersal appears to be much
more common than previously believed. Given the distribution of the C. ailanpalai group, sampling the islands of
Wallacea, Micronesia (Buden 2009), and other West Papuan coastal populations (i.e. C. fusca) is likely to reveal
additional populations of this widespread group, clarify species boundaries, and the pattern of dispersal.

Like island colonization and isolation, the formation of montane barriers has served as a key vicariance event
for many squamate groups in New Guinea (Slavenko et al. 2020; Tallowin, et al. 2018). The central mountain
range appears to play a key role in the speciation of Lygisaurus, as all samples from this region show high genetic
divergence between localities. The uplift of the mountains creates highly fragmented montane habitats, resulting
in novel habitat colonization and population isolation (Toussaint et al. 2014; Oliver et al. 2017; Tallowin et al.
2018). Montane vicariance is likely also responsible for the large genetic distance between Carlia populations from
Maimafu and Haia, where a ~2,500m peak and a difference of 400 m elevation separates the two localities despite
a distance of only 22km. Furthermore, the uplift of these mountain ranges appears to have promoted speciation
of lowland taxa by forming barriers to gene flow between populations (Georges ef al. 2014; Tallowin et al. 2018;
Tallowin et al. 2019).

Cryptic Morphology

Our molecular analyses support the existence of multiple cryptic species of rainbow skinks. While sample size and
sexual dimorphism may bias our morphological data, our results are similar to the largely unresolved morphological
analysis of Zug (2004), and support the findings of others, that the meristic and mensural characters used to define
species of Carlia often exhibit intraspecific variation equal to or greater than the interspecific variation (Allison
and Zug, 2006; Stuart-Fox ef al., 2002). While our morphological analysis detected a few significant morphological
differences between clades of Carlia, there is considerable overlap in mensural characters as seen in the morphospace
diagram (Fig. 4) and the variation within the Lakekamu population is greater than that between geographically
and genetically distant localities such as New Britain and Maimafu. Slavenko ef al. 2021 found that within New
Guinean skinks, lowland species are larger, more robust, and possess longer limbs than highland species. The
lowland populations of Carlia such as New Britain show no statistical morphological differences from the highland
populations of Maimafu, despite an elevational difference of ~1,600 meters. Differences in limb length and body
proportions do not appear to follow any observable patterns across localities.

The decoupling of genetic and morphological divergence has been previously reported within Carlia (Afonso
Silva et al. 2017; Austin, 2011; Bragg et al. 2018; Potter et al. 2016; Storr 1974; Stuart-Fox et al. 2002) and is
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confirmed here. Given the divergence date of ~10.4 mya for the fusca group, and the diversity of environments
inhabited, the lack of phenotypic differentiation is surprising. Yet, this decoupling of genotypic and phenotypic
divergence is being reported more and more, especially within skinks (Austin 1995; Barley ef al. 2013, Bruna et al.
1996, Linkem et al. 2010, Kornilios et al. 2018; Prates et al. 2023b; Zug and Allison 2006). Both morphological
stasis and recent non-adaptive radiation could explain this phenomenon. The C. fitsca group may have opted for a
generalist strategy with a high tolerance for environmental fluctuation and increased dispersal capabilities, leading
to conserved morphology across climatically variable habitats. This phenomenon may explain George Zug’s
observation that the C. fusca group is “geographically variable, yet geographically uniform” (Zug 2004), with high
character similarity between distant localities.

Despite morphological similarity, male breeding coloration can vary drastically between species (Allison and
Zug, 20006; Bragg et al. 2018; Cogger 2014; Ingram & Covacevich 1988; Zug 2004) and may serve as a prezygotic
mating barrier in rainbow skinks. Similarly, UV reflectance has been identified as a method for signal communication
in many squamate clades (Fleishman ez al. 1993; Loew, E. et al 1996; Loew, E. R. 1994; Martin et al. 2015) and
may be another mating barrier within rainbow skinks (Blomberg & Stuart-Fox 2001), allowing for morphological
similarity in genetically distinct lineages without introgression.

DNA barcode

While breeding colors have been successful in distinguishing species, similar color patterns have emerged in
geographically distant populations (Zug 2004), and color fades quickly upon preservation in ethanol (Donnellan et
al. 2009 2004; Kraus 2007). A densely sampled, well supported molecular phylogeny will be the best solution to
this conundrum, defining the geographic boundaries of each species. Even then, morphologically similar sympatric
species, such as those identified in Alotau, will still be problematic to identify. Future morphological studies
informed by molecular phylogeny may find new classes of characters that more accurately reflect the evolutionary
history and genetic diversity of this group, but until these characters emerge, we suggest the use of a DNA barcode
region to assist in identifications of difficult populations of rainbow skinks. Our data demonstrate the ability of COI-
5P to successfully differentiate currently described and putative species of rainbow skinks, as visualized through
haplotype networks (Figure 5, and Supplementary Figure S3).

Conclusion

Currently used meristic and mensural characters have likely led to both the over and under splitting of rainbow
skinks in New Guinea, due to the apparent decoupling of genotypic and phenotypic evolution. New classes of
morphological characters that more accurately represent the evolutionary history of this group should be investigated.
The molecular phylogeny presented here provides the foundation for future investigation into the evolutionary
history, biogeography, and taxonomy of the rainbow skinks of New Guinea, as well as principles of cryptic speciation
and vicariance.

Data Availability

All sequences generated for this study are available through GenBank with the following accession numbers: Rag-
1 (PQ761252-PQ761307), Aldolase (PQ761202-PQ761251), C-mos (PQ761308-PQ761363), ND4 (PQ761364—
PQ761429), B-globin (PQ761430-PQ761470), Myosin (PQ761471-PQ761509), COI (PQ760909-PQ760976),
and 16S (PQ759030-PQ759094).
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