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ABSTRACT 16 

As we collect range-wide genetic data for morphologically-defined species, we increasingly 17 

unearth evidence for cryptic diversity. Delimiting this cryptic diversity is challenging, both 18 

because the divergences span a continuum and because the lack of overt morphological 19 

differentiation suggests divergence has proceeded heterogeneously. Here, we address these 20 

challenges as we diagnose and describe species in three co-occurring species groups of 21 

Australian lizards. By integrating genomic and morphological data with data on hybridization 22 

Page 1 of 67

http://mc.manuscriptcentral.com/systbiol

Systematic Biology



For Peer Review Only

 2

and introgression from contact zones, we explore several approaches – and their relative 23 

benefits and weaknesses – for testing the validity of cryptic lineages. More generally, we 24 

advocate that genetic delimitations of cryptic diversity must consider whether these lineages are 25 

likely to be durable and persistent through evolutionary time.  26 

 27 

KEYWORDS 28 

cryptic species, species delimitation, squamates, phylogeography, exome capture, taxonomy 29 

 30 

INTRODUCTION 31 

Cryptic species, that is taxa that are morphologically similar but genetically divergent, 32 

exemplify the two major challenges of species delimitation. First, species form on a continuum 33 

(Darwin 1859; Mayr 1942; Mallet 1995; De Queiroz 2007). As populations differentiate across 34 

space and time, they gradually become more divergent. As reflected in the debate over defining 35 

operational taxonomic units via DNA barcoding (Moritz and Cicero 2004), deciding how much 36 

divergence is sufficient to name lineages as species can be arbitrary. As with morphologically 37 

distinct lineages, diagnosing cryptic lineages presents this challenge because they fall through 38 

the full range of the divergence continuum (Hedgecock and Ayala 1974; Gómez et al. 2002; 39 

McDaniel and Shaw 2003). Second, speciation proceeds heterogeneously across many axes. We 40 

typically recover correlations across axes – e.g., rates of trait evolution such as song and 41 

mitochondrial divergence (Winger and Bates 2015). However, when axes of differentiation are 42 

discordant – for example, when phenotypic disparity is high and genetic divergence is low, the 43 

status of lineages becomes ambiguous. By definition, cryptic lineages have diverged 44 
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heterogeneously (Bickford et al. 2007)—they are genetically-distinct groups that exhibit little or 45 

no morphological divergence. The taxonomic process of naming a species is a binary exercise—46 

either a lineage is recognized as a species or not—and accounting for heterogeneity in this 47 

binary framework remains a challenge.  48 

Biodiversity researchers increasingly face these challenges because we are increasingly 49 

discovering new cryptic lineages (Bickford et al. 2007). A confluence in genetic advances and 50 

broader geographic sampling has led to rapid increases in the number of cryptic species, such 51 

that a quarter of papers published in Zoological Record Plus mention cryptic species ((Bickford 52 

et al. 2007) see also (de León and Poulin 2016)). Cryptic species comprise a significant 53 

proportion of the diversity in some regions (e.g., tropics; (Smith et al. 2008)) and taxonomic 54 

groups (e.g., reptiles; (Oliver et al. 2010)), and recently, putative cryptic species have been 55 

identified in high-profile threatened species like orangutans (Nater et al. 2017). These findings, 56 

and their implications for evolutionary biology and conservation (Frankham et al. 2012), 57 

emphasize the need for a more rigorous framework to assess the taxonomic status of cryptic 58 

lineages (Adams et al. 2014; Struck et al. in press). 59 

In this work, we propose a framework that diagnoses those cryptic lineages that are 60 

expected to be sufficiently durable to contribute to build-up of diversity over time and space. 61 

Because speciation is a continuum, we expect that many nascent species are lost to 62 

hybridization and extinction as part of the protracted speciation process (Rosindell et al. 2010; 63 

Dynesius and Jansson 2014). As such, we adopt the biological species concept (BSC, (Mayr 64 

1942)), which defines species as units that exhibit barriers to reproduction and are thus more 65 

likely to persist through time. Although some might find this definition overly restrictive, we 66 
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apply it here in hopes of avoiding “taxonomic over-inflation” (Isaac et al. 2004). However, how 67 

do we diagnose populations that are likely to have substantial reproductive isolation (RI)? In 68 

allopatry, the degree of morphological difference is expected to correlate with the extent of RI 69 

(Mayr 1942; Bolnick et al. 2006; Funk et al. 2006). Thus, when genetic and phenotypic 70 

divergence concur, species delimitation is typically uncontroversial.  For cryptic species, where 71 

we cannot use phenotypic divergence as a proxy for RI, we must instead use multiple lines of 72 

evidence to assess likelihood of strong RI.  73 

A popular approach to assess cryptic lineages is to apply statistical species delimitation 74 

to multilocus genetic data (Fujita et al. 2012; Carstens et al. 2013), which some argue makes 75 

species delimitation more objective (Rannala 2015). An illuminating line of research has 76 

explored the parameter space under which these coalescent-based methods are expected to 77 

return statistically robust results (Zhang et al. 2011; Olave et al. 2014). What remains to be seen 78 

is if these statistically robust lineages are also biologically robust (Sukumaran and Knowles 79 

2017). That is, will newly delimited lineages remain distinct through changing geographies and 80 

environments, or will they be mere evolutionary ephemera lost to hybridization and/or 81 

extinction (Seehausen et al. 2008; Rosenblum et al. 2012; Dynesius and Jansson 2014)?  82 

A stronger and more direct approach to delimitation is to test for strongly restricted 83 

gene flow in sympatry or parapatry (Richardson et al. 1986; Adams et al. 2014). This can be 84 

done either by sampling a modest number of individuals in sympatry or by assessing the extent 85 

of genetic introgression through intensive analysis of contact zones between parapatric taxa. 86 

However, when candidate taxa are allopatric, assessing the likelihood of strong RI is even more 87 

challenging, as long recognized under operational versions of the BSC. To the extent that RI is 88 
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time-dependent (Coyne and Orr 1989; Sasa et al. 1998; Fitzpatrick 2002; Roux et al. 2016), 89 

another approach is to extrapolate from closely-related taxa where the relationship between 90 

divergence and extent of RI has already been determined. In contrast to a “bar-coding gap” 91 

(Hebert et al. 2004b), this approach uses genome-scale evidence to assess the likelihood of 92 

strong RI rather than patterns of genetic divergence across nominal species vs. populations. 93 

We explore these multiple approaches to species delimitation through the study of 94 

morphologically cryptic, phylogeographic lineages in the lizards of the Australian Wet Tropics 95 

(AWT). The AWT is a narrow region of rainforest in northeast Queensland, Australia (Fig. 1). 96 

During repeated glacial cycles in the Quaternary (Graham et al. 2006), the rainforest and, 97 

accordingly, the species endemic to these rainforests, were split across two major refugia. 98 

Populations of these rainforest species diverged across these refugia; comparative data have 99 

recovered deep phylogeographic splits within species across more than twenty taxa (Moritz et 100 

al. 2009). Morphological analyses show limited phenotypic divergence among phylogeographic 101 

lineages (Schneider and Moritz 1999; Hoskin et al. 2005; Hoskin et al. 2011). Subsequent contact 102 

zone studies showed that some of these phylogeographic lineages are reproductively isolated 103 

(Phillips et al. 2004; Hoskin et al. 2005; Singhal and Moritz 2013).  104 

Here, we focus on three species groups—the ‘Carlia rubrigularis’, ‘Lampropholis coggeri’, 105 

and ‘Lampropholis robertsi’ groups—which are part of the broader radiation of Eugongylus 106 

lizards (family: Scincidae) (Skinner et al. 2011). These groups are ecologically-similar; all are 107 

small (30–55 mm) skinks of the leaf-litter in the rainforests of the AWT. Previous multilocus 108 

analyses revealed several phylogeographic lineages within each of these nominal taxa (Dolman 109 

and Moritz 2006; Bell et al. 2010). Like many phylogeographic units, these lineages are mostly 110 
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morphologically cryptic and geographically circumscribed, and their ranges are either 111 

geographically proximate or narrowly overlapping.  With an eye to integrative taxonomy 112 

(Padial et al. 2010), we synthesize data on genetics, morphology, and reproductive isolation 113 

assessed in contact zones to resolve the species status of lineages within these three groups and 114 

to formally revise their taxonomy. More generally, we use these lizards as a data-rich case study 115 

to explore the challenges of delimiting species among cryptic lineages that are parapatric or 116 

allopatric. 117 

 118 

METHODS 119 

Sampling, Data Collection, and Data Processing 120 

In this study, we analyze genetic data for individuals across three species groups across five 121 

nominal species and 13 putative lineages. The ‘Carlia rubrigularis’ group consists of five lineages: 122 

C. rubrigularis, northern Wet Tropics (N); C. rubrigularis, southern Wet Tropics (S); C. 123 

rhomboidalis, northern mid-east Queensland (N); C. rhomboidalis, southern mid-east Queensland 124 

(S); and C. wundalthini at Cape Melville (Fig. 1). The ‘Lampropholis coggeri’ group consists of four 125 

lineages: L. coggeri, northern Wet Tropics (N); L. coggeri, central Wet Tropics (C); L. coggeri, 126 

southern Wet Tropics (S); and L. coggeri in the Mt Elliot uplands (EU). The montane 127 

‘Lampropholis robertsi’ group consists of four allopatric lineages: L. robertsi, Carbine Tableland 128 

uplands (CU); L. robertsi, Thornton Peak uplands (TU); L. robertsi, Mt Bellenden Ker (BK); and L. 129 

robertsi, Mt Bartle Frere and southern Atherton Tablelands (BFAU).  130 

These lineages had been previously described through the sequencing of an average of 131 

27 geographically dispersed individuals per lineage for mtDNA and 12 for multi-locus nDNA 132 
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(Dolman and Moritz 2006; Bell et al. 2010). Because these lineages were sampled extensively in 133 

previous genetic analyses and because they are circumscribed geographically (Fig. 1), we 134 

limited our sampling to a few individuals per lineage (Fig. 1; Table S1-2). Further, across these 135 

lineages, three lineage-pairs meet in hybrid zones, two of which are very narrow (<1 km) and 136 

the other of which is wider (<10 km) (Singhal & Moritz 2013; Singhal & Bi 2017). Given that 137 

introgression is geographically limited relative to lineage ranges, we selected individuals well 138 

removed from contemporary contact zones to estimate species trees, test for lineage-wide 139 

introgression, and to apply statistical delimitation methods. We further included two 140 

outgroups: C. storri for the ‘C. rubrigularis’ group and L. amicula for the ‘L. coggeri’ and ‘L. 141 

robertsi’ groups. For L. coggeri N and C, we supplemented our sampling by including 142 

previously-published transcriptome data (Singhal 2013), which we analyzed using the same 143 

approach outlined below. In total, we sampled 25 individuals (Table S1-2). 144 

We sequenced a homologous set of 3320 loci across all individuals using an exome 145 

capture approach previously described (Bragg et al. 2016). Briefly, we identified homologous 146 

exons across the Eugongylus skink clade from transcriptome data of three species. After 147 

filtering the exons for GC-content and length, we included probes specific to each of the three 148 

species in the capture array. For each sample, we extracted DNA (Sunnucks and Hales 1996) 149 

and generated uniquely-barcoded libraries (Meyer and Kircher 2010). Individuals were then 150 

pooled in equimolar amounts along with other Eugongylus group taxa (Bragg et al. 2018), and 151 

we captured our target exons using a SeqCap EZ Developer Probes following manufacturer's 152 

instructions. The captured libraries were subsequently sequenced along with samples for other 153 

projects on the Illumina HiSeq2000 and 2500 for 100 bp paired-end reads. 154 
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Our bioinformatics pipeline is designed for both population genetic and phylogenetic 155 

analyses and thus generates both variant data for each lineage and locus alignments across all 156 

haplotypes in a given group. The basic approach follows, with further details available in 157 

Singhal et al. (2017). Following de-multiplexing, we trimmed low quality sequence and adaptor 158 

sequence from reads using TRIMMOMATIC v0.36 and merged overlapping reads using PEAR 159 

v0.9.10 (Zhang et al. 2013; Bolger et al. 2014). We generated an assembly for each individual 160 

with TRINITY v2.3.2 and identified assembled contigs homologous to our original targets with 161 

BLAT v36x1 (Kent 2002; Grabherr et al. 2011). For each exon, we picked the best matching 162 

contig across all individuals in the lineage to generate a pseudo-reference genome. We then 163 

annotated the coding sequence for these exons using EXONERATE v2.2.0 (Slater and Birney 2005). 164 

To generate variant data, we mapped reads from each individual to the pseudo-reference 165 

genome using BWA v0.7.12 (Li and Durbin 2009), called variant and invariant sites using GATK 166 

v3.6 UNIFIEDGENOTYPER, filtered out sites with quality <20, quality depth (QD) <5, and coverage 167 

<20×, and then determined haplotypes using GATK READBACKEDPHASING (McKenna et al. 168 

2010). Eight percent of sites were unphased; for these sites, we randomly phased them with 169 

respect to other phased blocks. We then generated multi-lineage alignments across all 170 

haplotypes with MAFFT v7.294 (Katoh et al. 2002).  171 

Like many phylogeographic studies, we first identified these lineages by sequencing 172 

mitochondrial loci. For these taxa, mtDNA and nDNA are highly congruent except within 173 

narrow contact zones, and mtDNA provides our most complete understanding of geographic 174 

limits (Dolman and Moritz 2006; Bell et al. 2010). Accordingly, we downloaded all geo-175 
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referenced NADH dehydrogenase subunit 4 (ND4) data for these groups from GenBank (Table S3). 176 

We aligned the data using MAFFT and identified the coding sequence using EXONERATE. 177 

 178 

Phylogenetic Analyses 179 

We reconstructed the evolutionary history of 13 lineages and two outgroups by using 180 

STARBEAST2 v0.13.5, a coalescent multi-locus method (Ogilvie et al. 2017). Individuals were 181 

assigned to lineages following their ‘putative lineage’ designations (Table S2). We filtered loci to 182 

only include those that were ≥75% complete across samples and to remove loci ≥1500 bp 183 

because longer loci are more likely to capture recombination events. Because of the 184 

computational demands of running STARBEAST2, we generated three random subsamples of 185 

200 loci each from the remaining loci. We ran STARBEAST2 on these random subsets for 500e6 186 

generations sampling every 1e5 generations. Each locus was assigned to its own strict clock and 187 

a GTR model of molecular evolution. Because we lack robust age constraints for nodes in this 188 

species tree, we instead inferred branch lengths in units of substitutions per site. 189 

For the mitochondrial phylogenetic analysis, we determined the best-fitting partitioning 190 

strategy using PARTITIONFINDER2 (Lanfear et al. 2016). We then inferred the mtDNA gene trees 191 

using MRBAYES v3.2.6, running 2 runs of 4 chains each for 50e6 steps (Ronquist et al. 2012). We 192 

set the branch length prior to exponential(100); the default prior overestimates branch lengths 193 

when the majority of bifurcations occur within-species (Brown et al. 2009). 194 

 195 

Population Genetic Analyses 196 
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Our population genetic analyses were aimed at describing basic patterns of diversity, 197 

divergence, and current and historical introgression among the lineages in these groups. For 198 

each lineage, we calculated within-lineage genetic diversity (π; (Nei and Li 1979)) for both the 199 

exome and mtDNA data, across silent sites only. For each pairwise-comparison between 200 

lineages in a species group, we calculated raw and net divergence (dxy and da) for the exome and 201 

mtDNA data (Nei and Li 1979), again across silent sites only. The patterns of divergence and 202 

diversity among individuals within a lineage and across lineages confirm our lineage 203 

assignments based on mtDNA and previous multilocus nuclear data (Dolman and Moritz 2006; 204 

Bell et al. 2010). 205 

To test for historical introgression, we used the D-statistic (Durand et al. 2011).  For the 206 

topology ((P1, P2), P3), outgroup), the D-statistic distinguishes if P1 and P3 exhibit incomplete 207 

lineage sorting or introgression by comparing site patterns across these four tips.  We 208 

conducted this test across all possible comparisons within species groups, except for sister taxa, 209 

which cannot be accommodated in the D-statistic framework. Based on overall species tree 210 

topology (Fig. 2), we determined the appropriate species to use as P2 (Table S5). For all 211 

Lampropholis comparisons, we used L. amicula as the outgroup, and for Carlia, we used C. storri. 212 

Because of our limited within-lineage sampling, we implemented the version of the test 213 

designed for fixed variants. Thus, we removed any site that was missing or polymorphic for 214 

any lineage in a species group. For the remaining sites, we calculated the D-statistic across all 215 

possible species comparisons. To assess significance, we calculated the standard deviation 216 

across 200 bootstraps and used a one-tailed z-test (Eaton and Ree 2013).  For L. robertsi, we 217 

further tested for introgression using the DFOIL approach designed for five-taxon symmetric 218 
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topologies (Pease and Hahn 2015); we could not apply this method to other groups because 219 

their topologies are asymmetric. This method confirmed our D-statistic results, so we do not 220 

discuss them further. 221 

Finally, we collated previously-published data on reproductive isolation at three contact 222 

zones: L. coggeri N and C, L. coggeri C and S, and C. rubrigularis N and S (Phillips et al. 2004; 223 

Dolman 2008; Singhal and Moritz 2012, 2013; Singhal and Bi 2017). These studies sampled 224 

densely through each contact zone to infer current rates of hybridization and to determine 225 

patterns of introgression across the genome and geography.  226 

 227 

Statistical Species Delimitation 228 

One of the most common ways to validate cryptic lineages is through multilocus coalescent-229 

based (MSC) approaches (Fujita et al. 2012). Accordingly, and as recommended by Rannala 230 

(2015), we used two MSC approaches (BPP v3.3a and STACEY v1.2.4) to test species boundaries 231 

across these groups (Yang and Rannala 2014; Jones 2017). Using the same filtering as in our 232 

STARBEAST2 analyses, we selected three random samples of 100 loci per species group and 233 

generated input files for BPP and STACEY. We used the species tree inferred from the 234 

STARBEAST2 analyses (see Phylogenetic Analyses) as the guide tree for BPP. For the ‘L. coggeri’ 235 

group, we used two topologies of the species tree that reflected uncertainty in the placement of 236 

L. coggeri EU (Fig. S1). We then ran BPP for 500,000 generations across three sets of priors to 237 

ensure our results were robust to prior specification. These priors were: (1) θ~(2, 2000), τ~(2, 238 

2000), (2) θ ~(1, 10), τ ~(1, 10), and (3) θ ~(1, 10), τ ~(2, 2000). We ensured that we had 20 – 80% 239 

acceptance rate; having too high or too low of acceptance rates can affect results. We ran 240 
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STACEY for 1e7 generations. Each locus was set to have its own clock rate and own substitution 241 

model under a HKY model. Priors were: collapse height = 0.001, growth rate ~ 242 

lognormal(mean=5, sd=2); collapse weight ~ uniform(0,1); population prior scale ~ 243 

lognormal(mean=-7,sd=2), and relative death rate ~ β (α=1, β=8). Species delimitations were 244 

determined using SPECIESDA with a burn-in of 10% and a collapse height of 0.0001 (Jones 2017). 245 

Analyses showed that results were robust across collapse heights from 0.0001 to 0.001. 246 

 247 

Morphological Data and Analysis 248 

We assessed morphological differences in scale and body measurement traits between the major 249 

genetic lineages in each of the three species groups in the Wet Tropics region. For the ‘C. 250 

rubrigularis’ species group, we excluded C. wundalthini and C. rhomboidalis because they differ in 251 

breeding colors and to some degree body size and shape (Dolman 2008; Hoskin 2014). Further, 252 

we combined individuals from L. coggeri N and C, from L. robertsi CU and TU, and L. robertsi BK 253 

and BFAU because our analyses of the genomic evidence suggested these lineages are not 254 

distinct and should be collapsed (see the Discussion). A single investigator took scale counts and 255 

body measurements on an average of 26 specimens per lineage (Appendix 1, Table S4). The 256 

traits measured summarize morphological characteristics that affect how lizards function in 257 

their environment (e.g., relative limb length affects locomotion; (Losos 2011)) and are 258 

standardly used to delimit skink species (Ingram and Covacevich 1989; Ingram 1991; Greer 259 

1997).  260 

The scale traits counted were the number of supraciliaries, infralabials, supralabials, 261 

midbody scale rows, paravertebrals, and lamellae under the fourth toe (Hoskin 2014). We found 262 
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no to little variation for these scale traits within species groups and thus performed no further 263 

analyses (Table A4). We measured five aspects of body size and shape: total head and body 264 

length (snout to vent length, SVL), distance between the front and hindlimbs (axilla to groin 265 

length, AG), length of the hindlimb (L2), head length (HL), and head width (HW) (Hoskin 266 

2014). Only adults were measured, defined as individuals with SVL greater than 48 mm, 44 mm, 267 

and 32 mm in C. rubrigularis, L. robertsi, and L. coggeri respectively. 268 

For each species group, we used multivariate analyses to determine if lineages differed 269 

significantly in size or shape. We first used a principal component analysis (PCA) to summarize 270 

across all five body measurements (Jolliffe 2002). We then tested if body size (PC1) and body 271 

shape (PCs 2–5) varied significantly across lineages. All analyses were nested by region within 272 

lineage to account for among-region variation within lineages. ‘Region’ represents different 273 

mountain ranges, tablelands, and lowland areas, and roughly matched the subregions defined 274 

for the Wet Tropics (Bell et al. 2010).  For body size, we used a nested univariate analysis of 275 

variance (ANOVAs) of PC1 between lineages within each species group. For body shape, we 276 

used a nested multivariate analysis of variance (MANOVA) of PCs 2–5. Significance was 277 

assessed using Roy’s Greatest Root. For those species groups where we included more than two 278 

lineages, we performed nested univariate (size) or multivariate (shape) planned contrasts to test 279 

which lineages differed significantly. All analyses were conducted in SAS V9.2.  280 

 281 

RESULTS 282 

Analysis of Genetic Data 283 

Page 13 of 67

http://mc.manuscriptcentral.com/systbiol

Systematic Biology



For Peer Review Only

 14

Our exome capture approach worked well across all lineages. On average, we recovered an 284 

average of 2.29 Mb per individual across 2668 loci at an average coverage of 112× (Table S2). 285 

The inferred topology is well-supported and is consistent with previous phylogenetic 286 

hypotheses based on mtDNA data (Fig. 2, Fig. S2; (Bell et al. 2010)) and other phylogenomic 287 

analyses (Bragg et al. 2018). Branching times and topologies were quantitatively and 288 

qualitatively similar across replicate analyses of STARBEAST2 (Fig. S1). The branching times 289 

between these lineages all occur within a narrow range and highlight that two lineages of C. 290 

rubrigularis as currently recognized are polyphyletic. Further, the splitting patterns generally 291 

agree with the biogeographic relationships between species. For example, L. robertsi BFAU is 292 

sister to L. robertsi BK, and the two lineages occur as adjacent montane isolates (Fig. 1, Fig. 2). 293 

The exception to this congruence is a leapfrog distribution of L. coggeri EU, which is sister to L. 294 

coggeri N and C rather than the geographically adjacent L. coggeri S (Fig. 1, Fig. 2). 295 

We inferred a ~4×-9× range of genetic divergences between lineages within nominal 296 

species, with nuclear dxy at silent sites ranging from 0.5% - 1.95% and nuclear da ranging from 297 

0.18% - 1.68% (Fig. 3, Table S5). Lineages associated with small ranges such as C. wundalthini 298 

and the montane lineages of L. robertsi showed lower levels of within-population diversity. 299 

Measures of mtDNA and nuclear dxy and da were correlated (dxy; r = 0.61, p-value =0.016; da; r = 300 

0.57, p-value=0.025; Fig. 3A-B). As for inferred branching times, divergences between some 301 

cryptic lineages were significantly greater than those between nominal species (Fig. 3C).  302 

Our D-statistic tests for historical introgression among non-sister lineages recovered four 303 

likely cases of historical introgression between lineage-pairs: C. rubrigularis N and S; C. 304 

rubrigularis N and C. rhomboidalis; L. coggeri S and EU; and L. coggeri C and S (Fig. 2, Table S6). 305 
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No signature of historical introgression was recovered for strongly allopatric populations – e.g., 306 

among montane isolates of the ‘L. robertsi’ species group, and C. wundalthini vs. C. rubrigularis. 307 

Our previous results from analyses of hybridization and introgression at contact zones show 308 

that C. rubrigularis N and S and L. coggeri C and S exhibit (1) a moderate proportion of hybrids 309 

in the center of the contact zones, (2) narrow cline widths across the genome, and (3) auto-310 

correlation in cline widths across physical distances, all indicative of extensive disequilibrium in 311 

hybrids and substantial RI  (Fig. 4). The less divergent lineage-pair, L. coggeri N and C, shows 312 

none of the same patterns, with evidence of extensive introgression across the genome and 313 

geography.  314 

Statistical species delimitation supported all lineages as species. BPP returned ≥95% 315 

probability for a speciation event at all nodes in our guide trees, and STACEY inferred each 316 

species as a unique cluster (Fig. 2). This result was robust to priors and, for the ‘L. coggeri’ 317 

group, uncertainty in the topology. 318 

 319 

Analysis of Morphological Data 320 

For all three species groups, PCAs resulted in a PC1 that accounted for most of the 321 

variation (67–84%). It was loaded highly and positively by all body measurements and 322 

indicated body size (Tables S7–9). The remaining four PCs in each species group represented 323 

variation in body shape (Tables S7-9). PC2 accounted for 10–16% of the variation in the species 324 

groups, and was loaded most heavily by relative AG length (positive) in ‘C. rubrigularis’ and 325 

both AG length (positive) and relative L2 length (negative) in ‘L. robertsi’ and ‘L. coggeri’ (Tables 326 

S7-9). 327 
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The three major lineages in the ‘L. coggeri’ group show no differences in body size 328 

(‘lineage’ effect on PC1, F2,58 = 2.46, P = 0.09), but they do differ in body shape (‘lineage’ effect on 329 

PC2–5, Wilks’ Lambda F8,10 = 3.46, P = 0.04) (Fig. 5B, Table 1). This significant variance was 330 

driven by CV1 (Roy’s Greatest Root F4,6 = 6.05, P = 0.03), which is loaded most heavily by PC2 331 

(0.489; Table S10). Multivariate contrasts revealed that only L. coggeri EU and S differ 332 

significantly in shape (F4,5 = 5.00, P = 0.05) (Table 1). Neither L. coggeri EU and N/C (F4,5 = 3.35, P 333 

= 0.11) nor L. coggeri N/C and S (F4,5 = 2.56, P = 0.17) differed in shape. Therefore, the only 334 

detectible difference was that L. coggeri EU has a relatively longer body and shorter legs than 335 

the geographically adjacent, but distantly related, L. coggeri S. 336 

No morphological differences were detected between the N and S lineages of ‘C. 337 

rubrigularis’, for either body size (‘lineage’ effect on PC1, F1,50 = 1.17, P = 0.29) or body shape 338 

(‘lineage’ effect on PC2–5, Wilks’ Lambda F4,5 = 0.45, P = 0.77) (Fig. 5A, Table 1). Similarly, no 339 

significant differences were detected between the TU/CU and BK/BFAU lineages of ‘L. robertsi’. 340 

Body size was marginally non-significant (‘lineage’ effect on PC1, F1,28 = 3.89, P = 0.06), and body 341 

shape did not differ (‘lineage’ effect on PC2–5, Wilks’ Lambda F3,1 = 2.68, P = 0.42) (Fig. 5C, Table 342 

1).  343 

 344 

DISCUSSION 345 

Delimitation of cryptic species 346 

Initial phylogeographic explorations based on mtDNA revealed that each species group 347 

contained at least four to five lineages, most of which were deeply divergent. Subsequent 348 

sequencing of five to ten nuclear loci confirmed that these phylogeographic lineages were also 349 
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diverged at the nuclear genome (Dolman and Moritz 2006; Bell et al. 2010). Now, genetic data 350 

based on over 2500 exons confirmed that these lineages exhibit genetic divergences of 351 

substantial but varying depths. These genetic divergences all fall within the range that 352 

comparative data suggest spans the transition from populations to isolated species (Roux et al. 353 

2016). Although some of the lineages are far more divergent than some already recognized 354 

species, and although we focused on morphological traits standardly used in lizard taxonomy 355 

and eco-evolutionary studies (Ingram 1991; Losos 2011; Hoskin 2014), we found little or no 356 

morphological divergence between the major lineages within each of the three species groups. 357 

Accordingly, these can mostly regarded as truly cryptic, rather than pseudo-cryptic, species. 358 

Given morphologically cryptic lineages that span a range of divergences, and all of 359 

which are delimited using coalescent methods, we are thus faced with the two challenges of 360 

species delimitation: how to determine how much genetic divergence is sufficient when 361 

divergences are arrayed on a continuum; and how to reconcile when genetic and phenotypic 362 

data give conflicting perspectives. As a first step, we can directly assess levels of isolation 363 

between these lineages because three of the lineage-pairs in these groups meet in narrow zones 364 

of parapatry (Fig. 4).  365 

Through these fine-scale contact zone analyses of isolation, we have two major findings. 366 

First, we find that, like genetic divergence, RI exists on a continuum, with lineages exhibiting 367 

varying degrees of isolation (Fig. 4A–B). For this set of lineages, divergence and isolation appear 368 

to scale, although non-linearly. The average cline width at the L. coggeri C and S hybrid zone 369 

zone is about 5.5× less than that at the L. coggeri N and C contact. Yet, L. coggeri C and S is only 370 

1.6× more genetically divergent than L. coggeri N and C. Theory does not predict a linear scaling; 371 
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the cline width of a locus is proportional to the inverse square root of selection on that locus 372 

(Barton and Gale 1993). Thus, as selection on a locus increases, cline width can sharpen 373 

narrowly and quickly, as seen here. Further evidence of this non-linear accumulation of RI can 374 

be seen in patterns of linkage disequilibrium in these contact zones. Data from L. coggeri N and 375 

C show no evidence for disequilibrium at introgressing sites, whereas C. rubrigularis N and S 376 

and L. coggeri C and S exhibit extensive disequilibrium extending a few kilobases (Fig. 4C). 377 

These results confirm theoretical expectations that lineages can quickly transition from acting as 378 

populations (i.e., L. coggeri N and C) to acting as genomically isolated species (i.e., L. coggeri C 379 

and S and C. rubrigularis N and S) (Turner 1967; Barton 1983). 380 

 Second, these data show that, despite being nearly identical morphologically, the more 381 

genetically divergent lineages have substantial RI. At least for C. rubrigularis N and S, these 382 

lineages are not isolated by premating isolation (Dolman 2008), but rather by post-mating 383 

selection against hybrids (Phillips et al. 2004). Based on estimates of dispersal length and cline 384 

width of the hybrid index, selection against hybrids is strong. Hybrids between C. rubrigularis N 385 

and S and L. coggeri C and S are estimated to be 50-70% and 10-65% less fit than their parents, 386 

respectively (Phillips et al. 2004; Singhal and Moritz 2012). Estimated selection on hybrids 387 

between L. coggeri N and C, on the other hand, is negligible. The selection against hybrids seen 388 

in C. rubrigularis N and S and L. coggeri C and S is comparable (if not greater) than that seen 389 

between morphologically distinct hybridizing taxon-pairs. (Barton and Gale 1993; Singhal and 390 

Moritz 2012). Such strong selection suggests that these lineages will remain evolutionary 391 

distinct in the future, despite the high potential for gene flow. As such, we propose to identify 392 

C. rubrigularis N and S as separate species, and likewise for L. coggeri S and L. coggeri C. Because 393 
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we found no evidence for RI between L. coggeri N and C, we retain them as distinct populations 394 

within one species (L. coggeri N/C).  395 

However, how should we diagnose those lineages for which we cannot indirectly or 396 

directly assay RI? For example, L. coggeri EU is geographically isolated from L. coggeri N/C and 397 

S, and the lineages in the ‘L. robertsi’ group are isolated on different mountaintops. These 398 

lineages do not meet in contact zones, and because of both practical and ethical reasons, cannot 399 

be easily kept in the laboratory for experimental trials. Instead, we extrapolate our estimates of 400 

RI from the three lineage-pairs that do meet in parapatry (Fig. 4) to the species group as a 401 

whole. This extrapolation assumes that the tempo and mode at which RI evolves is similar 402 

across this clade. The few comparative data on the rate at which RI evolves suggests that it can 403 

vary across broad clades (Rabosky and Matute 2013). However, for a clade like this, which 404 

consists of broadly related, morphologically and ecologically-similar lizards found in a similar 405 

biogeographic context, we suspect there is likely to be less variation. Indeed, RI and divergence 406 

time correlate closely across five sister-species comparisons in Carlia, Lampropholis, and a 407 

closely-related genus, Saproscincus (Singhal and Moritz 2013; Singhal and Bi 2017). Further, and 408 

importantly, these lineages likely resulted from similar speciation processes – i.e., these deep, 409 

cryptic lineages evolved due to very long periods of isolation in environmentally similar refugia 410 

(see below). Therefore, we believe we can sensibly extrapolate our results across other cryptic 411 

congeneric lineages that diverged under similar processes. 412 

To extrapolate, we use the divergence between C. rubrigularis N and S as our cutoff 413 

because they are the youngest lineage-pair for which we have solid evidence of RI. Divergence 414 

estimates are highly correlated across the three metrics for genetic divergence (r ~ 0.7 – 9; Fig. 3). 415 
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Still, we take a conservative approach and only elevate those lineages that show greater 416 

divergence than what is seen for C. rubrigularis N and S across all metrics (with one exception, 417 

below). Notably, this cutoff is greater than that seen among several comparisons between 418 

nominal taxa (Fig. 3). Divergences between L. robertsi CU and TU, L. robertsi BK and BFAU, and 419 

C. rhomboidalis N and S all fall below this cutoff (Table S5), so we recognize these as 420 

phylogeographic lineages within species. However, the divergence between L. robertsi 421 

BK/BFAU and L. robertsi CU/TU is greater than this cutoff. Accordingly, we propose to diagnose 422 

the BK/BFAU and CU/TU allopatric lineages as species; this deep divergence suggests they are 423 

likely to exhibit RI should they ever come into contact. We use these groupings for 424 

morphological comparisons, as well. 425 

The case of L. coggeri EU is more ambiguous, when considering genetic data alone.  426 

Lampropholis coggeri EU is most closely related to L. coggeri N/C, and divergence falls just below 427 

our proposed cutoff for raw divergence and branching time (Fig. 3A, 3C) but just above the 428 

cutoff for net divergence (Fig. 3B). However, L. coggeri EU sits isolated off the far south end of 429 

the Wet Tropics, geographically closest to L. coggeri S. Therefore, it is much more likely to 430 

interact with L. coggeri S in future, with which it shows much greater divergence (Fig. 1, Fig. 3; 431 

Table S5). Further, alone among the comparisons made here, L. coggeri EU is morphologically 432 

(and perhaps ecologically; see below) distinct from L. coggeri S (Table 1). Because the L. coggeri S 433 

and EU comparison is more salient than the L. coggeri C and EU comparison, we further 434 

propose to elevate L. coggeri EU as a separate species.  435 

The formal taxonomic revisions of these lineages are presented in Appendix 1. To 436 

summarize, we revise the ‘C. rubrigularis’ group to retain C. wundalthini and C. rhomboidalis, 437 
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retain C. rubrigularis S as C. rubrigularis, and elevate C. rubrigularis N to C. crypta sp. nov. For the 438 

‘L. coggeri’ group, we retain L. coggeri N/C as L. coggeri, elevate L. coggeri S to L. similis sp. nov., 439 

and elevate L. coggeri EU to L. elliotensis sp. nov. For the ‘L. robertsi’ group, we retain L. robertsi 440 

CU/TU as L. robertsi and elevate L. robertsi BFAU/BK to L. bellendenkerensis sp. nov. 441 

 442 

Speciation processes and cryptic species 443 

Extrapolating a divergence cutoff as done here works, in part, because the Wet Tropics lineages 444 

likely share similar divergence histories and processes. These taxa diverged through extended 445 

periods of isolation in environmentally-similar, climatically-stable rainforest refugia, resulting 446 

in genetic divergence but eco-morphological conservatism (Graham et al. 2006; Moritz et al. 447 

2009). The widespread Wet Tropics lineages (C. rubrigularis N and S; L. coggeri N/C and S) 448 

occupy similar habitats, and the lineages of ‘L. robertsi’ occupy mountaintop habitats that 449 

appear broadly similar. The morphological stasis in these cryptic species therefore likely reflects 450 

a lack of divergent selection across similar environments (Moritz et al. 2009; Hoskin et al. 2011).  451 

Only those lineages peripheral to the main block of the Wet Tropics rainforests exhibit 452 

morphological divergence. For example, L. coggeri EU differs subtly in body shape from other 453 

species in the group; it also occupies a subset of the habitats occupied by the other lineages in 454 

the ‘L. coggeri’ group. Whereas the other lineages are found across a broad range of rainforest 455 

types and habitat edges, L. coggeri EU is found only in mesic pockets of rocky, upland rainforest. 456 

Greater morphological divergence is seen in the two lineages in the ‘C. rubrigularis’ group found 457 

outside the Wet Tropics region: C. wundalthini and C. rhomboidalis. Despite being of similar age 458 

as other lineages (Fig. 2), these species are distinct for male breeding coloration and some 459 
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aspects of body size and shape. As seen across other Wet Tropics taxa, phenotypic divergence is 460 

only recovered in association with environmentally-driven selection – e.g., across ecotones 461 

(Schneider and Moritz 1999), in peripheral isolates (Hoskin et al. 2011), or reinforcing selection 462 

in hybrid zones (Hoskin et al. 2005). These cryptic species thus underline the importance of 463 

“non-ecological” mechanisms in speciation (Schluter 2001), in particular, mutation-order 464 

speciation (Mani and Clarke 1990; Nosil and Flaxman 2011).  465 

This work also helps further outline the distinction between historical and current 466 

patterns of hybridization and introgression (Edwards et al. 2016). The biological species concept 467 

requires current introgression to be limited, but both theoretical models and empirical data 468 

show that species can diverge and remain distinct in the presence of historical gene flow (Nosil 469 

2008; Pinho and Hey 2010). Similarly, our tests for introgression suggest there has been 470 

introgression between at least four lineage-pairs (Fig. 2), all of which are either previously-471 

recognized or now elevated nominal species. Yet, for at least two of these lineage-pairs (C. 472 

rubrigularis N and S and L. coggeri C and S), our analysis of current patterns shows that 473 

hybridization occurs but is geographically highly-restricted (Fig. 4). This distinction between 474 

historical and current patterns illustrates the complicated relationship between gene flow and 475 

species borders. 476 

 477 

The practicality of delimiting cryptic species 478 

Genetic divergences for almost all our lineage comparisons falls in the so-called "gray zone" of 479 

speciation, in which lineages transition from behaving as populations to species (Roux et al. 480 

2016). Defined by net silent divergence (da) at coding nuclear genes, this gray zone spans 481 
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divergences from 0.5% to 2%. Given that many cryptic lineages originated during glacial cycles 482 

over the last few million years (Hewitt 2000), many of them should fall within this four-fold 483 

range of divergence. This underlines the challenge in delimiting cryptic lineages – many of 484 

them have a biogeographic and divergence history that places them in an ambiguous zone of 485 

divergence, where lineages are as likely to merge or remain distinct upon secondary contact. 486 

Given this ambiguity, identifying strong phylogeographic structure within species 487 

should be just the first step in diagnosing species boundaries across cryptic boundaries (Fig. 6, 488 

Table 2). Additional validation is required, which we loosely group into four categories: (1) 489 

statistical species delimitation, (2) post-hoc discovery of phenotypic differences that delimit 490 

lineages (i.e., integrative taxonomy; (Padial et al. 2010)), (3) indirect or direct estimates of 491 

evolutionary isolation between lineages, or (4) calibration-based approaches. Here, we outline 492 

these approaches briefly and explain their conceptual and practical benefits and limitations. 493 

Note that after applying any of these approaches, researchers must still formally revise the 494 

taxonomy for these validations to be recognized. However, all too often, these taxonomic 495 

revisions are not done (Carstens et al. 2013; Pante et al. 2014).  496 

First, perhaps the most common approach currently used is statistical species 497 

delimitation, which applies coalescent-based methods to determine which lineages are 498 

genetically unique (Ence and Carstens 2011; Yang and Rannala 2014). Often, statistical 499 

approaches are used as an early step to more quantitatively assess visual clusters, and in other 500 

studies, they are used as a final stage of analysis to diagnose species (Fig. 6). Across our three 501 

species groups, statistical species delimitation diagnosed all putative lineages as species (Fig. 2).  502 

Yet, this statistical diagnosis contrasts to our biological understanding of species boundaries. 503 
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For example, although L. coggeri N and C are statistically distinct, introgression between them is 504 

widespread genomically and geographically (Fig. 4). This disconnect reflects the emerging 505 

consensus that, although statistical species delimitation methods can robustly identify 506 

populations, these populations are not always equivalent to species (Rosenblum et al. 2012; 507 

Dynesius and Jansson 2014; Sukumaran and Knowles 2017). In other words, the genetic 508 

distinctiveness of a population does not necessarily confer robust evolutionary distinctiveness 509 

as envisaged under the Biological Species Concept. Thus, we take a deliberately conservative 510 

approach and refrain from elevating morphologically cryptic lineages whose sole support is 511 

from statistical analyses of genetic data (Oliver et al. 2015). However, statistical approaches to 512 

species delimitation are the most efficient and flexible method across taxonomic groups and are 513 

likely to remain an attractive option for many study systems, even if these approaches alone 514 

provide insufficient evidence to denote robust taxa.  515 

Second, while mostly not true in the present study (Fig. 5), researchers often discover 516 

post-hoc phenotypic differences after further investigation of putative cryptic lineages, leading 517 

to so-called pseudo-cryptic species (Knowlton 1993). For example, cryptic lineages might vary 518 

in traits that facilitate RI between lineages (e.g., mating calls, (Barber 1951)) or ecological co-519 

existence (e.g., divergence in life-history; (Leys et al. 2017)). Often, however, these phenotypic 520 

differences might only relate trivially to how distinctive a lineage is – i.e., minor differences in 521 

scale counts. In such cases, phenotypic differentiation alone might not necessarily confer 522 

evolutionary distinctiveness, and further validation would be required.  523 

Third, researchers can assay strength of RI between lineages either through indirect 524 

studies of contact zones, observation of sympatry among cryptic lineages, or laboratory- or 525 
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field-based tests of mate choice and hybrid fitness (Blair 1972; Hoskin et al. 2005; Dolman 2008). 526 

As shown in this work (Fig. 4), these approaches offer detailed data on how likely lineages are 527 

to remain distinct if and when they overlap with their congenerics. However, these approaches 528 

are often quite practically limited—generating these data can require contiguous ranges, high 529 

population densities, organisms amenable to experimentation, and substantial investment in 530 

both time and money. These practical limitations surfaced in the present work; we were unable 531 

to test for RI between allopatric lineages, nor could we bring them into a laboratory setting. 532 

Barring this, alternative approaches could be used to identify cases of abrupt genetic boundaries 533 

across dense sampling or test for geographically-extensive introgression across lineage 534 

boundaries using large numbers of markers (Melville et al. 2017).  535 

For those lineages not amenable to indirect or direct testing for RI, we used a fourth 536 

general approach: using calibrations to determine how much divergence is sufficient to elevate 537 

a species. In the DNA barcoding literature, these calibrations are typically informed by patterns 538 

of divergence among nominal taxa, although they are used across broad swaths of the tree of 539 

life—i.e., all birds or all butterflies (Hebert et al. 2004b; Janzen et al. 2005). Another option is to 540 

use calibrations informed by data on the tempo at which RI evolves in closely-related taxa, as 541 

done in this study. While this approach still requires the expensive and time-consuming 542 

generation of data on isolation between lineages, the cutoff is more principled than barcode 543 

gaps. Unlike barcode gaps, which are applied widely across taxonomic groups, our cutoff is 544 

based on the observed isolation between lineages within a given clade, which likely share a 545 

common mode of lineage divergence and speciation. Such an approach allows us to tackle 546 

cryptic diversity while reflecting the variable nature of the speciation process. Moving forward, 547 
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we will explore whether this cutoff could contribute to diagnosing species boundaries among 548 

phylogeographic lineages of other species of Carlia (Potter et al. 2016). 549 

Across all these approaches, a potential flaw is insufficient sampling of species ranges. 550 

In particular, by sampling two ends of an array of populations, we can infer distinction between 551 

lineages where gene flow is actually continuous throughout (Pante et al. 2015). Because all 552 

approaches to cryptic species validation either have conceptual or practical weaknesses (Table 553 

2), the ideal approach will likely vary across taxonomic groups. For example, in the Wet 554 

Tropics, phylogeographic studies have recovered deep splits in other taxa outside of lizards, 555 

including frogs and mammals (Moritz et al. 2009). For the frog lineages, many of which occur in 556 

dense numbers, meet in narrow contact zones, and are amenable to breeding experiments, data 557 

on hybridization patterns and mate choice have helped validate putative cryptic lineages and 558 

led to the formal revision of lineages (Hoskin et al. 2005; Hoskin 2007). However, for mammals, 559 

density is too low to allow indirect or direct tests of isolation, so other approaches will be 560 

required. 561 

Importantly, the framework we applied here—generating initial descriptions of within-562 

species phylogeographic diversity (Dolman and Moritz 2006; Bell et al. 2010), confirming these 563 

patterns with multilocus data sets, and then inferring fine-scale patterns of current RI (Phillips 564 

et al. 2004; Singhal and Moritz 2012, 2013; Singhal and Bi 2017)—represents a significant 565 

investment in time and money. For many systems, this approach is simply not tenable, and 566 

further, often too slow where decisions on species limits have immediate conservation 567 

consequences (Hedin 2015). That said, given the dangers of ‘taxonomic overinflation’ (Isaac et 568 

al. 2004; Frankham et al. 2012), we advocate that researchers validate putative cryptic lineages 569 
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by both considering statistical delimitation approaches and other data on the biological reality 570 

of lineages, whether that be direct or indirect evidence for isolation. 571 

 572 

CONCLUSION 573 

Cryptic species challenge traditional notions of species, because the discrepancy between 574 

morphological and genetic axes of divergence can make them hard to categorize. Yet, other data 575 

suggest that many cryptic species are phenotypically divergent, but on axes of variation that are 576 

harder to measure (e.g., mating pheromones in lizards). In cases where we cannot identify 577 

phenotypic differences, like the lizards of the Wet Tropics, we can test the validity of these 578 

lineages through other means, such as looking at interactions between cryptic lineages in 579 

parapatry. Often, these richer, more integrative datasets complement genetic data and show 580 

that cryptic lineages are independently evolving units. However, as we also see in these taxa, 581 

despite marked genetic differentiation, some cryptic lineages might just be ephemera, destined 582 

to be lost to hybridization with congeneric lineages, if they meet in the future. These data 583 

remind us that species boundaries are hypotheses (Fujita et al. 2012), our best estimate of the 584 

fate of these lineages and a recognition of the ever-evolving nature of species (Darwin 1859; 585 

Mallet 1995).  586 
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TABLES 614 

Table 1. Testing for morphological differences in body size and shape between the major 615 

lineages in each species group. Body size was tested using nested ANOVA. Body shape was 616 

tested using nested MANOVA (‘lineage’ overall effect and planned contrasts), and using Wilks’ 617 

Lambda as the F-statistic.   618 

 Table 2: A survey of approaches that can be used to validate putative cryptic lineages and the 619 

benefits and limitations of each approach. We highlight which approaches were used in the 620 

present study and identify other examples from the broader literature; this list of examples is 621 

meant to be illustrative not exhaustive. Many of the studies that validated putative cryptic 622 

species did not also conduct a formal taxonomic revision.623 
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FIGURES 

Figure 1: Geographic distribution of lineages in the three groups; boundaries were inferred after 

sequencing an average of 27 individuals for mtDNA and 12 for nDNA (Table S1; Fig. S2). Points 

represent localities for samples included in this study. (A) The five lineages in the ‘Carlia 

rubrigularis’ group: C. wundalthini, C. rubrigularis N, C. rubrigularis S, C. rhomboidalis N, and C. 

rhomboidalis S, (B) the four lineages in the ‘Lampropholis coggeri’ group: L. coggeri N, L. coggeri C, 

L. coggeri S, and L. coggeri EU, and (C) the four lineages in the ‘L. robertsi’ group: L. robertsi CU, L. 

robertsi BFAU, L. robertsi TU, L. robertsi BK. In the inset map, the distribution of the rainforest is 

shown in light green. Like many phylogeographic lineages, these lineages are geographically 

circumscribed, and their ranges either are geographically proximate or narrowly overlapping. 

Pictures courtesy of B. Phillips, C. Peng, and S. Zozaya (L-R). 

 

Figure 2: Species tree for the included taxa as inferred using STARBEAST2 with 200 randomly 

selected exons. This topology and branching times are robust across multiple random samples 

(Fig. S2). Nodes with ≥95% local posterior probability are indicated with filled circles. Nodes for 

which BPP inferred ≥95% probability of a speciation event are shown by open circles. STACEY 

results match BPP results and are not shown. Arrows indicate pairwise relationships for which 

there is significant evidence for historical introgression (Table S6). The phylogeographic 

lineages included in this study all diverged over a relatively narrow span of time. 

 

Figure 3: Patterns of divergence between pairwise lineage-comparisons for (A) dxy for silent sites 

in mitochondrial DNA (mtDNA) and nuclear DNA (nDNA), (B) da at silent sites in mtDNA and 
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nDNA, and (C) branching times in units of substitutions per site per million years and da at 

mtDNA; branching times were inferred from the tree depicted in Fig. 1. Each pairwise 

comparison is coded as either being between (1) recognized: two lineages that were already 

recognized at the species-level, (2) elevated: two lineages that were elevated in the current 

study, or (3) population: lineages for which there is insufficient evidence to elevate them to 

species. Arrows identify the three pairwise comparisons for which we have data on 

reproductive isolation from contact zone studies (Fig. 4), the gray line indicates the transition 

point at which we first recover evidence for isolation between lineages (i.e., between Carlia 

rubrigularis N and S). Many of the lineages that we propose to elevate are more diverged than 

nominal species.  

 

Figure 4: Evidence for rates of hybridization and introgression at three contact zones between 

lineages included in this analysis: Carlia rubrigularis N and S, Lampropholis coggeri C and S, and 

L. coggeri N and C. Contacts are listed in the legend in order of least to most divergent. (A) 

Percent of individuals in the center of contact zones that were identified as hybrid. A hybrid 

individual was defined as individuals that had ≥10% membership in both parental species as 

determined by STRUCTURE. (B) Distribution of cline widths in the contact zone across an 

average of 9.5K clines. (C) The extent of linkage disequilibrium in each contact zone. Moran's I 

measures the autocorrelation in cline widths across the genome, which serves as a proxy for 

linkage disequilibrium. These genetic estimates of reproductive isolation show evidence for 

selection against hybrids in C. rubrigularis N and S and L. coggeri C and S.  
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Figure 5: Scatter plots of PC1 (representing body size) and PC2 (the primary axis of body shape) 

in each of the species groups: (A) ‘Carlia rubrigularis’ group, (B) ‘Lampropholis coggeri’ group, (C) 

‘Lampropholis robertsi’ group. See Tables S7 – 9 for details on loadings of PC2. Morphological 

divergence among the lineages in each species group is limited, with the exception of some 

shape divergence in L. coggeri EU. 

 

Figure 6: A flowchart outlining a possible research approach to validating cryptic lineages. 

Statistical species delimitation is often used to both define putative lineages and to validate 

them. Width and contrast of validation arrows indicate how robust we believe these approaches 

are. Benefits and limitations of each approach are further described in Table 2.  
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Table 1. Testing for morphological differences in body size and shape between the major 

lineages in each species group. Body size was tested using nested ANOVA. Body shape was 

tested using nested MANOVA (‘lineage’ overall effect and planned contrasts), and using Wilks’ 

Lambda as the F-statistic.   

 

F 

 

d.f., numerator d.f., denominator 

p-value 

 

Sig. 

 

‘C. rubrigularis’ N vs S      

Body size (PC1) 1.17 1 50 0.29  

Body shape (PC2 - PC5) 0.45 4 5 0.77  

‘L. robertsi’ CU/TU vs BK/BFAU      

Body size (PC1) 3.89 1 28 0.06  

Body shape (PC2 - PC5) 2.68 3 1 0.42  

‘L. coggeri’ N/C vs S vs EU      

Body size (PC1) 2.46 2 58 0.09  

Body shape (PC2 - PC5) 3.46 8 10 0.04 * 

multivariate contrasts  N/C vs. S 2.56 4 5 0.17  

 N/C vs. EU 3.35 4 5 0.11  

S vs. EU 5.00 4 5 0.05 * 
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Table 2: A survey of approaches that can be used to validate putative cryptic lineages and the benefits and limitations of each 

approach. We highlight which approaches were used in the present study and identify other examples from the broader literature; 

this list of examples is meant to be illustrative not exhaustive. Many of the studies that validated putative cryptic species did not also 

conduct a formal taxonomic revision. 
Approaches to validate 

putative cryptic species 

Benefits Limitations Examples from 

this study 

Other examples 

Statistical species 

delimitation 

efficient and affordable; can be 

applied to asexual and sexual 

organisms; many methods can handle 

ancestral polymorphism 

populations cannot be easily distinguished 

from true species (Sukumaran and Knowles 

2017); different approaches often lead to 

differing results (Carstens et al. 2013); 

results can be deceiving in the presence of 

gene-flow 

 geckos (Leaché and Fujita 

2010),carnivorous plants (Carstens and 

Satler 2013), cavefish (Niemiller et al. 2012), 

mouse lemurs (Hotaling et al. 2016) 

Identification of 

morphological, 

behavioral, physiological 

differences among 

‘pseudo’ cryptic lineages 

can lead to the identification of 

divergence in traits that are likely to 

keep lineages distinct (e.g., ecological 

differences, phenological shifts, 

mating calls) 

 

phenotypic differences do not guarantee 

that lineages will remain distinct if they 

interact (e.g., ((Hoskin et al. 2005)) 

 

L. coggeri EU lizards (Silva et al. 2017), hoverflies 

(Schonrogge et al. 2002), mayflies (Leys et 

al. 2017), wasps (Smith et al. 2008), 

butterflies (Hebert et al. 2004a), 

salamanders (Rissler and Apodaca 2007), 

frogs (Hoskin et al. 2011) 

Identification of range 

overlap among cryptic 

species 

offers robust evidence that lineages 

are not interbreeding 

many cryptic species are parapatric or 

allopatric, so not applicable to many taxa 

 rotifers (Gómez et al. 2002), frogs (Stuart et 

al. 2006), Plasmodium (Perkins 2000), 

earthworms (King et al. 2008), fish (Adams 

et al. 2014) 
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Direct estimates of 

reproductive isolation 

through mate choice 

studies and crossing 

experiments 

offers robust evidence that lineages 

are not interbreeding 

can only be used for sexually reproducing 

species that are amenable to lab husbandry; 

expensive and time-consuming; lab-based 

estimates of mate choice and hybrid fitness 

can differ from field-based estimates 

 rotifers (Suatoni et al. 2006), bryozoans 

(Gomez et al. 2007), diatoms (Amato et al. 

2007), frogs (Hoskin et al. 2005) 

Indirect estimates of 

reproductive isolation 

from regions of parapatry 

or sympatry 

allows indirect measure of factors 

structuring extent of gene flow 

between lineages such as extent of 

assortative mating, genetic 

incompatibilities, etc. 

can only be used for sexually reproducing 

species that co-occur and exist at sufficient 

density for sampling; indirect estimates can 

be influenced by often uncharacterized 

demographic factors 

C. rubrigularis N, 

C. rubrigularis S, 

L. coggeri C, L. 

coggeri S 

frogs (Stewart and Lougheed 2013), lizards 

(Sites et al. 1995), kelp (Tellier et al. 2011), 

corals (Ladner and Palumbi 2012) 

Using calibrations of RI vs. 

genomic divergence based 

on data from closely-

related species 

provides a well-informed guideline 

for species that are likely to evolve 

reproductive isolation at a similar 

tempo 

still requires the extensive and expensive 

collection of data on reproductive isolation 

in closely-related species 

L. robertsi 

TU/CU, L. 

robertsi BK/ 

BFAU 

 

Using calibrations based 

on sequence divergence 

efficient and affordable; can be 

applied to asexual and sexual 

organisms; can be more clade-specific 

if informed by patterns of divergence 

between nominal species in the clade 

not conceptually well-grounded (but see 

(Roux et al. 2016)); what metric of 

divergence to use is unclear (Fregin et al. 

2012), clades might vary in the rate at 

which they evolve reproductive barriers 

(Rabosky and Matute 2013) 

 caddisflies (Bálint et al. 2011), 

platyhelminth (Vilas et al. 2005), frogs 

(Fouquet et al. 2007), amphipods (Witt et al. 

2006), birds (Olsson et al. 2005), parasitoid 

flies (Smith et al. 2006) 
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Appendix 1: Taxonomic revisions of the species groups 

 

 ‘Lampropholis coggeri’ species group 

 

Lampropholis coggeri Ingram 

Material examined: Holotype: QM J27133 Shiptons Flat (15° 48' S, 145° 16' E). QM J60888, 

J60890 Big Tableland (15° 42' 30" S, 145° 16' 30" E); QM J25330 Home Rule, foot of path to 

Granites (15° 44' 40" S, 145° 17' 55" E); QM J25201, J25202, J25203 Granite Ck to Cedar Bay, on 

track (15° 45' S, 145° 20' E); QM J25254, J25255, J25271 Mt Hartley, near Home Rule, S of 

Cooktown (15° 46' S, 145° 19' E); QMJ57936 Mt Sampson (15° 48' S, 145° 12' E); QM J27131, 

J27134, Shiptons Flat (15° 48' S, 145° 16' E); QM J25217 Mt Finnigan NP (15° 48' 30" S, 145° 15' 

30" E); QM J40536, J40542 Mt Finnigan, 37km S Cooktown (15° 49' S, 145° 17' E); QM J26301 

Mt Finnigan, 37km S Cooktown (15° 49' 10" S, 145° 16' 50" E); QM J60886 Mt Finnigan, top 

grid (15° 49' 30" S, 145° 17' 30" E); QM J60221 Mt Misery Rd (15° 53' S, 145° 13' E); QM J60736 

Mt Misery, ca 5km by Rd junction W/Normanby Tin works Rd (15° 53' 23" S, 145° 12' 31" E); 

QM J60734 Thornton Pk, N on CREB track from Daintree R (16° 06' 03" S, 145° 20' 10" E); QM 

J59102 Mt Windsor Tableland, Whypalla SF (16° 12' 39" S, 144° 58' 46" E); QM J48693Windsor 

Tableland SF, survey peg TA213 (16° 13' S, 145° E); QM J75461 Mount Windsor Tableland 

(16° 13' S, 145° 02' E); QM J49580 Mossman Bluff (16° 30' S, 145° 22' E); QM J49581, J49582 

Bakers Blue Mt, 17km W Mt Molloy (16° 39' S, 145° 07' E); QM J39871 Bakers Blue Mt, 17km 

W Mt Molloy (16° 42' S, 145° 10' E); QM J55742 Kuranda (16° 49' S, 145° 38' E); QM J51952 

North-South Bell Peak Saddle, Malbon Thompson Ra (17° 6' S, 145° 54' E); QM J27009 

Crowley Ck, via Mt Molloy (17° 42' S, 146° 01' E). 

Diagnosis: Lampropholis coggeri is a small, dark-sided rainforest skink with pentadactyl 

limbs (overlapping when adpressed) and a movable lower eyelid containing a transparent 

disc. It is reliably distinguished from its sibling species (L. similis sp. nov. and L. elliotensis 

sp. nov.) by 17 nucleotide differences in the mitochondrial gene NADH dehydrogenase 4 that 

result in 15 amino acid differences among these species (Table A1). 

Measurements and scale counts of holotype QM J27133: SVL 36.5 mm; AG 19.1 mm; L1 

9.07 mm; L2 10.3 mm; HL 6.9 mm; HW 5.1 mm; midbody scale rows 26; paravertebral scales 

48; lamellae beneath fourth toe 22; supralabials 7; infralabials 6; supraciliaries 7. 

Description: SVL 32–43.6 mm (n = 30, mean = 36.3); AG % SVL 45–60% SVL (n = 30, mean = 

52%); L1 24–29% SVL (n = 10, mean = 25%); L2 28–40% SVL (n = 30, mean = 34%); HW 70–

83% HL (n = 31, mean = 77%). Body: Robust. Head and body continuous with almost no 

narrowing at neck. Snout rounded in profile. Limbs well-developed, pentadactyl, meeting or 

very narrowly separated when adpressed. Scalation: Dorsal scales smooth (or with three to 

four faint striations) with a broadly curved posterior edge; nasals widely spaced; rostral and 

frontonasal in broad contact; prefrontals moderately separated (narrow separation in QM 

J25271 and J27131); frontal contacting frontonasal, prefrontals, first two supraoculars and 

frontoparietal; supraoculars four, second largest; supraciliaries seven, first largest; lower 

eyelid movable with small palpebral disc about half the size of lower eyelid; ear opening 
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round or vertically elliptic, subequal to or smaller than palpebral disc; frontoparietals fused, 

interparietal free; primary temporal single, secondary temporals two (upper largest and 

overlapping lower); loreals two, subequal or second largest; preoculars two, subequal or 

lower largest; presuboculars two, upper largest; supralabials seven, with fifth below eye and 

last overlapping lower secondary temporal and postsupralabials; postsupralabial divided; 

infralabials six, two in contact with postmental; midbody scale rows 25–30 (n = 31, mode = 

26); paravertebral scales (to the level of the posterior margin of the hindlimbs) 47–54 (n = 31, 

mode = 50); fourth toe longest, subdigital lamellae 20–24 (n = 30, mode = 22) with a single 

row of scales on the dorsal surface; outer preanal scales overlap inner preanals; three pairs of 

enlarged chin shields, first pair in contact, second pair separated by a single scale row, third 

pair separated by three scale rows.  

Color pattern in preservative: Body: Dorsal ground color brown to olive-brown, sparsely 

flecked with four to six longitudinal rows of black dashes. Dorsolateral zone marked by a 

narrow pale stripe that extends from eye to base of tail. This is bordered below by a jagged 

row of black streaks or spots. Upper to mid lateral zone olive-brown with dark streaks and 

pale flecks, merging evenly with paler lower flanks. Head: As for dorsum with varying 

degrees of darker smudges or blotches. Limbs: Olive-brown with pale and dark spotting. 

Tail: As for back with continuation of the dark, broken dorsolateral stripe and bearing pale 

grey and black blotches on lateral surfaces. Ventral surfaces: Grey to cream, sparsely to 

heavily spotted with black. Underside of tail with dark spots on a pale background, spots 

often concatenated forming a reticulated pattern. 

Comparison with similar species: For separating this species from other members of the ‘L. 

coggeri’ group (L. similis sp. nov. and L. elliotensis sp. nov.), see species account for L. similis 

sp. nov. 

Distribution: Lampropholis coggeri occurs north of a line extending from Mareeba, to Lake 

Barrine, top of the Gillies Range and Gordonvale, and then extending south-east to the 

mouth of the Russell River (to include the Malbon Thompson Range). The northern extent 

for this species is the Big Tableland area near Cooktown (Bell et al. 2010). The only area this 

species co-occurs with L. similis sp. nov. is along a narrow parapatric contact zone in the 

Lake Barrine–Gillies highway area. Individuals in this region require genetic verification. 

Habitat and habits: Occurs in rainforest and associated moist habitats, including wet 

sclerophyll forests; from sea level to the uplands but is absent from the peaks where L. 

robertsi occurs (>1100 m) (Williams et al. 2010). 

 

Lampropholis similis sp. nov. 

Material examined: Holotype: QM J91380 The Pinnacles, SW of Townsville (19° 23' 42" S, 

146° 39' 07" E). Paratypes: QM J49741 Gadgarra SF (17° 16' S, 145° 41' E); QM J49593 

Bellenden Ker NP, TV station (17° 16' S,145° 51' E); QM J47096, J49619, J66621 Lake Eacham 

(17° 17' S, 145° 37' E); QM J39865 Bellenden Ker Ra, Cableway Base Station (17° 20' S, 145° 52' 

E); QM J45916, J45918 Russell R, cave site (17° 22' S, 145° 53' E); QM J49576, J49613 Mt 

Hypipamee NP (17° 25' 54" S, 145° 29' 08" E); QM J48692 Longlands Gap, Herberton Range 

(17° 27' 45" S, 145° 28' 30" E); QM J62904 Stone Ck, Hasenpusch Property (17° 28' S, 146° 01' 
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E); QM J73520 Millaa Millaa Lookout (17° 31' S, 145° 37' E); QM J61054 E margin of 

Palmerston NP (17° 37' S, 145° 46' E), QM J31134, J31135 Majors Mt, via Ravenshoe (17° 38' 

20" S, 145° 31' 15" E); QM J62704 Dunk Is (17° 57' S, 146° 09' E); QM J74017 Kirrama (18° 10' S, 

145° 38' E), QM J44199, J44173 Hinchinbrook Is, Gayundah Ck (18° 22' S, 146° 13' E); QM 

J49610 Curacoa Is, Palm group (18° 40' S, 146° 33' E); QM J76307 Palm Is (18° 45' S, 146° 36' 

E); QM J53044 Mt Halifax, 250 m SE (19° 06' S, 146° 22' E); QM J46777 Bluewater Ra, N of 

Townsville (19° 11' S, 146° 33' E); QM J86759 Hervey Range (19° 21' 49.98" S, 146° 28' 42.36" 

E); QM J91377, J91378, The Pinnacles, SW of Townsville (19° 23' 37" S, 146° 39' 07" E); QM 

J27621 Hervey Ra, 10km S, 35km W Townsville (19° 35' S, 146° 36' E). 

Diagnosis: Lampropholis similis sp. nov. is a small, dark-sided rainforest skink with 

pentadactyl limbs (overlapping or very narrowly separated when adpressed) and a movable 

lower eyelid containing a transparent disc. It is reliably distinguished from its sibling species 

(L. coggeri and L. elliotensis sp. nov.) by 17 nucleotide differences in the mitochondrial gene 

NADH dehydrogenase subunit 4 that result in 15 amino acid differences (Table A1).  

Etymology: From the Latin for similar, alluding to its likeness with L. coggeri.  

Measurements and scale counts of holotype QM J91380: SVL 39.4 mm; AG 20 mm; L1 9.58 

mm; L2 14.1 mm; HL 7.9 mm; HW 6.1 mm; midbody scale rows 28; paravertebral scales 49; 

lamellae beneath fourth toe 22; supralabials 7; infralabials 6; supraciliaries 7. 

Description: SVL 32.4–42.2 mm (n = 29, mean = 37.5); AG % SVL 41–58% SVL (n = 29, mean = 

51%); L1 22–29% SVL (n = 10, mean = 25%); L2 30–39% SVL (n = 29, mean = 35%); HW 69–

89% HL (n = 29, mean = 75%). Body: Robust. Head and body continuous with almost no 

narrowing at neck. Snout rounded in profile. Limbs well-developed, pentadactyl, meeting or 

very narrowly separated when adpressed. Scalation: Dorsal scales smooth (or with three to 

four faint striations) with a broadly curved posterior edge; nasals widely spaced; rostral and 

frontonasal in broad contact; prefrontals moderately to widely separated; frontal contacting 

frontonasal, prefrontals, first two supraoculars and frontoparietal; supraoculars four, second 

largest; supraciliaries seven (eight in QM J27621), first largest; lower eyelid movable with 

small palpebral disc, about half the size of lower eyelid; ear opening round to vertically 

elliptic, subequal to or smaller than palpebral disc; frontoparietals fused, interparietal free; 

primary temporal single, secondary temporals two (upper largest and overlapping lower); 

loreals two, subequal or second largest; preoculars two, lower largest; presuboculars two 

(one in QMJ45916, J45918, J49613, J49741 and J66621), upper largest; supralabials seven, with 

fifth below eye and last overlapping lower secondary temporal and postsupralabials; 

postsupralabial divided; infralabials six, two in contact with postmental; midbody scale 

rows 26–31 (n = 29, mode = 28); paravertebral scales (to the level of the posterior margin of 

the hindlimbs) 47–52 (n = 29, mode = 50); fourth toe longest, subdigital lamellae 20–24 (n = 

27, mode = 22 ) with a single row of scales on the dorsal surface; outer preanal scales overlap 

inner preanals; three pairs of enlarged chin shields, first pair in contact, second pair 

separated by a single scale row, third pair separated by three scale rows.  

Color pattern in preservative: As for L. coggeri but some specimens from the southern 

portion of the range are devoid or nearly devoid of any back pattern (black dashes not 

present on ground color for QM J27621, J49610, J86759 and J91378).  
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Comparison with similar species: Separating this species from other members of the ‘L. 

coggeri’ group (L. coggeri and L. elliotensis sp. nov.) relies heavily on genetic data. Seventeen 

nucleotide differences in the mitochondrial gene NADH dehydrogenase subunit 4 result in 

differences at 15 amino acids among these species (Table A1). Additionally, both L. similis 

sp. nov. and L. coggeri tend to be longer-limbed than L. elliotensis sp. nov. (Table 2, S8). In 

these species, the adpressed limbs usually touch or overlap. In L. elliotensis sp. nov. the 

adpressed limbs are usually separated by several scale rows.  

Distribution: The distribution of L. similis sp. nov. includes the Mt Bellenden Ker Range (but 

not the Malbon Thompson Range to the east) and extends all the way south to Hervey 

Range and The Pinnacles, near Townsville (Bell et al. 2010). The only area this species co-

occurs with L. coggeri is along a narrow parapatric contact zone in the Lake Barrine–Gillies 

highway area. Individuals in this region require genetic verification. 

Habitat and habits: Occurs in rainforest and associated moist habitats, including wet 

sclerophyll forests, montane heath, and gallery forests; occurs from sea level to the uplands 

but is generally absent from the peaks where L. bellendenkerensis occurs. 

 

Lampropholis elliotensis sp. nov. 

Material examined: Holotype: QM J91382 Mt Elliot (19° 28' 55" S, 146° 59' E). Paratypes: QM 

J91386, J91116 Mt Elliot (19° 28' 55" S, 146° 59' E); QM J91385 Mt Elliot (19° 28' 58" S, 146° 59' 

01" E); QM J52841, J52842, J52843, J52844 Mt Elliot (19° 29' S, 146° 57' E); QM J54810, J54811, 

J54812, J54813, J54814, J54815, J54816, J54817 Mt Elliot, summit (19° 30' S, 146° 57' E). 

Diagnosis: Lampropholis elliotensis sp. nov. is a small, dark-sided rainforest skink with 

pentadactyl limbs (usually separated by several scales rows when adpressed) and a movable 

lower eyelid containing a transparent disc (Fig. A1). It is reliably distinguished from its 

sibling species (L. similis sp. nov. and L. coggeri) by 17 nucleotide differences in the 

mitochondrial gene NADH dehydrogenase subunit 4 that result in 15 amino acid differences 

among the species (Table A1).  

Etymology: Refers to Mt Elliot, the type locality. 

Measurements and scale counts of holotype QM J91382: SVL 37.5 mm; AG 19.6 mm; L1 

9.26 mm, L2 12mm; HL 6 mm; HW 5.3 mm; midbody scale rows 24; paravertebral scales 48; 

lamellae beneath fourth toe 22; supralabials 7; infralabials 6; supraciliaries 7. 

Description: SVL 31.5–40.2 mm (n = 10, mean = 36.4); AG % SVL 48–57% SVL (n = 10, mean = 

53%); L1 20–26% SVL (n = 10, mean = 23%); L2 31–37% SVL (n = 10, mean = 33%); HW 75–

88% HL (n = 10, mean = 80%). Body: Robust. Head and body continuous with almost no 

narrowing at neck. Snout rounded in profile. Limbs well-developed, pentadactyl, not 

meeting when adpressed (separated by several scale rows in adults). Scalation: Dorsal 

scales smooth (or with three to four faint striations) with a broadly curved posterior edge; 

nasals widely spaced; rostral and frontonasal in broad contact; prefrontals moderately to 

widely separated; frontal contacting frontonasal, prefrontals, first two supraoculars and 

frontoparietal; supraoculars four, second largest; supraciliaries seven, first largest; lower 
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eyelid movable with small palpebral disc, about half the size of lower eyelid; ear opening 

round to vertically elliptic, subequal to or smaller than palpebral disc; frontoparietals fused, 

interparietal free; primary temporal single, secondary temporals two (upper largest and 

overlapping lower); loreals two (one in QM J91385), subequal or second largest; preoculars 

two, subequal or lower largest; presuboculars two (only one in QM J54817 and QM J91116), 

upper largest; supralabials seven with fifth below eye (or eight with sixth below eye QM 

J52842) and last supralabial overlapping lower secondary temporal and postsupralabials; 

postsupralabial divided; infralabials six (rarely seven, 2/15), two in contact with postmental; 

midbody scale rows 24–28 (n= 14, mode = 26); paravertebral scales (to the level of the 

posterior margin of the hindlimbs) 48–51 (n = 14, mode = 49); fourth toe longest, subdigital 

lamellae 19–24 (n = 14, mode = 21) with a single row of scales on the dorsal surface; outer 

preanal scales overlap inner preanals; three pairs of enlarged chin shields, first pair in 

contact, second pair separated by a single scale row, third pair separated by three scale rows.  

Color pattern in preservative: As for L. coggeri. 

Comparison with similar species: For separating this species from other members of the ‘L. 

coggeri’ group, see species account for L. similis sp. nov. 

Distribution: Occurs on Mt Elliot, south of Townsville, in Bowling Green Bay National Park. 

All records come from above 600 m elevation. 

Habitat and habits: Usually found amongst leaf-litter in rocky situations. This species has 

not been recorded in lowland rainforest around Mt Elliot, despite considerable survey effort 

(Hoskin, unpub. data).  
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Fig. A1:  (A) Lampropholis coggeri (Windsor Tableland, Stephen Zozaya), (B) L. similis sp. nov. (Paluma 

Range, Stephen Zozaya), (C) L. elliotensis sp. nov. (Mt Elliot, Conrad Hoskin). 

 

Table A1: Diagnostic nucleotide and amino acid differences among the species in the 

‘Lampropholis coggeri’ species group. Nucleotide positions are given with respect to the 

Scincella vandenburghi mitochondrial genome (GenBank: NC_030776). 

position 10810 10870 10894 10924 10996 11047 11215 11344, 

11345 

11347, 

11348 

11396 11424 11461 11504 11559 11569 

L. similis 

sp. nov. 

A I C L T S G A G G A M A I A, 

C 

T C, 

A 

H C T C N A S C S C R C A 

L. 

elliotensis 

sp. nov. 

C L A I T S T S A S G V G V G, 

T 

V A, 

A 

N T I A K G G C S T C T V 

L. coggeri C L A I A T T S G G A M A I A, 

T 

I A, 

G 

S C T A K G G T L T C T V 

 

 

 

Page 56 of 67

http://mc.manuscriptcentral.com/systbiol

Systematic Biology



For Peer Review Only

A7 
 

‘Lampropholis robertsi’ species group 

 

Lampropholis robertsi Ingram 

Material examined: Holotype: QM J43911 Thornton Peak, via Daintree (16° 10' S, 145° 22' E). 

QM J39856, J39857, J43912, J43964, J49648, J49659 Thornton Peak, via Daintree (16° 10' S, 145° 

22' E); QM J43918 Thornton Peak (16° 10' S, 145° 23' E); QM J43958 Thornton Peak summit 

(16° 10' S, 145° 23' E); QM J55836 Mt Spurgeon, 7km N, Camp 2 (16° 22' S, 145° 13' E); QM 

J55833, J55834, J55835 Black Mt, 4.5km N Mt Spurgeon (16° 24' S, 145° 12' E); QM J54324 Mt 

Spurgeon (16° 26' S, 145° 12' E); QM J51948 Carbine Tableland, Pauls Luck (16° 27' S, 145° 15' 

E); QM J63545, J63548, J63550, J63553, J63561, J63563 Mt Lewis Rd, 29km along rd (16° 30' 50" 

S, 145° 16' 05" E); QM J47097, J48295 Mt Lewis, via Mt Molloy (16° 35' S, 145° 17' E); QM 

J56464 Mt Lewis (16° 35' S, 145° 17' E). 

Diagnosis: A large Lampropholis with dark flanks and prominent spotting on the posterior 

ventral surfaces, a row of dark edged pale spots on underside of tail. This species is reliably 

distinguished from its closest congener (L. bellendenkerensis sp. nov. ) by 14 nucleotide 

differences in the mitochondrial gene NADH dehydrogenase 4 that result in nine amino acid 

differences between the species (Table A2). 

Measurements and scale counts of holotype QM J43911: SVL 45.3 mm; AG 22.9; L1 12.0 

mm; L2 15.9 mm; HL 8.41 mm; HW 6.0 mm; midbody scale rows 28; paravertebral scales 53; 

lamellae beneath fourth toe 26; supralabials 7; infralabials 6; supraciliaries 7. 

Description: SVL 36.6–51.45 mm (n = 17, mean = 44.35); AG % SVL 46–54% SVL (n = 17, 

mean = 50%); L1 26–32% (n = 17, mean = 29%); L2 34–43% SVL (n = 17, mean = 38%); HW 69–

79% HL (n = 17, mean = 73%). Body: Robust. Head and body continuous with almost no 

narrowing at neck. Snout rounded in profile. Limbs well-developed, pentadactyl, meeting or 

narrowly separated when adpressed. Scalation: Dorsal smooth (or with three to four faint 

striations) with a broadly curved posterior edge; nasals widely spaced; rostral and 

frontonasal in broad contact; prefrontals moderately to widely separated; frontal contacting 

frontonasal, prefrontals, first two supraoculars and frontoparietal; supraoculars four, second 

largest; supraciliaries seven, first usually largest but sometimes subequal to third or fourth; 

lower eyelid movable with small palpebral disc, less than half the size of lower eyelid; ear 

opening round to vertically elliptic, subequal to palpebral disc; frontoparietals fused, 

interparietal free; primary temporal single, secondary temporals two (upper largest and 

overlapping lower); loreals two, subequal or second largest; preoculars two, lower largest; 

presuboculars two, upper largest; supralabials seven with fifth below eye (eight in QM 

J55833, with sixth below eye), and last overlapping lower secondary temporal and 

postsupralabials; postsupralabial divided; infralabials six (seven in QM J55833 and J56464) 

two in contact with postmental; midbody scale rows 26–28 (n = 23, mode = 26); paravertebral 

scales (to the level of the posterior margin of the hindlimbs) 49–54 (n = 21, mode = 54); fourth 

toe longest, subdigital lamellae 21–26 (n = 21, mode = 23) with a single row of scales on the 

dorsal surface; outer preanal scales overlap inner preanals; three pairs of enlarged chin 

shields, first pair in contact, second pair separated by a single scale row, third pair separated 

by three scale rows.  
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Color pattern in preservative: Adults - Body: Dorsal ground color copper- brown, plain or 

with sparse, longitudinally aligned black dashes (intensity of color varies markedly between 

individuals). Striations on dorsal scales with diffuse black outlines. Dorsolateral zone with a 

ragged-edged black stripe that runs from behind eye to base of tail and is bordered above by 

a thin gold to light brown stripe. Upper lateral zone rich bronze-brown (for two to three 

scale rows), merging with, or clearly defined from, the paler grey to brown lower flanks 

which bear dark flecks and spotting. Upper and lower lateral colors may be separated by a 

discontinuous row of white scales (often interspersed with black streaks). Head: Copper-

brown above with scattered dark blotches. Facial markings of varying intensity but labials 

often bear strong dark spots. Rostral with dark medial streak and dark lateral and lower 

edges. Limbs: Copper-brown with dark spotting. Tail: As for dorsum with darker sides 

bearing pale spots and a row of dark dashes on the upper lateral edge (a broken 

continuation of dark dorsolateral stripe) Ventral surfaces: Grey with varying degrees of 

spotting sometimes present on chin and throat but most prominent on lower body, 

hindlimbs and tail. A row of dark-edged, pale blotches on underside of tail. Juveniles: 

Ventral pattern bold. Infralabials barred and dark speckling present on chin, throat and 

body. Underside of body dark with prominent white blotches. Large pale spots along 

underside of tail. 

Comparison with similar species: Lampropholis robertsi and L. bellendenkerensis sp. nov. 

cannot be separated using morphological characters. They are distinguished genetically by 

13 nucleotide differences in the mitochondrial gene NADH dehydrogenase 4 that result in nine 

amino acid differences between the two species (Table A2). 

Distribution: Lampropholis robertsi is restricted to Thornton Peak and the uplands of the 

Carbine Tableland (e.g., Mt Lewis, Mt Spurgeon).  

Habitat and habits: Occurs in upland rainforest and heath (all records come from above 

approximately 900 m elevation). Most often seen in warmer, sunlit areas such as in canopy 

gaps or rocky areas. 

 

Lampropholis bellendenkerensis sp. nov. 

Material examined: Holotype: QM J39855 Bellenden Ker Ra (17° 20' S, 145° 52' E). Paratypes: 

QM J51406 Mt Lewis SF, 25 km along rd (16° 31' 45" S, 145° 16' 30" E); QM J62209 Bellenden 

Ker, top of (17° 13' S, 145° 53' E); QM J55837 Massey Ra, 4km W Centre Bellenden Ker (17° 

16' S, 145° 49' E); QM J40033, J40036, J40037, J40038, J40039 Mt Bellenden Ker summit, near 

TV Tower and station (17° 16' S, 145° 51' E); QM J46193 Bellenden Ker NP (17° 16' S, 145° 51' 

E); QM J39490, J39491 Mt Bellenden Ker summit (17° 20' S, 145° 52' E); QM J40041 Mt Bartle 

Frere, east face (17° 24' S, 145° 49' E); QM J47956, J47959 Mt Bartle Frere (17° 24' S, 145° 49' E); 

QM J64652 Longlands Gap (17° 28' S, 145° 29' E); QM J31196 Mt Fisher, via Millaa Millaa (17° 

33' S, 145° 33' E); QM J41707, J41708 Mt Fisher, Whiteing Rd, 7 km SW Millaa Millaa (17° 33' 

S, 145° 33' E). 

Diagnosis: A large Lampropholis with dark flanks and prominent spotting on the posterior 

ventral surfaces, a row of dark edged pale spots on underside of tail (Fig. A2). This species is 

reliably distinguished from its closest congener (L. robertsi) by 13 nucleotide differences in 
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the mitochondrial gene NADH dehydrogenase 4 that result in nine amino acid differences 

between the species (Table A2). 

Etymology: Refers to Mt Bellenden Ker, the type locality. 

Measurements and scale counts of holotype QM J39855: (specimen also a paratype of L. 

robertsi): SVL 43.7mm; AG 22.9 mm; L1 12.1 mm; L2 16.6 mm; HL 8.1 mm; HW 6.1 mm; 

midbody scale rows 28; paravertebral scales 54; lamellae beneath fourth toe 23; supralabials 

7; infralabials 6; supraciliaries 7. 

Description: SVL 35.4–47.5 mm (n = 16, mean = 42.13); AG % SVL 46–56% SVL (n = 16, mean 

= 51%); L1 24–30% (n = 16, mean = 28); L2 33–40% SVL (n = 16, mean = 37%); HW 67–75% HL 

(n = 16, mean = 71%). Body: Robust. Head and body continuous with almost no narrowing at 

neck. Snout rounded in profile. Limbs well-developed, pentadactyl, meeting or narrowly 

separated when adpressed. Scalation: Dorsal scales smooth (or with three to four faint 

striations) with a broadly curved posterior edge; nasals widely spaced; rostral and 

frontonasal in broad contact; prefrontals moderately to widely separated; frontal contacting 

frontonasal, prefrontals, first two supraoculars and frontoparietal; supraoculars four, second 

largest; supraciliaries seven (eight in QM J47959, J46193 and J51406), first largest but 

sometimes subequal to third or fourth; lower eyelid movable with small palpebral disc, less 

than half the size of lower eyelid; ear opening round to vertically elliptic, subequal to or 

smaller than palpebral disc; frontoparietals fused, interparietal free; primary temporal 

single, secondary temporals two (upper largest and overlapping lower); loreals two, 

subequal or second largest; preoculars two, lower largest; presuboculars two, upper largest; 

supralabials seven, with fifth below eye and last overlapping lower secondary temporal and 

postsupralabials; postsupralabial divided; infralabials six, two in contact with postmental; 

midbody scale rows 26–30 (n = 18, mode = 28); paravertebral scales (to the level of the 

posterior margin of the hindlimbs) 48–55 (n = 17, mode = 51); fourth toe longest, subdigital 

lamellae 21–24 (n = 15, mode = 23) with a single row of scales on the dorsal surface; outer 

preanal scales overlap inner preanals; three pairs of enlarged chin shields, first pair in 

contact, second pair separated by a single scale row, third pair separated by three scale rows.  

Color pattern in preservative: As for L. robertsi. 

Comparison with similar species: See species account for L. robertsi.  

Distribution: Lampropholis bellendenkerensis sp. nov. occurs in the uplands of the Bellenden 

Ker Range (Mt Bellenden Ker and Mt Bartle Frere) and in the highest areas of the southern 

Atherton Tablelands (including Mt Baldy, Longman’s Gap, Mt Fisher and the Tully Falls 

area). All records come from above approximately 900 m elevation. 

Habitat and habits: As for L. robertsi.  

Page 59 of 67

http://mc.manuscriptcentral.com/systbiol

Systematic Biology



For Peer Review Only

A10 
 

 
Fig. A2: (A) Lampropholis robertsi (Mt Lewis, Stephen Zozaya) (B) L. bellendenkerensis sp. nov. 

(Mt Bartle Frere, Anders Zimny). 

 

Table A2: Diagnostic nucleotide and amino acid differences among the species in the ‘Lampropholis 

robersti’ species group. Nucleotide positions are given with respect to the Scincella vandenburghi 

mitochondrial genome (GenBank: NC_030776). 

position 10863 11014 11287 - 9 11302, 

11304 

11347 11364 11380, 

11382 

11468 11504 

L. robertsi A/

G 

M G A AC

G 

T G, T V A N A Q C, C L T M T L 

L. bellendenkerensis sp. 

nov. 

T I A T TTA L A, C I G D C H A, T I C T C S 
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‘Carlia rubrigularis’ species group 

 

Carlia rubrigularis Ingram & Covacevich  

Material examined: Holotype: QM J29956 Innisfail, NE Queensland (17° 32' S, 146° 01' E). 

Paratypes: QM J50463 Lake Eacham (17° 16' 57" S, 145° 37' 46" E); QM J50466 Lake Eacham 

(17° 17' S, 145° 38' E); QM J45919 Malanda (17° 21' S, 145° 36' E); QM J71004 Boonjee, 6.5km 

ESE Lamin's Hill (17° 25' 30" S, 145° 44' 30" E); QM J55865 Polly Ck, Seymour Ra (17° 28' S, 

146° 02' E); QM J48167, J48169 Walter Hill Ra, Charappa Ck drainage, Suttees Rd (17° 42' 30" 

S, 145° 41' 30" E); QM J50459 Cochable Ck, plateau logging area (17° 44' S, 145° 39' E); QM 

J50458 Cochable Ck, plateau logging area (17° 44' S, 145° 47' E); QM J71002 Murdering Pt, 

Kurrimine Bch, via Silkwood. (17° 46' 30" S, 146° 06' 30" E); QM J48206 Billy Ck Bridge SF 

758, vicinity of bridge (17° 49' 25" S, 145° 47' 05" E); QM J73365 Koombooloomba township 

(17° 50' S, 145° 34' E); QM J48175 Laceys Ck SF, Mission Beach (17° 51' 10" S, 146° 03' 55" E); 

QM J30835 Mission Beach (17° 52' S, 146° 06' E); QM J70987 Tully, 15km E (17° 56' S, 146° 03' 

E); QM J65366 Kirrama Ra (18° 03' 30" S, 145° 36' 30" E); QM J48374 Kirrama SF, Jennings 

Logging Area (18°04' 30" S, 145° 37' 30" E); QM J48315 Kirrama Ra, Alma Gap Logging Rd 

(18° 12' 15" S, 145° 49' 30" E); QM J48336 Kirrama Ra, crest of range rd (18° 13' 30" S, 145° 47' 

30" E); QM J44191, J44215 Hinchinbrook Is, Gayundah Ck (18° 22' S, 146° 13' E); QM J61207 

Broadwater Ck NP, 11km S of Mt McAlister (18° 23' 30" S, 145° 56' 30" E); QM J45549 Mt 

Diamantina (18° 25' S, 146° 17' E); QM J51591 Long Pocket, Herbert R (18° 31' S, 146°00' E), 

QM J75285 Paluma (18° 57' S, 146° 09' E); QM J79575, J79652 Mt Spec (18° 57' S, 146° 11' E); 

QM J79600, J79602 Paluma (19° 00' S, 146° 12' E); QM J74902 Bluewater Ra, N of Townsville 

(19° 14' 30" S, 146° 24' 30" E). 

Diagnosis: Carlia rubrigularis is distinguished from all other Carlia spp., except members of 

the ‘C. rhomboidalis’ group, in possessing an interparietal fused to the frontoparietals. As 

with C. crypta sp. nov., adult males possess a red throat. It is reliably distinguished from this 

species by four nucleotide differences in the mitochondrial gene NADH dehydrogenase 

subunit 4 that result in three amino acid differences (Table A3). 

Measurements and scale counts of holotype QM J29956: SVL 40.7 mm; AG 20.8 mm; L1 

14.8 mm; L2 20.5 mm; HL 9.5 mm; HW 7.2 mm; midbody scale rows 32; paravertebral scales 

44; lamellae beneath fourth toe 29; supralabials 7 ; infralabials 6 ; supraciliaries 7. 

Description: SVL 40.7–55.3 mm (n = 31, mean = 48.7); AG % SVL 42–55% SVL (n = 31, mean = 

49%); L1 33–36% (n = 10, mean = 35%); L2 41–50% SVL (n = 31, mean = 45%); HW 68–88% HL 

(n = 31, mean = 74%). Body: Robust. Head and body continuous with almost no narrowing at 

neck. Snout rounded in profile. Limbs well-developed, forelimb tetradactyl, hindlimb 

pentadactyl, limbs broadly overlapping when adpressed. Scalation: Dorsal scales smooth 

(with three to four faint striations) with a broadly curved posterior edge; nasals widely 

spaced; rostral and frontonasal in broad contact; prefrontals large, narrowly to moderately 

separated; frontal contacting frontonasal, prefrontals, first two supraoculars and 

frontoparietal; supraoculars four, second largest; supraciliaries seven (eight in QM J55865 

and J30835), first largest but sometimes subequal to fourth; lower eyelid movable with a 

small palpebral disc, less than or equal to half the size of lower eyelid; ear opening round 
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with one to three enlarged, pointed lobules on anterior margin and smaller pointed lobules 

on other margins, larger than palpebral disc; frontoparietals and interparietal fused forming 

a single shield; primary temporal single, secondary temporals two (upper largest and 

overlapping lower); loreals two, second usually largest but sometimes subequal; preoculars 

two, lower largest; presuboculars one; supralabials seven, with fifth below eye (eight with 

sixth below eye in QM J79575) and last overlapping lower secondary temporal and 

postsupralabials; postsupralabial divided; infralabials six, two in contact with postmental; 

midbody scale rows 30–36 (n = 31, mode = 32); paravertebral scales (to the level of the 

posterior margin of the hindlimbs) 45–50 (n = 31, mode = 45); fourth toe longest, subdigital 

lamellae 24–31 (n = 31, mode = 29) with a single row of scales on the dorsal surface; outer 

preanal scales overlap inner preanals; three pairs of enlarged chin shields, first pair in 

contact, second pair separated by a single scale row, third pair separated by three scale rows.  

Color pattern in preservative: Adults: Body: Dorsum olive-brown with fine black striations. 

Usually a row of dark paravertebral spots or streaks extending from axilla to groin, with an 

unmarked scale separating each spot (some specimens with more extensive spotting, spots 

present on all dorsal rows). A narrow pale stripe is present on the dorsolateral zone, running 

from behind eye, onto dorsal edges of tail. Upper lateral surfaces copper-brown, infused 

with black and bearing dark-edged scales. Some indication of a pale, dark-edged, mid-

lateral line or row of spots is usually present but not always discernible (strongest posterior 

to ear). Lower flanks light brown to grey, merging evenly with pale ventral color. Head: 

Copper colored, usually plain but sometimes a few small darker markings are present. A 

dark streak present beneath eye, along anterior orbit. Limbs: Copper-brown with dark 

speckling. Tail: As for dorsum with a dark transverse streak along the anterior edge of every 

second vertebral scale. Ventral surfaces: Cream to silvery grey. Juveniles: As for adults but 

pattern stronger and more sharply defined particularly the dorsolateral and mid lateral 

stripes. The latter branches and extends as a pale, dark-edged streak onto the upper surfaces 

of the fore and hindlimbs.  

In life: Red on throat and neck of breeding males. 

Comparison with similar species: For separating this species from other members of the ‘C. 

rugrigularis’ group, see species account for C. crypta sp. nov. 

Distribution: See species account for C. crypta sp. nov. 

Habitat and habits: See species account for C. crypta sp. nov. 

 

Carlia crypta sp. nov.  

Material examined: Holotype: QM J75457 Mt Lewis SF, Forestry clearing (16° 35' 40" S, 145° 

16' 27" E). Paratypes: QM J25141 Home Rule, near Home Rule Falls, S of Cooktown (15° 44' 

S, 145° 18' E); QM J25240, J25242 Mt Hedley slopes (15° 44' S, 145° 16' E); QM J25146 Home 

Rule, Mt Hedley Spur (15° 44' S, 145° 17' E); QM J50335 Home Rule (15° 44' S, 145° 17' E); 

QM J25293 Home Rule Falls, near (15° 44' S, 145° 18' E); QM J25198, J25199, J25200 Granite 

Ck to Cedar Bay, on track (15° 45' S, 145° 20' E); QM J25247, J25249 Mt Hartley, near Home 

Rule, S of Cooktown (15° 46' S, 145° 19' E); QM J17906 Shiptons Flat, Parrot Ck, 32– 48 km S 
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Cooktown (15° 48' S, 145° 15' E); QM J17901, J24649, J24807 Shiptons Flat, via Cooktown (15° 

48' S, 145° 16' E); QM J25296 12 Mile Scrub, Gap Ck (15° 48' 30" S, 145° 19' 30" E); QM J25209 

Mt Finnigan NP, Horan Ck (15° 49' 10" S, 145° 16' 50" E); QM J75102, J75287 McDowall 

Range (16° 06' S, 145° 20' E); QM J50482 Windsor Tableland (16° 11' S, 145° 05' E); QM J64965 

Windsor Tableland (16° 13' S, 144° 59' E); QM J92870 Daintree (16° 15' S,145° 19' E); QM 

J54459 Mt Spurgeon 16° 26' S, 145° 12' E); QM J55832 Mt Spurgeon, 2.5km S (16° 28' S, 145° 

12' E); QM J51564 Mossman Bluff Track, 5–10km W Mossman (16° 28' S, 145° 17' E); QM 

J50465 Mossman Gorge NP (16° 28' S, 145° 20' E); QM J54353 Mossman (16° 28' S, 145° 23' E); 

QM J89877 Black Mountain Rd, Hockley (16° 36' 41" S, 145° 27' 09" E).  

Diagnosis: Carlia crypta sp. nov. is distinguished from all other Carlia spp., except other 

members of the ‘C. rubrigularis’ group, in possessing an interparietal fused to the 

frontoparietals. As with C. rubrigularis, adult males possess a red throat. It is reliably 

distinguished from this species by four nucleotide differences in the mitochondrial gene 

NADH dehydrogenase subunit 4 that result in three amino acid differences (Table A3). 

Etymology: From the Latin for hidden, referring to its morphological similarity with C. 

rubrigularis. 

Measurements and scale counts of holotype QM J75457: SVL 47.5mm; AG 24.1 mm; L1 14.4 

mm; L2 21.2 mm; HL 10 mm; HW 8.4 mm; midbody scale rows 32; paravertebral scales 44; 

lamellae beneath fourth toe 29; supralabials 7; infralabials 6; supraciliaries 7. 

Description: SVL 43.9–54.4 mm (n = 29, mean = 48.4); AG % SVL 41–54% SVL (n = 29, mean = 

48%); L1 40–51% (n = 29, mean = 45%); L2 40–51% SVL (n = 29, mean = 45%); HW 67–85% HL 

(n = 29, mean = 77%). Body: Robust. Head and body continuous with almost no narrowing at 

neck. Snout rounded in profile. Limbs well-developed, forelimb tetradactyl, hindlimb 

pentadactyl, broadly overlapping when adpressed. Scalation: Dorsal scales smooth (with 

three to four faint striations) with a broadly curved posterior edge; nasals widely spaced; 

rostral and frontonasal in broad contact; prefrontals large, narrowly to moderately 

separated; frontal contacting frontonasal, prefrontals, first two supraoculars and 

frontoparietal; supraoculars four, second largest; supraciliaries seven, first usually largest 

but sometimes subequal to fourth; lower eyelid movable with a small palpebral disc, less 

than or equal to half the size of lower eyelid; ear opening round with one to three enlarged, 

pointed lobules on anterior margin and smaller pointed lobules on other margins, larger 

than palpebral disc; frontoparietals and interparietal fused forming a single shield; primary 

temporal single, secondary temporals two (upper largest and overlapping lower); loreals 

two, second usually largest; preoculars two, lower largest; presuboculars one; supralabials 

seven, with fifth below eye and last overlapping lower secondary temporal and 

postsupralabials; postsupralabial divided; infralabials six, two in contact with postmental; 

midbody scale rows 28–34 (n = 29, mode = 32); paravertebral scales (to the level of the 

posterior margin of the hindlimbs) 43–47 (n = 29, mode = 44); fourth toe longest, subdigital 

lamellae 26–33 (n = 28, mode = 29) with a single row of scales on the dorsal surface; outer 

preanal scales overlap inner preanals; three pairs of enlarged chin shields, first pair in 

contact, second pair separated by a single scale row, third pair separated by three scale rows. 

Color pattern in preservative: Variable, as for C. rubrigularis. 
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In life: Red on throat and neck of breeding males. 

Comparison with similar species: Carlia crypta sp. nov. can only be confused with other 

members of the ‘C. rubrigularis’ group (C. wundalthini Hoskin, C. rubrigularis Ingram & 

Covacevich and C. rhomboidalis Peters). It is readily separated from both C. wundalthini and 

C. rhomboidalis by the coloration of adult males (throat red vs. throat pale in C. wundalthini 

and throat red and blue in C. rhomboidalis). It is further separated from C. wundalthini in 

lacking an orange flush on the neck and flanks (vs. orange flush present). In both Carlia 

crypta sp. nov. and C. rubrigularis, adult males possess red throats and have no breeding 

coloration on the flanks. These species cannot be separated by morphological characters or 

color pattern differences and are diagnosed by genetic data instead. Four nucleotide 

differences in the mitochondrial gene NADH dehydrogenase 4 lead to three amino acid 

differences that reliably distinguish the two species (Table A3).  

Further, in most instances, these species can be distinguished in the field by their 

distributions. Carlia crypta occurs north of a diagonal line running from approximately 

Mareeba, through Lake Tinaroo, along the spine of the Lamb Range uplands, to southern 

Cairns, and east of a line running from southern Cairns to the mouth of the Russell River 

(i.e. to include Malbon Thompson Range) (Phillips et al. 2004; Dolman & Moritz 2006). The 

northern limit for C. crypta is the Big Tableland area near Cooktown. Carlia rubrigularis 

occurs south of the line defined above, with its southern extent at Pattersons Gorge at the 

far southern end of Paluma Range, near Townsville. The only area where these species co-

occur is a narrow parapatric zone along the approximate boundary defined above. 

Individuals found along this contact zone (e.g., around Lake Tinaroo, the uplands of Lamb 

Range, Copperload Dam region, southern Cairns, Redlynch area) require genetic 

verification. 

Distribution: As defined in the paragraph above. 

Habitat and habits: Occurs in rainforest and associated moist habitats, including wet 

sclerophyll forest and montane heath; from sea level to the uplands, but typically absent 

from the highest peaks. 
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Fig. A3: Pictures of males in breeding color: (A) Carlia wundalthini (Cape Melville, Conrad 

Hoskin), (B) C. crypta sp. nov. (Mt Lewis, Conrad Hoskin), (C) C. rubrigularis (Kirrama 

Range, Stephen Zozaya), (D) C. rhomboidalis (Mt Blackwood, Anders Zimny). C. rhomboidalis 

and C. wundalthini are morphologically distinct from the other species in both breeding 

colors and body shape (Hoskin 2014, Dolman 2008). 
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Table A3: Diagnostic nucleotide and amino acid differences among the species in the ‘Carlia 

rubrigularis’ species group. Nucleotide positions are given with respect to the Scincella 

vandenburghi mitochondrial genome (GenBank: NC_030776). 

position 11344, 11345 11434 11450 

C. wundalthini G, C A A I T M 

C. crypta sp. nov. G, C A G V T M 

C. rubrigularis A, T I A I C T 

C. rhomboidalis A, C T A I T M 

 

Table A4: Summary of characters across the seven species studied for morphology and 

scales, including the range seen, the number of individuals measured, and the mean or 

modal value.  

 Lampropholis Carlia 

Character coggeri 
similis 

sp. nov. 

elliotensis 

sp. nov. 
robertsi 

bellendenkerensis 

sp. nov. 
rubrigularis 

crypta 

sp. nov. 

SVL (mm) 
32–44 

n 30 

mean 36 

32–42 

n 29 

mean 38 

32–40 

n 10 

mean 36 

37–51 

n 17 

mean 44 

35–48 

n 16 

mean 42 

41–55 

n 31 

mean 49 

44–54 

n 29 

mean 48 

AG %SVL 

45–60% 

n 30 

mean 

52% 

41–58% 

n 29 

mean 

51% 

48–57% 

n 10 

mean 

53% 

46–54% 

n 17 

mean 50 

46–56% 

n 16 

mean 51% 

42–55% 

n 31 

mean 49% 

41–54% 

n 29 

mean 

48% 

HW % HL 

70–83% 

n 31 

mean 

77% 

69–89% 

n 29 

mean 

75% 

75–88% 

n 10 

mean 

80% 

69–79% 

n17 

mean 

73% 

67–75% 

n 16 

mean 71% 

68–88% 

n 31 

mean 74% 

67–85% 

n 29 

mean 

77% 

L1 % SVL 

24–29% 

n 10 

mean 

25% 

22–29% 

n 10 

mean 

25% 

20–26% 

n 10 

mean 

23% 

26–32% 

n 17 

mean 

29% 

24–30% 

n 16 

mean 28% 

33–36% 

n 10 

mean 35% 

30–38% 

n 10 

mean 

34% 

L2 % SVL 

 

28–40% 

n 30 

mean 

34% 

30–39% 

n 29 

mean 35 

31–37% 

n 10 

mean 

33% 

34–43% 

n 17 

mean 

38% 

33–40% 

n 16 

mean 37% 

41–50% 

n 31 

mean 45% 

40–51% 

n 29 

mean 

45% 

Midbody 

scale rows 

25–30 

n 31 

mode 26 

26–31 

n 29 

mode 28 

24–28 

n 14 

mode 26 

26–28 

n 23 

mode 26 

26–30 

n 18 

mode 28 

30–36 

n 31 

mode 32 

28–34 

n 29 

mode 32 

Paravertebral 

scales 

47–54 

n 31 

mode 50 

47–52 

N 29 

mode 50 

48–51 

n 14 

mode 49 

49–54 

n 21 

mode 54 

48–55 

n 17 

mode 51 

45–50 

n 31 

mode 45 

43–47 

n 29 

mode 44 

Subdigital 

lamellae 

4th toe 

20–24 

n 30 

mode 22 

20–24 

n 27 

mode 22 

19–24 

n 14 

mode 21 

21–26 

n 21 

mode 23 

21–24 

n 15 

mode 23 

24–31 

n 31 

mode 29 

26–33 

n 28 

mode 29 
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