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ARTICLE INFO ABSTRACT

Keywords: Madagascar-endemic chameleons with large, conspicuous occipital lobes currently comprise 12 species that were
Squamata traditionally classified in the phenetic Calumma cucullatum group. We here use a combination of DNA sequences
Chamaeleonidae

from Restriction-Associated DNA sequencing (RADseq), museomics shotgun sequencing from historical name-
bearing types, and Sanger-sequenced mitochondrial and nuclear gene fragments, to revisit the phylogeny and
species delimitation in this group. We find robust phylogenomic evidence for polyphyly of the group, with
C. cucullatum sister to the C. furcifer group, and species of the C. nasutum group intercalated between C. malthe

Calumma brevicorne
Calumma malthe
Calumma krystalae sp.nov.

Madagascar

Species delimitation and the remainder of ingroup species. Furthermore, according to our mitochondrial tree, C. tsycorne does not
RADseq belong to the group. Several species such as C. brevicorne and C. malthe are recovered as paraphyletic in the
Museomics mitochondrial tree while being unambiguously monophyletic in the phylogenomic tree; this mito-nuclear

discordance may reflect ancestral introgressive hybridization. In our phylogenomic estimations, most
currently recognized species are inferred as deep monophyletic lineages, and the RADseq clustering analysis
recovered these as well-defined units. Exceptions were C. jejy, which is placed as sister taxon to the morpho-
logically distinct C. peltierorum with rather shallow sequence divergence, and the C. brevicorne / C. crypticum
complex. Combining molecular and morphological data suggests that populations of C. malthe from northern
Madagascar represent a distinct species, here described as C. krystalae sp. nov. Our data reveal that chameleons,
despite their elaborate phenotypic differences used in intraspecific signalling and their interspecific genital
differences, can be characterized by complex evolutionary patterns probably involving hybridization and
introgression.
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1. Introduction

Chameleons are a group of lizards with numerous unique eco-
morphological and behavioral adaptations (Tolley & Herrel 2013),
including particular integumental structures allowing for their prover-
bial color change (Grbic et al. 2015; Teyssier et al. 2015). Color and
color change, as well as external ornaments such as crests, casques, lobes
and rostral projections, are sexually dimorphic in many chameleons,
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often differ between closely related species, and are known to be used in
male-male combat and male-female courtship (e.g., Parcher 1974;
Stuart-Fox and Moussalli, 2008; Dollion et al. 2020; Whiting et al. 2022;
Keren-Rotem et al. 2024; Glaw et al. 2025). Given the characteristics and
use of this ornamentation, it is likely that sexual selection has influenced
the evolution of these traits (Stuart-Fox and Moussalli, 2008; Van
Kleeck-Hann & Wiens 2023), and, although untested, it can be hy-
pothesized that it also played a role in driving and reinforcing

Fig. 1. Representative photos in life of male specimens of occipital-lobed chameleons assigned to the Calumma cucullatum group according to current classification
(A) C. hafahafa, ZSM 511/2014, Andrevorevo; (B) C. tsaratananense, Tsaratanana Massif; (C) C. jejy, FGZC 7346, Marojejy; (D) C. hilleniusi, Manjakatompo; (E)
C. amber, Montagne d’Ambre; (F) C. peltierorum, Tsaratanana; (G) C. brevicorne complex, lineage BRE5, Andasibe; (H) C. brevicorne complex, lineage BRE5, MVTIS
38035, Andasibe; (I) C. brevicorne complex, lineage BRE7, Analabe forest; (J) C. brevicorne complex, lineage BRE5, Mandraka; (K) C. brevicorne complex, lineage
BRE2, Ranomafana; (L) C. brevicorne complex, lineage BRE2, Andringitra; (M) C. brevicorne complex, lineage BRE4, ZSM 546/2001, Itremo; (N), C. malthe, lineage
MA1, Maromizaha; (O) C. malthe lineage MA2 (= C. krystalae sp. nov.), ZSM 71/2005, Marojejy; (P) C. cucullatum (female), Marolambo; (Q) C. capuroni, Andohahela.

All photographs by the authors.
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chameleon species boundaries (e.g., Bohme, 1988). For some species,
such as the panther chameleon Furcifer pardalis, allopatric populations
with distinct color morphs and moderate but consistently recovered
mitochondrial genetic divergence have been hypothesized to represent
distinct taxonomic units (Grbic et al. 2015). Other Malagasy species,
such as Calumma brevicorne, encompass numerous genetic lineages with
allopatric distributions and variable levels of genetic differentiation
(Boumans et al. 2007). Yet, so far, species formation and possible pat-
terns of hybridization between recently diverged chameleon lineages
have not been studied in-depth with genome-scale markers, and apart
from a study on sex chromosome evolution (Nielsen et al. 2018), and
several genome sequencing efforts (e.g., Shylo et al., 2024; Taft et al.,
2023; Xie et al., 2023), no phylogenomic study on chameleons is
available.

Of the currently 236 nominal species of chameleons (Chamaeleoni-
dae), 42% (100 species) are endemic to Madagascar (Glaw et al. 2025;
Uetz et al. 2026;). Malagasy chameleons are classified in the genera
Brookesia, Calumma, Furcifer and Palleon (Klaver & Bohme 1986, 1997;
Glaw & Vences 1992, 1994, 2007; Raxworthy et al. 2002; Tolley et al.
2013; Glaw et al. 2013; Glaw 2015), of which Calumma is the most
species-rich with 44 species (Uetz et al. 2026). Calumma species are
morphologically diverse, and phenetic species groups (formerly in the
genus Chamaeleo) were initially distinguished by Brygoo (1971),
formalized by Glaw & Vences (1994) and refined by subsequent studies
(e.g., Protzel et al. 2016). Intensified field exploration of Madagascar's
remaining primary habitats has led to a large number of discoveries of
new species of Calumma, often supported by combined morphological
and molecular evidence (e.g., Andreone et al. 2001; Raxworthy &
Nussbaum 2006; Gehring et al. 2010; Gehring et al., 2012; Protzel et al.
2018a; Protzel et al., 2018b, 2020; Glaw et al. 2025).

The informal Calumma cucullatum group (Glaw & Vences 1992,
1994) contains species of medium- to large-sized chameleons charac-
terized by large occipital lobes and, often, a single rigid ossified rostral
projection in males (Fig. 1). As with other species groups of Calumma,
the group is based on phenetic similarity and may not represent a
monophyletic group; for instance, the phylogenetic estimates of Tolley
et al. (2013) suggest that C. cucullatum may be more closely related to
the species of the C. furcifer group (consisting of medium-sized green
chameleons mostly without occipital lobes or rostral projections) than to
other large species with occipital lobes. The last taxonomic revision of
these occipital-lobed chameleons was conducted by Raxworthy &
Nussbaum (2006) who described six new species based primarily on
evidence from external morphology, thereby elevating the number of
recognized species to 12: Calumma amber Raxworthy & Nussbaum,
2006, C. brevicorne (Giinther, 1879), C. capuroni (Brygoo, Blanc &
Domergue, 1972), C. crypticum Raxworthy & Nussbaum, 2006,
C. cucullatum (Gray, 1831), C. hafahafa Raxworthy & Nussbaum, 2006,
C. hilleniusi (Brygoo, Blanc & Domergue, 1973), C. jejy Raxworthy &
Nussbaum, 2006, C. malthe (Giinther, 1879), C. peltierorum Raxworthy
& Nussbaum, 2006, C. tsaratananense (Brygoo & Domergue, 1967),
and C. tsycorne Raxworthy & Nussbaum, 2006.

The molecular differentiation between lineages of the C. cucullatum
group has only been assessed in the framework of a large-scale multi-
locus chameleon phylogeny (Tolley et al. 2013), and in an earlier single-
locus mitochondrial phylogeographic study (Boumans et al. 2007). From
the available datasets (e.g., Raxworthy & Nussbaum 2006; Glaw &
Vences 2007), the distributions of multiple species in the group overlap
or abut, suggesting the possibility to recover patterns of hybridization
from secondary contacts or late-stage speciation with ongoing gene
flow. Several species, in particular C. brevicorne and C. crypticum, are
characterized by a convoluted pattern of mitochondrial lineages
(Boumans et al. 2007) of mostly allopatric distribution, differing in color
pattern (Glaw & Vences 2007) but less clearly distinct in morphometric
or meristic characters. This incongruence in external morphology is
difficult to align with current taxonomy and leaves the identification of
the species of this phenetic group, and particularly C. brevicorne and
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C. crypticum, unreliable, complicating studies of the evolution and
phylogeography of the group, as well as the monitoring of the pet trade
in C. brevicorne, which has a CITES quota of 500 live animals per year
(https://www.speciesplus.net, accessed 2025-11-20). Due to these dif-
ficulties in characterizing C. brevicorne and C. crypticum, we herein refer
to populations of both taxa as the C. brevicorne complex.

Here, we combine various molecular datasets to shed light on the
systematics of lineages previously assigned to the aforementioned
C. cucullatum group. We use a combination of molecular data derived
from a variety of sources, including classical Sanger sequencing of
mitochondrial and nuclear gene fragments, mitochondrial sequences
derived from archival name-bearing types using museomics approaches,
and thousands of RADseq-derived single nucleotide polymorphisms
(SNPs). We also examine the morphology of a representative set of
sequenced voucher specimens. Our data suggest a complex evolutionary
history for this group of chameleons, with instances of probable hy-
bridization and mitochondrial introgression, and possible species for-
mation of comparatively shallow lineages in geographical proximity.
While a full taxonomic resolution is not yet in reach, our data provide
evidence for a new species of occipital-lobed chameleon from northern
Madagascar, sister to C. malthe, which we formally name and describe in
this study.

2. Methods
2.1. Field work and sampling

Specimens and samples of the C. cucullatum group were collected
between 1996 and 2025 during numerous field expeditions across
various regions of Madagascar. Specimens were obtained by opportu-
nistic searching, usually during the night with the aid of flashlights.
Representative voucher specimens were anesthetized by intra-coelomic
(IC) injection of 250-500 mg/kg pH-neutralized 1% MS-222, and sub-
sequently euthanized by injection of 50% unbuffered MS-222 (Conroy
et al. 2009). Tissue samples (leg/ tongue muscle, or liver) were
excised and preserved separately in cryovials with 100% ethanol for
subsequent long term storage at —20°C, and the specimens were then
fixed in 90-100% ethanol and preserved in 70% ethanol. For most
samples collected after 2020, saliva swabs were taken in situ and pre-
served in 99-100% ethanol, and animals were subsequently released at
the site of capture.

Voucher specimens were deposited in the collections of the Zoo-
logische Staatssammlung Miinchen, Germany (ZSM), the Université
d’Antananarivo, Mention Zoologie et Biodiversité Animale, Antana-
narivo, Madagascar (UADBA), and the Zoologisches Forschungsmuseum
Alexander Koenig, Bonn, Germany (ZFMK).

Additional specimens from the Museum National d‘Histoire
Naturelle, Paris, France (MNHN), the Senckenberg Naturmuseum,
Frankfurt, Germany (SMF), and the Natural History Museum, London,
UK (BMNH, now NHMUK) were also examined for this study; for the
latter, we here assign numbers (of historical types only) under the
BMNH acronym to ensure consistency with previous studies. Field
numbers of preserved specimens and tissue samples refer to the collec-
tions of A. Crottini (ACZC), P.-S. Gehring (PSG), M. Pabijan (MPFC), M.
D. Scherz (MSZC), F. Glaw (FGMV, FGZC) and M. Vences (FGMV, MV,
ZCMV), D. R. Vieites (DRV), and A. P. Raselimanana (APR).

2.2. Terminology used for supraspecific units

Given that the historical classification of occipital-lobed chameleons
does not align with their evolutionary relationships, excacerbated by
problems in the unambiguous taxonomic and nomenclatural definition
of some species, discussing their relationships is necessarily complex.
We here use three different terms to define assemblages of species and
lineages:

— Group. This refers to phenetic species groups of Brygoo (1971)
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formalized by Glaw & Vences (1994).

— Clade. Within the C. cucullatum group, based on our phylogenomic
results, we distinguish the C. brevicorne clade, the C. malthe clade, and
the C. cucullatum clade.

— Complex. As shown by our results, two species within the
C. brevicorne clade, C. crypticum and C. brevicorne, cannot at present be
clearly delimited and nomenclaturally defined as our provisional
morphological identification are at odds with molecular clusters. We
therefore refer to all populations morphologically assignable to either of
these two species as members of the C. brevicorne complex.

2.3. Morphology

The following morphometric and meristic variables (see Table S1)
were measured with a digital caliper to the nearest 0.1 mm, or counted
from detailed photographs made of preserved voucher specimens:
snout-vent length, measured from snout tip to cloaca and excluding the
rostral projection (SVL); tail length, from cloaca to tip of tail (TAL); total
length, sum of SVL + TAL; hand length, from hand articulation to tip of
claw of longest digit (HAL); foot length from foot articulation to tip of
claw of longest digit (FOL); head width at its broadest part, not
considering the eyes (HW); horizontal diameter of eye orbit (ED); length
of rostral projection projecting beyond snout tip (ROSP); height of
rostral projection (HROSP); number of supralabial scales (SUPL); mini-
mum scale count between the eyes, i.e., interocular scales (INTEROC);
longitudinal count of ventral scales from mental scale to cloaca, mini-
ature “scales” between normal-sized scales not included (LCVS); number
of spines in dorsal crest from behind head to cloaca (SDC); number of
spines or spine-like tubercles in gular crest (SGC); vertical count of scales
in rostral projection (VSROSP); number of scales on occipital lobe,
miniature scales between normal-sized scales not included (SOL);
approximate number, and size relative to eye diameter, of enlarged
scales on occipital lobes (SOS); periodicity in spine size of dorsal crest
present or absent (PSD). With a few exceptions, measurements were
taken only from males, to ensure comparability, because more male
voucher specimens were available and several sexually dimorphic
characters (rostral projection, gular and dorsal crests) are more obvious
in males, with stronger differences between species. Mann-Whitney U
tests of morphological data were carried out in Statistica, version 7. 1
(Statsoft Corp., Tulsa, USA).

2.4. Molecular data sets

For this study, several molecular datasets were assembled and ana-
lysed: (1) a dataset comprising concatenated fragments of the three
mitochondrial genes: NADH dehydrogenase subunit 2 (ND2), NADH
dehydrogenase subunit 4 (ND4), and 16S rRNA (16S) obtained by
Sanger sequencing and complemented by sequences derived from
several historical type specimens obtained by a museomics approach;
(2) an alignment of only the 16S sequences (subset of dataset 1), after
excluding sequences with an excessive amount of missing data and
trimmed so that all sequences were of similar lengths, for calculation of
genetic distances (30 sequences, 454 bp); (3) a trimmed ND4 alignment
of 100 samples and 594 bp (subset of dataset 1), used for partition
analysis with the program ASAP (Assemble Species by Automatic Par-
titioning: Puillandre et al. 2021) as our ND4 alignment was the most
complete for sample representation; (4) three alignments of DNA se-
quences of a fragment of the three nuclear-encoded genes for oocyte
maturation factor mos, leucine-rich repeat and WD repeat-containing
protein, and sacsin (C-MOS, KIAA1239, SACS); (5) a dataset of DNA
fragments and single-nucleotide polymorphisms (SNPs) generated by
double digestion Restriction site Associated DNA sequencing (ddRAD-
seq, in the following referred to as our RADseq dataset), which was
filtered for different sets of ingroups and outgroups to maximize the
number of loci available for different analyses; see below. All alignments
are available for download from Zenodo (https://doi.org/10.5281/
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zenodo.18006710). Detailed information on the respective laboratory
protocols and analytical methods is given in the following sections.

2.5. Sanger sequencing

We extracted genomic DNA and amplified the gene fragments using
standard protocols as described in Glaw et al. (2012) respectively nested
PCR protocols from Shen et al. (2012) for KIAA1239 and SACS, using the
primers ND2F17 (5-TGACAAAAAATTGCNCC-3'; Macey et al. 2000) and
ALAR2 (5-AAAATRTCTGRGTTGCATTCAG-3'; Macey et al. 1997) for
ND2, ND4 (5-CACCTATGACTACCAAAAGCTCATGTAGA -3 and
LeutRNA (5'-AGCCATTACTTTTACTTGGATTTGCACC —3') (originally
from Arévalo et al. 1994) for ND4; CO8 (5-GCTTGGTGTTCAATA-
GACTGG-3) and CO9 (5-TTGGGAGCATCCAAAGTCTC-3) for C-MOS
(Han et al. 2004); KIAA1239-F1 (5-CARCCTTGGGTNTTYCA-3),
KIAA1239-R1 (5-CMACAAAYTGGTCRTTR-3"), and internal primers
KIAA1239-NF1 (5-GAGCCNGAYATHTTYTTYG-3') and KIAA1239-NR1
(5'-TTCACRAANCCMCCNG-3") (Shen et al. 2012) for KIAA1239; and
SACSF2  (5-AAYATHACNAAYGCNTGYTAYAA-3) and SACSR2
(5-GCRAARTGNCCRTTNACRTGRAA-3") and internal primers
SACSNF2 (5-TGYTAYAAYGAYTGYCCNTGGAT-3) and SACSNR2
(5-CKGTGRGGYTTYTTRTARTTRTG-3") (Shen et al. 2012) for SACS.

We purified PCR products with ExoSAPIT (Thermo Fisher Scientific,
Waltham, MA, USA) and sent them for sequencing on an automated
capillary DNA sequencer at LGC Genomics (Berlin, Germany). The
software CodonCode Aligner version 3.7.1 (CodonCode Corporation)
was used to check and correct errors in the DNA sequences based on the
chromatograms, and to trim poor-quality stretches and primer se-
quences from the beginning and end of the sequences. We verified the
absence of stop codons in the protein-coding gene fragments (ND2, ND4,
C-MOS, KIAA1239, SACS). The new sequences obtained in the present
study were submitted to GenBank (accession numbers
PZ367831-PZ367833, PZ373022-PZ373357, PZ379204-PZ379207). A
full table with all sequences used, accession numbers and metadata is
available from Zenodo (https://doi.org/10.5281/zenodo.18006710).

2.6. Museomics

Name-bearing types of five nomina in the C. cucullatum group were
sampled for DNA sequencing using a museomics (Fong et al. 2023)
approach, i.e., archival DNA sequencing of the holotypes of Chamaeleon
brevicornis Giinther, 1879 (BMNH 1946.8.21.41), Chamaeleon cucullatus
Gray, 1831 (BMNH 1946.8.21.82), Chamaeleon gularis Giinther, 1879
(BMNH 1946.8.21.50), Chamaeleon malthe Giinther, 1879 (BMNH
1946.8.21.47) (see Campbell & Denzer 2019), and Chamaeleo brevicornis
tsarafidyi Brygoo & Domergue, 1970 (MNHN-RA 1993.172). Samples
were taken in 2023 at the NHMUK and 2025 at the MNHN, sampling
each type specimen for a small piece of thigh muscle tissue after
inflicting a small incision and reflecting the ventral skin of the thigh. To
maximize success, we aimed to obtain a minimum of 5 mg of muscle
tissue per specimen, since smaller amounts have resulted in low success
rates for yielding any endogenous DNA (own, unpublished data). Sam-
pling was done with sterile scalpels, scissors and tweezers, and the
samples stored in vials of pure ethanol. Prior to DNA extraction, each
sample was weighed and incubated in a Guanidine Thiocyanate
(GuSCN)-based extraction buffer solution, adapted from Rohland et al.
(2004), at 37°C overnight. The next day, a total of 25 ul DNA extract
for every sample was gained from the supernatant through the extrac-
tion treatments described in Straube et al. (2021) based on the ancient
DNA extraction protocol specified in Dabney et al. (2013). The yield of
DNA was quantified based on 1 ul of DNA extract using the Qubit dsDNA
HS Assay Kit 0.2-100 ng/pl (Life Technologies, Carlsbad, California, US)
according to the instructions of the manufacturer. Subsequently, single-
stranded library preparation was carried out following the protocol of
Gansauge et al. (2017). Lab work was conducted in a dedicated DNA
facility at the University of Potsdam, Germany, which meets all
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requirements for work with historical samples (see Fulton & Shapiro
2019) and extraction and library blanks were run alongside all sam-
ples to check for contamination. Final library concentrations and frag-
ment length distributions were assessed using a 2200 TapeStation
(Agilent Technologies) assay. Sequence data was obtained through
shotgun-sequencing of approximately five million (C. b. tsarafidyi) or
one million (the other four types) 75-bp single-end reads using an Illu-
mina Nextseq 500/550 sequencing platform at the University of Pots-
dam, following the procedure described in Paijmans et al. (2017). The
quality of the obtained reads was visualized twice using FastQC (htt
ps://www.bioinformatics.babraham.ac.uk), both before and after trim-
ming of Illumina adapter sequences and discarding reads shorter than
30 bp with cutadapt v1.12 (Martin 2011).

We used local Blast (Blast+; Camacho et al. 2009) as implemented in
BlasTax (Vences et al. 2026), which is part of the iTaxoTools bio-
informatic platform (Vences et al. 2021), against a library of ND4, ND2
and 168 sequences of all main genetic lineages of the Calumma brevicorne
complex, and collected the matching reads in a fasta file. We then used
CodonCode Aligner version 3.7.1 (CodonCode Corporation) to map the
matching reads separately to reference sequences of all C. brevicorne
complex lineages (option: “align to reference™), verified the resulting
assemblies were congruent (thus, no reference bias was introduced), and
used the most complete consensus sequences obtained as representing
the respective type specimens, with missing sections in-between partial
contigs coded by the letter “N”.

2.7. Mitochondrial DNA phylogeny, genetic distances and molecular
diagnosis

Sequences of all three mitochondrial gene fragments (ND2, ND4,
16S), including sequences of these gene fragments obtained from the
five name-bearing types, were concatenated after MAFFT alignment
(Katoh & Standley 2013) with the G-INS-i option as implemented in
Concatenator (Vences et al. 2022). The final concatenated alignment
length was 2,264 bp (16S: 454 bp, ND4: 721 bp, ND2: 1,089 bp).

The concatenated alignment was used to infer a Maximum Likeli-
hood (ML) tree using IQ-Tree v.2.4.0 (Minh et al. 2020), using the best
substitution models and data partitions identified using ModelFinder
(Kalyaanamoorthy et al. 2017) and 2,000 full non-parametric bootstrap
replicates. We used a partitioning scheme by gene (not by codon) to
avoid overparametrization, given the relatively short length of the
fragments used.

Uncorrected pairwise genetic distances were calculated from the
trimmed 16S alignment (454 bp) using MEGA7 (Kumar et al. 2016).
Detailed distance tables and treefiles are available on Zenodo (https://
doi.org/10.5281/zenodo.18006710).

2.8. Genealogy inferred from nuclear-encoded gene sequences

We analysed mitochondrial and nuclear data separately from each
other rather than concatenating them, because a concordant signal of
markers with different modes of inheritance (nuclear and mitochon-
drial) provides additional support for distinct evolutionary lineages
under the genealogical concordance species criterion (Avise & Ball
1990). For our nuclear alignments (C-MOS, KIAA1239, SACS), we
used a genealogy visualization approach to represent the relationships
among alleles (haplotypes) graphically. Alignments were manually
trimmed by removing regions of poor quality and sequences with
missing data so that all sequences per alignment were of equal length.
Alleles were inferred using the PHASE algorithm (Stephens et al. 2001)
implemented in the software Hapsolutely (part of iTaxoTools) (Vences
et al. 2021, ; Vences et al., 2024), and haplotype genealogies were
visualised based on the Fitch tree algorithm (Salzburger et al. 2011;
Matschiner, 2016) in the same program.
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2.9. ddRADseq dataset

A total of 77 samples of all currently recognized species and all major
lineages in the C. cucullatum group, plus a set of hierarchical outgroups,
were selected for double digestion restriction site associated DNA
sequencing (ddRADseq). Library preparation was adapted from
Brelsford et al. (2016), as fully described in Dufresnes et al. (2025). In
summary, it consisted of restriction enzyme digestion with Msel and
Sbfl, ligation of adapters with individual unique barcodes for each
sample, PCR amplification, and a size selection step of the ligated
fragments (between 400 and 500 bp) by performing a gel electropho-
resis and extraction using the Monarch DNA Gel Extraction Kit (New
England Biolabs). Samples were prepared in two separate library pools
(each also featuring other samples) and sequenced paired-end on an
Mlumina NextSeq (2 x 75 bp kit) or (for three additional samples) a
partial lane of an Illumina Novaseq (2 x 150 bp kit).

Raw reads were demultiplexed and de novo assembled and filtered
with Stacks v2.61 (Catchen et al. 2013; Rochette et al. 2019). All reads
were trimmed to 65 bp (module process radtags). Assembly and SNP
calling for downstream analyses used denovo map.pl and populations,
respectively. The final Stacks assembly contained 629,515 loci with a
mean effective per-sample coverage of 41.0x. Default stacking param-
eters (—m, —n and —M) were applied, following suggestions from Paris
et al. (2017). These data were subsetted for specific downstream ana-
lyses to meet model assumptions regarding missing data. Loci were
filtered with respect to the number of individuals for which a locus must
be present (—p) and optimized to retain the maximum number of loci
while minimizing missing data across the species included. We also
applied (across the entire set of 77 samples) a minimum allele frequency
(—min-maf) threshold of 0.05 to limit PCR duplicates, and a maximum-
observed heterozygosity (—max-obs-het) threshold of 0.75 per locus to
limit paralog overmerging.

For phylogenetic analyses, we used two concatenated alignments of
the RADseq-derived data: (1) one including all 77 samples (71 Calumma
+ 6 Furcifer as outgroup), featuring 1,643 RAD loci (219,880 bp, 8,135
SNPs) with each sequenced for at least 67 samples; and (2) one restricted
to the 61 samples of the “C. brevicorne clade” and “C. malthe clade” (+ 1
C. vencesi as outgroup), which allowed inclusion of more loci and SNPs:
3,546 RAD loci (480,133 bp, 13,666 SNPs) with each sequenced for at
least 55 samples. ML phylogenies were reconstructed using IQTree
v2.2.0 (Minh et al. 2020). The best substitution model for each dataset
was determined using the integrated ModelFinder (Kalyaanamoorthy
et al. 2017), and branch support was assessed through 1,000 ultrafast
bootstrap replicates (UFBoot; Hoang et al. 2018). Final trees were rooted
and visualized using a custom R script (available from https://doi.
org/10.5281/zenodo.18006710).

In addition to the concatenation approach, we also estimated a
species tree by multispecies coalescent analysis using SNAPPER (Stoltz
et al. 2021), implemented in BEAST 2 (Bouckaert et al. 2019), version
2.7.7. The input XML file was generated in BEAUti v2.7.7, part of the
BEAST package, from a VCF file containing 8,142 SNPs of which each
position was genotyped in at least 67 of the 77 samples (Stacks pop-
ulations parameter p = 67). Samples were assigned to 26 groups cor-
responding to the sampled species and the identified C. malthe and
C. brevicorne phylogroups (BRE1-BRE7, MA1-MA3). We applied a Yule
tree prior with gamma-distributed priors on both the birth rate (x = 2.0,
f = 200) and the coalescent rate (a = 0.01, § = 100.1). A subset of 965
SNPs, all genotyped in at least one individual per predefined group, were
informative for the analysis. A single Markov chain was run for 1.5
million iterations, with parameters sampled every 1,000 iterations.
Convergence was assessed in Tracer v1.7.2 (Rambaut et al. 2018), and
tree set variation was visualized for explorative examination using
DensiTree (Bouckaert 2010). A maximum clade credibility tree was
generated with TreeAnnotator after discarding the first 10% of samples
as burn-in.
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2.10. Analyses of population structure

Patterns of population structure and admixture among subgroups
were estimated for various partitions of our SNP data, following the
same filtering strategy as above but considering only one SNP per locus
(—write-single-snp flag in Stacks) to avoid physically linked loci, as a
prerequisite of clustering analyses which assume no linkage disequilib-
rium between loci. Specifically, these datasets were as follows: (1) 3,017
SNPs for 60 samples in the C. cucullatum group (each scored for at least
55 samples); (2) 3,845 SNPs for 41 samples belonging to the “brevicorne
clade” (each genotyped in at least 37 samples); (3) 5,212 SNPs for 19
samples belonging to the “malthe clade” (herein referred to as MA
samples; each scored for all 19 samples of this clade); (4) 5,027 SNPs for
25 samples belonging to the “brevicorne complex” subgroup (herein
referred to as BRE samples; each scored for at least 22 samples); (5)
5,211 SNPs for 32 samples belonging to the “brevicorne complex” and to
the subgroup composed of C. jejy/peltierorum (each scored in at least 28
samples). For each dataset, we performed a preliminary assessment of
population structure and admixture estimated with STRUCTURE v.2.3.4
(Pritchard et al. 2000, Falush et al. 2003), using the admixture model
without sample pre-assignment (locprior), correlated allele frequencies,
inferring lambda, and setting the mixing to 1 (which helps convergence
for high K values with large SNP datasets). In each analysis, we explored
K = 2-10, (using up to 20 replicates, each consisting of 20,000 burnin
followed by 20,000 iterations).

Because the primary objective of this analysis was to assess
contemporary admixture among the lineages identified in the phyloge-
netic analyses (see Results), we prioritized clustering solutions that
effectively distinguished these lineages rather than attempting to infer a
single statistically “optimal” number of clusters (K). The notion of an
“optimal K” can be contentious as it is relative to the scale and goal of the
analyses, and the processes generating genetic structure structure (e.g.,
deep phylogeographic divergence, recent population fragmentation,
isolation-by-distance). Its identification may be further biased by
methodological considerations, such as uneven sampling among line-
ages/putative clusters, as in our dataset. Instead, we evaluated results
across a range of K values and retained runs that (i) maximized log-
likelihood, (ii) minimized alpha values, and (iii) maximized Fs among
each K. Maximizing log-likelihood ensures that the model provides the
best statistical fit to the observed genetic data under the assumed
number of clusters. Minimizing the alpha parameter (which reflects the
degree of admixture) favors solutions in which individuals are primarily
assigned to a single cluster, thereby reducing spurious signals of wide-
spread admixture. Finally, maximizing ingroup Fg promotes clustering
configurations that enhance genetic differentiation among inferred
groups, ensuring that clusters represent meaningful structure rather
than weakly differentiated or artifactual (“ghost”) groupings that can
arise with large SNP datasets.

2.11. ABBA-BABA tests

To assess the prevalence of historical gene flow across the phylogeny,
we calculated f-statistics from the 77-sample dataset using ABBA-BABA
tests. These tests evaluate whether one of two sister lineages (P1 and P2)
shares an excess of derived alleles with a more distantly related lineage
(P3). Analyses were conducted using the Dtrios function implemented in
Dsuite v0.5 r58 (Malinsky et al. 2021), applying a block jackknife with a
block size of 1. The input topology was derived from the Maximum
Likelihood tree previously calculated with IQ-TREE for the 77-sample
dataset, and collapsed to a single tip per species or phylogroup using a
custom R script. To summarize patterns of gene flow across the phy-
logeny, f-branch statistics were calculated with the Fbranch function in
Dsuite, and the script dtools.py (distributed with the software) was used
to generate f-branch plots.
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2.12. Species delimitation and species delimitation rationale

To delimit new species, we follow the general lineage concept (de
Queiroz 1998, 2007) in combination with a relaxed biological species
criterion, i.e., demanding reproductive isolation indicated by restricted
gene flow among lineages (e.g., Speybroeck et al. 2020; Dufresnes et al.
2021). Since reproductive barriers generated through time can increase
population divergence and signal agreement among unlinked loci (Avise
& Wollenberg 1997), we use genealogical concordance (Avise & Ball
1990) between mitochondrial and nuclear loci, especially in pop-
ulations occurring in sympatry or close geographical proximity, as a
potential indication of restricted gene flow. Using a combination of
genetic and morphological evidence, we then assign tentative species
status to lineages (Padial et al. 2010).

In the absence of hybrid zone data (Dufresnes et al. 2021) for species
of the C. cucullatum group, we first used ASAP (Puillandre et al. 2021) on
the largest mitochondrial data partition (ND4, 594 bp) to computa-
tionally determine primary mitochondrial partitions (i.e., partitioning
the samples into subsets, i.e. mitochondrial lineages that represent pri-
mary species hypotheses, PSCs).

For the focal taxa in the C. brevicorne complex, and populations
assigned to C. malthe, we also performed multispecies coalescent (MSC)-
based lineage delimitation analyses using BPP v4.8.7 (Flouri et al. 2018)
on the RADseq data. This method estimates posterior probabilities of
lineage splits (putative speciation events) among predefined groups
under the multispecies coalescent. Individuals were partitioned into
groups which (i) were monophyletic (i.e. phylogroups) in our concate-
nation ML tree and (ii) in most cases also represented a cluster in one of
the STRUCTURE analyses. Most, but not all, of these groups coincided
with the subsets identified by ASAP from the mitochondrial sequences.
Three groups were defined for C. malthe (MA1l, MA2, MA3), and six
groups for the C. brevicorne complex (BRE1, BRE2, BRE3, BRE5, BRESD,
BRE7). The dataset for C. malthe included 6,840 loci sequenced in all 22
samples, the dataset for the C. brevicorne complex included 6,036 loci
sequenced in at least 22 of the 25 samples included. Input files were
generated from the -fasta-samples output of Stacks populations using a
custom R script. We implemented the A11 model, which jointly esti-
mates lineage delimitation and phylogeny, with priors on population
size (0) and divergence time (t) set to 0.002. The topology inferred with
IQ-TREE was used as the starting tree. A Markov chain Monte Carlo
(MCMC) analysis was run to obtain 10,000 samples, with a sampling
frequency of 10 and a burn-in of 2,000 iterations. To evaluate sensitivity
to prior assumptions, we repeated the analyses using alternative prior
values of 0.02 (reflecting larger population sizes and deeper coalescence
times) and 0.005 (reflecting smaller population sizes and shallower
coalescence times).

The lineages or clusters (subsets) identified by ASAP and BPP were
then manually examined for concordance with clustering in STRUC-
TURE analyses, for absence of haplotype sharing among subsets in the
three Sanger-sequenced protein-coding nuclear loci C-MOS, KIAA1239,
and SACS, for differences in morphological characters, and for
geographic separation (i.e., cases of geographical co-occurrence without
admixture). The possible species status of subsets was then evaluated
and discussed taking the combined evidence into account.

2.13. Initial species identification of samples

Collected samples and voucher specimens were preliminarily
assigned to species in the field based on (i) their external morphology
and (ii) geographic location. Adult males characterized by relatively
small body size (usually less than 116 mm in snout-vent length), short
rostral projection < 2.5 mm, vertically often made up by maximally two
scales) roughly conform with the definition of C. crypticum of Raxworthy
& Nussbaum (2006) and Glaw & Vences (2007), while males of larger
size (> 116 mm in snout-vent length), three or more vertical scales in
rostral projection, and rostral projection length > 3 mm fit with
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C. brevicorne as currently defined. Additional samples of females and
juveniles from the same populations were tentatively assigned to the
same species. Field identification of some other locally restricted species
(e.g., C. amber, C. hilleniusi, C. jejy) was based primarily on their
collection locality, while other species such as C. cucullatum, C. malthe,
C. peltierorum, C. tsaratananense and C. tsycorne could be unambiguously
identified based on their morphology.

2.14. Nomenclatural acts

The electronic edition of this article conforms to the requirements of
the amended International Code of Zoological Nomenclature, and hence
the new names contained herein are available under that Code from the
electronic edition of this article. This published work and the nomen-
clatural acts it contains have been registered in ZooBank, the online
registration system for the ICZN. The LSID (Life Science Identifier) for
this publication is: urn:lsid:zoobank.org:pub:FB4FD4BE-07DD-42A8-
B1D4-FD88ED6D79AF. The electronic edition of this work was pub-
lished in a journal with an ISSN, has been archived and is available from
the CLOCKSS digital repository.

3. Results and discussion
3.1. Phylogenomic evidence for paraphyly of the C. cucullatum group

Our final dataset with outgroup taxa included 1,643 loci derived
from the ddRADseq data, resulting in an alignment length of 219,880 bp.
The ML tree inferred from this data was well-resolved, with most nodes
receiving maximum bootstrap support (Fig. 2; Fig. S1). In line with
Tolley et al. (2013), the tree suggests non-monophyly of the included
occipital-lobed chameleons (C. cucullatum group): C. cucullatum was
placed sister to the C. furcifer group, and C. malthe was sister to a clade
containing species of the C. nasutum group and all other species of the
C. cucullatum group. Both aspects had been previously found in a mul-
tilocus phylogeny based on three nuclear-encoded and three mito-
chondrial gene fragments (Tolley et al. 2013), thus firmly establishing
polyphyly of the phenetic C. cucullatum group. A similar topology was
recovered by a species tree analysis (Fig. S2) which, however, differed
from the concatenation tree (Fig. 2) by placing C. hilleniusi nested within
the C. brevicorne complex, and the two species of the C. nasutum group
sister to a clade made up by C. hafahafa and C. tsaratananense.

In the following, we will focus on results and discussion of evolu-
tionary relationships of occipital-lobed chameleons in the C. brevicorne
clade (including C. amber, C. brevicorne and C. crypticum [both of the
latter taxa here considered as part of the C. brevicorne complex], C.
hafahafa, C. hilleniusi, C. jejy, C. peltierorum, and C. tsaratananense) and in
the C. malthe clade as defined herein (Fig. 2), and analyse genetic
structure separately within these clades. We label lineages identified by
our various clustering and lineage delimitation analyses within the
C. brevicorne complex as BRE1-BRE7 and within C. malthe sensu lato as
MA1-MA3.

A Maximum Likelihood tree including all 60 ingroup samples of the
C. brevicorne and C. malthe clades with C. vencesi as an outgroup, (3,546
loci and an alignment of 480,133 bp featuring 13,666 SNPs) (Fig. 3),
largely agreed in topology with the more inclusive Furcifer-rooted tree
including all samples but fewer loci. Most species of occipital-lobed
chameleons were resolved as deep and monophyletic lineages, i.e.,
C. amber, C. hafahafa, C. hilleniusi, C. tsaratananense, with full bootstrap
support in all cases where two or more samples were included. As an
exception, C. peltierorum was only relatively shallowly divergent from
the morphologically highly divergent C. jejy. The phylogenomic data
also supported a clade with all specimens of C. malthe sensu lato (BS =
100%), with two fully supported lineages corresponding to (i) the
mitochondrial lineages MA1 and (ii) MA2 + MA3 (see below).

For chameleons of the C. brevicorne complex, our results suggest
extensive admixture and do not show a clear divergence between
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individuals assigned to either C. brevicorne or C. crypticum by our pro-
visional morphological and geographical identification. According to
our morphological and geographical data (Table S1) and those of
Raxworthy & Nussbaum (2006), all individuals from Andasibe are
assignable to C. brevicorne and formed a clade together with two in-
dividuals from Anjozorobe (BRES); other populations assignable to
C. brevicorne from Ranomafana and Andringitra were in BRE2/3; while
populations provisionally assignable to C. crypticum based on
morphology and geography (Mandraka, Andohahela, and the northern
localities Tsaratanana and Bemanevika) clustered in three genetic line-
ages (BRE1, BRESb, BRE7) which did not form a monophyletic group in
the tree. BRE1 was nested in a clade with BRE2/3 and BRES5, while
BRESb and BRE7 successively split off from the nodes leading to these
clades. To add to this conundrum, within populations morphologically
assignable to C. brevicorne, specimens in BRE5 have a very different
color from those in lineage BRE2/3 (Glaw & Vences 2007 and Fig. 1
herein); in fact BRE2/3 males with their distinct blue pattern in breeding
color rather resemble males of BRE1 and BRES5Sb. Together with
nomenclatural uncertainty arising from the unexpected phylogenetic
position of the type specimen of Chamaeleo brevicornis Giinther, 1879 in
the mitochondrial tree (see below) this supports our decision to subsume
all C. brevicorne and C. crypticum individuals in the C. brevicorne complex
(Fig. 3) until future in-depth study can resolve their taxonomy.

3.2. Museomics

Four historical types included in the museomics analysis and
shotgun-sequenced for a target of ca. one million reads yielded 90-611
reads per mitochondrial DNA fragment matching to the reference se-
quences (Table 1). The holotype of C. b. tsarafidyi was sequenced for five
million reads and yielded only 20-49 matches, but the assembled se-
quences were sufficient to reliably infer the phylogenetic position of
this, as well as all other specimens, in the mitochondrial tree (Fig. 4).
Numbers of matches were at similar orders of magnitude for each gene
fragment (16S, ND2, ND4), with slightly larger numbers for the protein-
coding ND2 and ND4 (Table 1), which may be explained by longer
reference sequences for these genes.

3.3. Mitochondrial phylogeny

The ML tree inferred from 2,264 bp of the three concatenated mtDNA
fragments (Fig. 4) placed both C. cucullatum (here used as the outgroup,
based on findings from the phylogenomic analysis; Fig. 2) and
C. tsycorne as deeply divergent lineages, clearly separated from all other
ingroup taxa. Within the 112 ingroup samples, the mitochondrial phy-
logeny confirmed most currently accepted species as monophyletic lin-
eages, i.e., C. amber, C. hafahafa, C. hilleniusi, and C. tsaratananense,
supported by high bootstrap values (BS = 99-100%). Specimens clas-
sified as C. peltierorum were paraphyletic, with sequences from Marojejy
(BS = 100%) being sister to those from the Tsaratanana/Bemanevika/
Ampotsidy area plus C. jejy (BS = 100%). The lowest genetic distances in
the 16S fragment were found between C. jejy and C. tsaratananense
(1.3%), C. peltierorum and C. tsaratananense (1.8%), and C. jejy and
C. hafahafa (2.2%).

Our analysis is the first to include molecular data for C. tsycorne, and
places this species splitting from a deep node, sister to the clade of all
ingroup species. The very long branch connecting this species may
indicate that it does not belong to the C. cucullatum group at all, similar
to C. capuroni which according to Tolley et al. (2013) turned out to be
sister to the C. parsonii group, in agreement with hemipenial data
(Brygoo 1978). This further suggests the need for a revision of the spe-
cies groups within Calumma.

A highly complex phylogenetic topology was revealed for C. malthe
sensu lato, which consisted of three deep phylogenetic lineages here
named MA1-MA3: lineage MA1 included samples from localities in the
Northern Central East, as well as the C. malthe holotype based on
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C. cucullatum group—+

--FGMV 2001.D45 | C. brevicorne complex BRE2 | Andringitra - brev
71 -FGMV 2002.679 | C. brevicorne com%ex BRE2 | no loca itg - brev
541-- - PSG 2966 | C. brevicorne complex BRE2 | Ranomafana - brev
---PSG 2967 | C. brevicorne complex BRE2 | Ranomafana - brev
---MVTIS 7830£ C. brevicorne complex BREZA Mangabe - ?
- --FGMV 2002.289 | C. brevicorne complex BRE2 | Ranomafana - brev
s7ll - -ZCMV 2928 | C. brevicorne complex BRE2 | Ranomafana - brev
----FGMV 2002.404 | C. brevicorne com%Iex BRE2 | Ranomafana - brev
----PSG 2618 | C. brevicorne complex BRE3 | Tsinjoarivo - ?
-2 PSG 2634 | C. brevicorne complex BRE3 | Tsinjoarivo - ?
98 -APR 12201 | C. brevicorne complex BRES | Anjozorobe - brev
--APR 12221 | C. brevicorne complex BRE5 | Anjozorobe - brev
' -FGZC 2690 | C. brevicorne complex BRE5 | Andasibe - brev
--FGMV 2002.3115 | C. brevicorne complex BRE5 | Andasibe - brev
5 -FGZC 2385 | C. brevicorne complex BRE1 | Andohahela - cryp
-FGZC 2386 | C. brevicorne complex BRE1 | Andohahela - cryp
- - -FGZC 2387 | C. brevicorne complex BRE1 | Andohahela - cryp
---FGZC 2503 | C. brevicorne complex BRE1 | Andohahela - cryp
------ FGZC 5218 | C. brevicorne complex BRE5Sb | Mandraka - cryp
—————— APR 12219 | C. brevicorne complex BRE5b | Anjozorobe - cryp
—————— DRV 6377LC. brevicorne complex BRE?lBemanevika - cryp

82

—————— DRV 6378 | C. brevicorne complex BRE7 | Bemanevika - cryp
—————— ZCMV 12306 | C. brevicorne complex BRE7 | Tsaratanana - cryp
—————— FGZC 3701 | C. brevicorne complex BRE7 | Sorata - cryp
----- FGMV 2001.G22 } C. brevicorne complex BRE7 | Tsaratanana, Manarikoba - cryp
----DRV 6164 | C. peltierorum | Tsaratanana, Matsaborimaika
----DRV 6233 | C. peltierorum | Tsaratanana, Matsaborimaika
---DRV 6132 | C. peltierorum | Tsaratanana, Matsaborimaika
----DRV 6234 | C. peltierorum | Tsaratanana, Matsaborimaika
s - - -APR 14273 | C. jejy | Marojejy
== 'éé? c1 ‘;%Z‘%r?rél C. jfml Marojejy
== . jej arojejy i
T FGIE £03 C e | Ay C. brevicorne clade
90} - -FGMV 2002.3122 | C. amber | Ambre
--MSZC 697 | C. amber | Ambre
---MSZC 422 | C. amber | Ambre
& - ZCMV 2944 | C. hilleniusi | Manjakatompo
------- FGMV 2000.A64 | C. hilleniusi | Manjakatompo
——————————— DRV 6282 | C. hafahafa | Andrevorevo
——————————— ZCMV 12415 | C. tsaratananense | Tsaratanana
----------- ECF;{%/ (36%%4 lCCtsa.ratanﬁne'nAse |IT|saratanana, Amboditsaratanana
------------ . pinocchio | Analalava
———————————— ZCMV 152 | C. nasutum | Ambohitsara C. nasutum group
"2 P3G 2855 | & malihe M1 | Taimisanve
Spf==- . malthe sinjoarivo
1A - PSG 2635 | G malthe MAT Tsinfoarivo C. malthe clade
----PSG 2633 | C. malthe MA1 | Tsinjoarivo
---MPFC 272 | C. malthe MA1 | Tsinjoarivo
----FGZC 4591 | C. malthe MA1 '{/ITsinjoarivo
----- APR 8403 | C. malthe MA1 | Maromizaha
----- FGMV 2002.D3 | C. malthe MA1 | Mantadia
—————— -APR 5846 | C. malthe MA1 | Marotandrano
------ APR 5952 | C. malthe MA1 | Marotandrano
————— MSZC 115 | C. sp. aff. malthe MA2 | Ampotsidy (= C. kr)(/stalae Sp. nov.)
————— DRV 6419 | C. sp. aff. malthe MA2 | Bemanevika (= C. ?/stalae Sp. nov.)
- MSZC 39 | C. sp. aff. malthe MA2 | Ampotsidy (= C. krystalae sp. nov.)
————— ZCMV 12350 | C. sp. aff. malthe MA2 | Tsaratanana (= C. krystalae sp. nov.)
e | 5 =e=eA DRV 6261 | C. sp. aff. malthe MA2 | Ambinanitelo (= C. krystalae sp. nov.)
————O 1 esaaass DRV 6279 | C. sp. aff. malthe MA2 | Andrevorevo (= C. krystalae sp. nov.)
i o --APR 14118 | C. sp. aff. malthe MA2 | Marojejy (= C. krystalae sp. nov.)
= --ZCMV 2038 | C. sp. aff. malthe MA2 | Marojejy (= C. krystalae sp. nov.)
-------- FGZC 3687 | C. sp. aff. malthe MA3 | Sorata 2/= C. krystalae sp. nov.)
FGZC 4678 | C. gastrotaenia 1 | Tsinjoarivo .
FGZC 5221 | C. gastrotaenia 1 | Mandraka C. furcifer group
FGZC 3680 | C. guillaumeti} Sorata
ZCMV 12352 | C. guillaumeti | Tsaratanana
-FGZC 2515 | C. andringitraense | Andohahela
e ---DRV 56904 C. furcifer | Mahasoa
----FGZC 4308 | C. marojezense | Ambodivoahangy
----DRV 5882 | C. vencesi | Makira
m b DRV 5712 | C. cucullatum | Mahasoa C. cucullatum B
------------------------- MVTI S38114 | Furcifer antimena | Belalanda
————————————————————————— MVTIS 38115 | Furcifer antimena | Belalanda
————————————————————————— MVTIS 38116 | Furcifer antimena | Belalanda
————————————————————————— MVTIS 38109 | Furcifer major | Belalanda
————————————————————————— MVTIS 38111 | Furcifer major | Belalanda
————————————————————————— MVTIS 38110 | Furcifer major | Belalanda

Fig. 2. Maximum Likelihood tree showing paraphyly of the informal phenetic Calumma cucullatum group of occipital-lobed chameleons, relative to representatives of
the C. nasutum and C. furcifer groups. The tree is based on 77 samples and 1,643 ddRADseq loci, totalling 219,880 bp (8,135 SNPs). Black dots indicate 100% support
from 1,000 replicates of ultrafast bootstraps (numbers shown where < 100%). Samples of Furcifer antimena and F. major were used as outgroups. Inset photos show
representative individuals of the respective clades and species groups (C. brevicorne, C. pinocchio, C. malthe, and C. gastrotaenia). Vertical red bars mark the species
traditionally included in the C. cucullatum group, which the tree confirms as non-monophyletic with respect to other species groups without occipital lobes. Boldface
labels cryp and brev in tip labels indicate tentative morphological identification of the specimens in the C. brevicorne complex.
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PSG 2966 | C. brevicorne complex BRE2 | Ranomafana - brev
PSG 2967 | C. brevicorne complex BRE2 | Ranomafana - brev
FGMV 2002.404 | C. brevicorne complex BRE2 | Ranomafana - brev
MVTIS 7830 | C. brevicorne complex BRE2 | Mangabe - ?

FGMV 2001.D45 | C. brevicorne complex BRE2 | Andringitra - brev
FGMV 2002.679 | C. brevicorne complex BRE2 | no locality - ?
ZCMV 2928 | C. brevicorne complex BRE2 | Ranomafana - brev
FGMV 2002.289 | C. brevicorne complex BRE2 | Ranomafana - brev
PSG 2618 | C. brevicorne complex BRE3 | Tsinjoarivo - ?

PSG 2634 | C. brevicorne complex BRE3 | Tsinjoarivo - ?

FGZC 2387 | C. brevicorne complex BRE1 | Andohahela - cryp
FGZC 2503 | C. brevicorne complex BRE1 | Andohahela - cryp
FGZC 2385 | C. brevicorne complex BRE1 | Andohahela - cryp
FGZC 2386 | C. brevicorne complex BRE1 | Andohahela - cryp
APR 12201 | C. brevicorne complex BRES5 | Anjozorobe - brev
APR 12221 | C. brevicorne complex BRES5 | Anjozorobe - brev
FGZC 2690 | C. brevicorne complex BRE5 | Andasibe - brev
FGMV 2002.3115 | C. brevicorne complex BRE5 | Andasibe - brev
FGZC 5218 | C. brevicorne complex BRE5b | Mandraka - cryp
APR 12219 | C. brevicorne complex BRE5Sb | Anjozorobe - cryp
DRV 6377 | C. brevicorne complex BRE7 | Bemanevika - cryp
DRV 6378 | C. brevicorne complex BRE7 | Bemanevika - cryp
ZCMV 12306 | C. brevicorne complex BRE7 | Tsaratanana - cryp
FGZC 3701 | C. brevicorne complex BRE7 | Sorata - cryp

FGMV 2001.G22 | C. brevicorne complex BRE7 | Tsaratanana - cryp
FGZC 503 | C. amber | Ambre

FGMV 2002.3122 | C. amber | Ambre

MSZC 422 | C. amber | Ambre

MSZC 697 | C. amber | Ambre

DRV 6233 | C. peltierorum | Tsaratanana, Matsaborimaika

DRV 6234 | C. peltierorum | Tsaratanana, Matsaborimaika

DRV 6132 | C. peltierorum | Tsaratanana, Matsaborimaika

DRV 6164 | C. peltierorum | Tsaratanana, Matsaborimaika

APR 14273rep | C. jejy | Marojejy

APR 14273 | C. jejy | Marojejy

FGZC 7346 | C. jejy | Marojejy

ZCMV 2944 | C. hilleniusi | Manjakatompo

FGMV 2000.A64 | C. hilleniusi | Manjakatompo

ZCMV 12415 | C. tsaratananense | Tsaratanana

DRV 6237 | C. tsaratananense | Tsaratanana, Amboditsaratanana
DRV 6282 | C. hafahafa | Andrevorevo

PSG 2621 | C. malthe MA1 | Tsinjoarivo

PSG 2623 | C. malthe MA1 | Tsinjoarivo

PSG 2635 | C. malthe MA1 | Tsinjoarivo

PSG 2633 | C. malthe MA1 | Tsinjoarivo

MPFC 272 | C. malthe MA1 | Tsinjoarivo

FGZC 4591 | C. malthe MA1 | Tsinjoarivo

APR 8403 | C. malthe MA1 | Maromizaha

FGMV 2002.D3 | C. maithe MA1 | Mantadia

APR 5864 | C. malthe MA1 | Marotandrano

APR 5952 | C. malthe MA1 | Marotandrano

MSZC 39 | C. sp. aff. malthe MA2 | Ampotsidy (= C. krystalae sp. nov.)
MSZC 115 | C. sp. aff. malthe MA2 | Ampotsidy (= C. krystalae sp. nov.)

DRV 6419 | C. sp. aff. malthe MA2 | Bemanevika (= C. krystalae sp. nov.)
ZCMV 12350 | C. sp. aff. malthe MA2 | Tsaratanana (= C. krystalae sp. nov.)
DRV 6261 | C. sp. aff. malthe MA2 | Ambinanitelo (= C. krystalae sp. nov.)
DRV 6279 | C. sp. aff. malthe MA2 | Andrevorevo (= C. krystalae sp. nov.)

APR 14118 | C. sp. aff. malthe MA2 | Marojejy (= C. krystalae sp. nov.)
ZCMV 2038 | C. sp. aff. malthe MA2 | Marojejy (= C. krystalae sp. nov.)
FGZC 3687 | C. sp. aff. malthe MA3 | Sorata (= C. krystalae sp. nov.)

C. brevicorne clade

C. malthe clade

C. brevicorne complex

Fig. 3. Maximum Likelihood tree of 60 samples of the Calumma brevicorne clade and C. malthe clade of occipital-lobed chameleons, based on 3,546 loci derived from
RADseq, totalling 480,133 bp (13,666 SNPs). The tree is rooted by C. vencesi (not shown). Black dots indicate 100% support from 1,000 replicates of ultrafast
bootstraps (numbers shown where < 100%). Boldface labels cryp and brev in tip labels indicate tentative morphological identification of the specimens in the
C. brevicorne complex. Barplots show assignment probabilities to the highest number of genetic clusters retrieved by Bayesian clustering with STRUCTURE, conducted
separately for the C. brevicorne (3,895 SNPs, K = 7) and C. malthe clades (5,212 SNPs, K = 4). Inset photos show representative individuals of the C. brevicorne clade

and the C. malthe clade (see Fig. 1).

museomics sequences; MA2 included the northern localities Marojejy,
Ampotsidy, Tsaratanana, Bemanevika, Andrevorevo; and MA3 included
samples from Sorata, the northernmost site. Strikingly, the three
C. malthe mtDNA lineages were not recovered as monophyletic group in
the mitochondrial analysis, despite jointly forming the C. malthe clade in
the phylogenomic trees (Figs 2-3): instead, in the mitochondrial tree,
MA1 was sister to the entire clade of the other species (BS = 77%) while
the position of MA2 and MA3 was unresolved. 16S distances between
the three malthe lineages were 4.3-4.7%.

As in the phylogenomic tree (Fig. 3), the mitochondrial tree (Fig. 4)
did not reveal two clades in the C. brevicorne complex that could
unambiguously be interpreted as corresponding to the species
C. brevicorne and C. crypticum. Instead, up to seven deep mitochondrial
lineages (BRE1-BRE7) could be distinguished: lineage BRE1 from the
South East, including samples from Andohahela and Ambositra; BRE2
from the Southern Central East, including samples from Ranomafana
and Andringitra, and the brevicorne holotype; BRE3 from Tsinjoarivo;
BRE4 from Itremo; BRE5 from the Northern Central East, including
among others, all samples from Andasibe, Mantadia, Anjozorobe,
Ambohitantely (type locality of crypticum), and Mandraka, also
including the museomics sequence of the holotype of gularis; BRE6 from

Fierenana in the Northern Central East, and BRE7 from various sites in
northern Madagascar such as Makira, Bemanevika and Analabe. While
BRE1-BRE6 formed a well supported clade (BS = 90%), BRE7 was
placed in a clade with other species such as C. amber and C. peltierorum
(BS = 93%). 168S distances between BRE1-BRE6 were 1.1-2.4%.

The ASAP analysis suggested two species partitions based on the
mitochondrial data sets, one with 16 and one with 32 subsets, with
equally low ASAP score (4.0). The more realistic 16-subset partition
separated all species except C. jejy (merged with C. peltierorum), and
distinguished the lineages MA1-MA3, as well as BRE1 + BRE5 (despite
these two clusters not being sister to each other in the tree; Fig. 4), BRE2,
BRE3 + BRE4, BRE6 and BRE7.

3.4. Mito-nuclear discordance, hybridization and introgression

Our findings of discordance between the mitochondrial and RADseq
phylogenies may indicate events of mitochondrial introgression, both in
the C. brevicorne clade and the C. malthe clade. This is most obvious in
lineage BRE7, which forms a distinct lineage that is not directly related
to the C. brevicorne complex in the mtDNA tree, but is instead recovered
as sister to the other populations of the C. brevicorne complex in the
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Table 1

Numbers of Illumina reads matching reference sequences of holotypes of Cal-
umma for the three mitochondrial target genes (16S, ND2, ND4). Numbers are
numbers of unique reads compared by BLAST to a database containing se-
quences of equal length of the mitochondrial lineages to which the respective
types belong.

Nomen Catalogue Total Reads Reads Reads
number reads 16S ND2 ND4
Chamaeleon BMNH 552,995 101 103 93
brevicornis 1946.8.21.41
Giinther, 1879
Chamaeleon BMNH 1,027,410 553 1,616 908
gularis 1946.8.21.50
Giinther, 1879
Chamaeleo MNHN-RA 4,072,962 28 49 20
brevicornis 1993.172
tsarafidyi
Brygoo &
Domergue,
1970
Chamaeleon BMNH 773,979 413 813 611
malthe 1946.8.21.47
Giinther, 1879
Chamaeleon BMNH 1,042,980 88 256 144
cucullatus 1946.8.21.82
Gray, 1831

phylogenomic dataset, to which it is further more congruent in
morphology. The mitochondrial data furthermore reveal at least one
case of mito-nuclear discordance between C. brevicorne lineage BRE7
and C. peltierorum, both of which co-occur in the wider Tsaratanana
region in northern Madagascar: specimen ZCMV 12306 has a peltierorum
mitochondrial genome but is placed confidently with C. brevicorne BRE7
by the phylogenomic data. STRUCTURE analyses including the
C. brevicorne complex and C. peltierorum/C. jejy did not provide clear
indications of admixture when five groups are allowed; however, all
BRE7 specimens appeared to have substantial assignment probabilities
to C. peltierorum when constraining the analyses to the two main groups
(Fig. 5). Furthermore, samples from Andasibe and Mantadia (based on
morphology identified as C. brevicorne), Mandraka (morphologically
identified as C. crypticum), and Ambohitantely (type locality of
C. crypticum) in the mitochondrial tree are all part of lineage BRE5, but
in the phylogenomic tree, the Mandraka sample (along with one sample
from Anjozorobe labelled as BRE5b) has a position distant from the
Andasibe sample. Finally, in the C. malthe clade, the mitochondrial data
suggest non-monophyly of the three lineages MA1, MA2, and MA3,
while the phylogenomic data place all respective samples in a strongly
supported monophyletic group.

We hypothesize that some of these cases are probably best explained
by complex scenarios of ancestral introgressive hybridization with
mitochondrial capture, which in the current sampling design are not
obviously detectable as admixture signals in the STRUCTURE analyses
(a method better able to detect recent introgression: Pang & Zhang
2025). The ABBA-BABA analyses revealed an excess of shared derived
alleles for several of the lineages affected by mito-nuclear discordance
(see f-branch matrix in Fig. S3). The highest f;, values involved BRE7,
indicating strong excess allele sharing with C. peltierorum (f, = 0.205)
and BRE5b (f, = 0.299), consistent with introgression involving these
lineages or their ancestors. Additional signals were detected between
BRESDb and BRES (fp, = 0.220), and between BRE2 and BRE1 (f, = 0.194).
In contrast, the ABBA-BABA tests did not find indications for intro-
gression among lineages MA1-MA3, or between any of those and other
species, suggesting that the mito-nuclear discordance observed for
C. malthe may be due to other factors such as ILS, or by an incorrectly
resolved mitochondrial phylogeny.

A more thorough analysis of the distribution and extent of these cases
of putative admixture and introgression, especially of the C. brevicorne
complex along the almost 500 km gap between the occurrences of BRE5

10

Molecular Phylogenetics and Evolution 224 (2026) 108689

and BRE7, will require a denser geographical sampling in future studies
to identify and characterize their hybrid zones (Fig. 5).

From an evolutionary perspective, the processes underlying the
apparently widespread mitochondrial introgression in these chameleons
are intriguing and may in part include adaptive drivers such as fixation
of introgressed haplotypes driven by metabolic constraints (Toews &
Brelsford 2012; Bonnet et al. 2017). Most species and lineages in the
C. brevicorne clade can be found at elevations up to > 1,500 m above sea
level, and some species such as C. jejy, C. peltierorum or C. tsaratananense
occur regularly at elevations above 2,000 m a.s.l.. Whether adaptation of
mitochondrial haplotypes to cold montane habitats can be invoked to
have favored some of the observed introgression events, such as that of a
C. peltierorum haplotype into lineage BRE7 of the C. brevicorne complex,
might be worth testing in future studies.

Another case where mitochondrial introgression might be suspected
is the species pair C. jejy and C. peltierorum. These two species have
relatively shallow mitochondrial divergences but differ by various
striking morphological differences, especially by males of C. peltierorum
having bluish lateral color (unknown in C. jejy), distinct rostral projec-
tion (absent in C. jejy), and large spines in dorsal and ventral crests (less
developed in C. jejy) (Fig. 1). However, several morphological similar-
ities (well-developed gular crest, heterogeneous scales on body and
limbs) as well as their firm placement as sister species in the phyloge-
nomic analysis with equally shallow divergence (Figs 2-3) suggest that
their mitochondrial similarity is not a result of introgression but reflects
relatively recent species formation. These two species are, as far as we
know, fully allopatric, with C. jejy being restricted to the summit of the
Marojejy Massif; this argues against a scenario where ongoing gene flow
would homogenize their genomes except at the loci controlling
morphology. We therefore hypothesize that these species speciated
relatively recently, followed by rapid morphological evolution.

3.5. Assessment of species boundaries and taxonomy in the C. brevicorne
complex

The molecular and morphological data available suggest that a two-
species classification (C. brevicorne and C. crypticum sensu Raxworthy &
Nussbaum 2006) may not correctly reflect the genetic and morpholog-
ical diversity of the C. brevicorne complex. Importantly, given the mito-
nuclear discordance detected in these chameleons, delimiting species
based on monophyletic groups in the mitochondrial tree is inherently
unreliable and the subsets suggested by the ASAP analysis do not pro-
vide reliable primary species hypotheses. In addition to well-known
sources of gene tree discordance—such as incomplete lineage sorting,
standing genetic variation, convergent molecular evolution, and
phylogenetic error due to missing data (e.g., Steenwyk et al. 2023)—our
chameleon phylogeny may also be influenced by introgression attraction
sensu Karin et al. (2025). In lineages with recurrent historical admixture,
this process can lead to species being resolved as non-monophyletic even
in phylogenomic analyses by incorporating alleles derived from past
introgression events (Karin et al. 2025; Gippner et al. 2024).

Given the indications for hybridization and introgression in the
C. brevicorne complex, it would be appealing to consider all populations
as a single species, C. brevicorne, subdivided into allopatric populations
for which some authors would advocate using subspecies status
(Dufresnes et al. 2023). Our data are insufficient to fully reject this
scenario, but provide evidence against it from the samples from Anjo-
zorobe included in the SNP-based estimates, where one individual
sample that displayed crypticum-like morphology sensu Raxworthy &
Nussbaum (1996) was grouped with specimens from Mandraka (small
body size: APR 12219), while the other two (APR 12201 and APR
12221) clustered with Andasibe specimens and like these were large and
of brevicorne-like morphology (see Supplementary Table S1 for
morphological data). This syntopic occurrence of individuals with
divergent phylogenomic histories with distinct morphologies at Anjo-
zorobe may suggest a lack of recent admixture and could thus warrant
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C. brevicorne complex BRE1 | FGZC 2385 | ZSM 67/2005
C. brevicorne complex BRE1 | FGZC 2503 | ZSM 69/2005
C. brevicorne complex BRE1 | FGZC 2386 | ZSM 68/2005
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Andohahela
Andohahela
Andohahela

C. brevicorne complex BRE1 | FGZC 2504 | Andohahela
C. brevicorne complex BRE1 | FGZC 2505 | Andohahela
C. brevicorne complex BRE1 | FGZC 2387 | ZSM 133/2005 | Andohahela

90

93

& C. brevicomne complex BRE1 | FGZC 241 | ZSM 131/2004 | Andohahela
C. brevicorne complex BRE1 | LB540 \ Ambositra
C. brevicorne complex BRE2 | PSG 2974 | Ranomafana
C. brevicorne complex BRE2 | ZCMV 2928 | ZSM 314/2006 | Ranomafana
C. brevicorne complex BRE2 \ PSG 2966 | Ranomafana
C. brevicorne complex BRE2 | PSG 2967 | Ranomafana
C. brevicorne complex BRE2 | PSG 2973 | Ranomafana
C. brevicorne complex BRE2 | GA404 | Ranomafana
C. brevicorne complex BRE2 | FGMV 2002.404 | ZSM 724/2003 | Ranomafana
C. brevicorne complex BRE2 | FGMV 2002.289 | ZSM 684/2003 | Ranomafana
C. brevicorne complex BRE2 | FGMV 2001.574 | Andringitra
C. brevicorne complex BRE2 | FGMV 2001.D45 | FGMV 2001.569 | ZSM 544/2001
C. brevicorne complex BRE2 | FGMV 2001.E5 | FGMV 2001.573 | ZSM 547/2001
C. brevicorne complex BRE2 | ACZCV 953 | Andringitra
C. brevicorne complex BRE2 | FGMV 2002.290 | Vohiparara
C. brevicorne tsarafidyi | holotype BRE2| MVTIS 39370 | MNHN 1993.172 | Aml
C. brevicorne | holotype BRE2 | BMNH 1946.8.21.41 | in the neighbourhood of /
C. brevicorne complex BRE2 | ZCMV 14854 | ZSM 381/2016 | Sampanandrano.
1093 C. brevicorne complex BRE3 | PSG 2618 | Tsinjoarivo
C. brevicorne complex BRE3 | PSG 2634 | Tsinjoarivo
C. brevicorne complex BRE3 \
C. brevicorne complex BRE4
C. brevicorne complex BRE6 | FAZC 11778 | Fierenana
C. brevicorne complex BRE6 | FAZC 11779 | Fierenana B
C. brevicorne complex BRE5 | MVTIS 38035 | GK5185 | Andasib:
C. brevicorne complex BRE5 | ZCMV 8873 | ZSM 2041/2008 | Andranogorika
C. brevicorne complex BRE5 | APR 8401 | MVTIS 17982 | Maromizaha
C. brevicorne complex BRE5 | FGMV 2002.D9 | Andasibe
C. brevicorne complex BRE5S
67 97)| C. brevicorne complex BRE5S
C. brevicorne complex BRES
C. brevicorne complex BRE5S
C. brevicorne complex BRE5 | MVTIS 38056 | Andasibe:
C. brevicorne complex BRE5 | APR 7635 | MVTIS 17908 | Ambohitantely
C. brevicorne complex BRES | FGMV 2001.A23 | FGMV 2001.249 | ZSM 548/2001 | Mandraka
94 C. brevicorne complex BRE5 | ZSM 548/2001 \ Mandraka
C. brevicorne complex BRE5S | GA48 | Mandraka
C. brevicorne complex BRE5 | FGZC 5218
C. brevicorne complex BRE5 | APR 12219
C. brevicorne complex BRE5 | APR 12201 | MVTIS 12598 | Anjozorobe
58 C. brevicome complex BRE5 | APR 12221 | MVTIS 12636 | Anjozorobe
C. gularis | holotype BRE5 | BMNH 1946.8.21.50 | in the neighbourhood of Antananarivo
C. brevicorne complex BRES5 | A594 | Mandraka
C. brevicorne complex BRE7 | ZCMV 12270 | ZSM 1711/2010 | Analabe
C. brevicorne complex BRE7
C. brevicorne complex BRE7 | ZCMV 12272 | ZSM 1713/2010 | Analabe
C. brevicorne complex BRE7 | DRV 6377 | ZSM 505/2014 | Bemanevika
C. brevicorne complex BRE7 | DRV 6378 | ZSM 503/2014 | Bemanevika
C. brevicorne complex BRE7 | DRV 6423 | ZSM 504/2014 | Bemanevika
C. brevicorne complex BRE7 | DRV 6374 | ZSM 502/2014 | Bemanevika

MPFC 271 | Tsinjoarivo
FGMV 2001.D18 | FGMV 2001.615

FGMV 2002.3115 | ZSM 1043/2003 | Andasibe
LB461 | Andasibe
FGZC 2690 | ZSM 70/2005 | Andasibe

ZSM 135 2016 | Mandraka
MVTIS 12654 | Anjozorobe

ZCMV 12271 | ZSM 1712/2010 | Analabe

77 C. brevicorne complex BRE7 | ZCMV 11278 | ZSM 617/2009 | Makira

C. amber
C. amber

10001 ¢. amber

C. amber

70 C. amber
C. amber

C. peltierorum
C. peltierorum
C. peltierorum
99 87t ¢. peltierorum

C. peltierorum
100 C. peltierorum

67

99|

100

C. malthe MA1
C. malthe MA1
C. malthe MA1
C. malthe MA1
C. malthe MA1
C. malthe MA1
C. malthe MA1
C. malthe MA1

9

100, C. tsaratananaense
93/ C. tsaratananaense
L——— C. hafahafa | DRV

C. jejy | APR 14273
5| 100 C.jejy | FGZC 7346

C. malthe MA1 | APR 5864
100" C. maithe MA1 | APR 5952

C. brevicorne complex BRE7 | ZCMV 12625 | ZSM 1714/2010 | Makira

100 C. sp aff malthe MA2 | MSZC 39 | ZSM 32/2016 | Ampotsidy (= C.
C. sp aff malthe MA2 | MSZC 115 | ZSM 31/2016 | Ampotsidy

| DRV 6419 | ZSM 516/2014 | Bemanevika

DRV 6261 | ZSM 514/2014 | Tsaratanana . krystalae sp. nov.)

ZSM 515/2014 | Andrevorevo (= C. krystalae sp. nov.)

ZCMV 12350 | ZSM 1833/2010 | Tsaratanana (= C. krystalae sp. nov.)

DRV 6125 | ZSM 512/2014 | Tsaratanana (= C. krystalae sp. nov.)

C. sp aff malthe MA2 | ZCMV 2038 | ZSM 71/2005 | Marojejy (= C. krystalae sp. nov.)

C. sp aff malthe MA2 | APR 14118 | MVTIS 37698 | Marojejy (= C. krystalae sp. nov.)

C. sp aff malthe MA2 | ZCMV 15202 | ZSM 443/2016 | Marojejy (= C. krystalae sp. nov.)

C. amber | FGMV 2002.3122 | ZSM 1040/2003 | Montagne d'Ambre

C. amber | FGZC 503 | ZSM 260/2004 | Montagne d’Ambre

| RAN 3803

MSZC 422

MSZC 697

FGMV 3134

FGZC 504 | ZSM 261/2004 | Montagne d'Ambre:

FGMV 2002 3126 | ZSM 1041/2003 | Montagne d'Ambre

ZCMV 12415 | ZSM 1728/2010 | Tsaratanana

DRV 6237 | ZSM 524/2014 | Tsaratanana

6282 | ZSM 511/2014 | Andrevorevo

C. sp aff malthe MA2
C. sp aff maithe MA2
C. sp aff maithe MA2
C. sp aff maithe MA2
C. sp aff maithe MA2 |

DRV 6279

| Montagne d'Ambre

ZSM 164/2018 | Montagne d'Ambre
ZSM 165/2018 | Montagne d'Ambre
| Montagne d'Ambre

DRV 6233 | ZSM 520/2014 Tsaratanana
ZCMV 12354 | ZSM 1725/2010 Tsaratanana

DRV 6132
DRV 6164
DRV 6256

| zcmv 123

C. hilleniusi | RAN 42948 | Ankaratra
C. hilleniusi | ZCMV 2944 | ZSM 315/2006 | Ankaratra !
C. hilleniusi | FGMV 2000.A64 | FGMV 2000.420 | ZSM 380/2000 | Manial
C. malthe MA1 | FGZC 4591 | ZSM 460/2010 | Tsinjoarivo

ZSM 518/2014
ZSM 519/2014
ZSM 513/2014

Tsaratanana
Tsaratanana
Tsaratanana

06 | ZSM 1723/2010 | Tsaratanana
C. peltierorum | DRV 6234 | ZSM 521/2014 | Tsaratanana
MVTIS 37720 | Marojejy
MVTIS 38080 | Marojejy
C. peltierorum | FGMV 2001.G22 | Tsaratanana
L 95— C. peltierorum / brevicorne complex | FGZC 3701 | ZSM 1684/2012 | Sorata
58| 100 | C. sp aff malthe MA3
C. sp aff maithe MA3
_ C. hilleniusi | FAZC 12265
0.06 C. hilleniusi | ZFMK 68611

FGZC 3687 | ZSM 1705/2012 | Sorata (= C. krystalae sp. nov.)
FGZC 3581 | ZSM 1704/2012 | Sorata (= C. krystalae sp. nov.
Ambositra

locality unknown

PSG 2635 | Tsinjoarivo
PSG 2633 | Tsinjoarivo

PSG 2621

Tsinjoarivo

PSG 2623 | Tsinjoarivo
MPFC 272 | Tsinjoarivo

FGMV 2002.D3 | FGMV 2001.1108 | ZSM 223/2002 | Mantadia
FGMV 2002.D3 | Mantadia

FGMV 2002.D6 | FGMV 2001.1371 | ZSM 222/2002 | Mantadia

9 C. cucullatum | DRV 5713 | ZSM 655/2014
841L ¢ cucullatum | DRV 5712 | ZSM 654/2014
100 C. cucullatum | holotype | BMNH 1946.8.21.82
100 — C. cucullatum | FAZC 7633 | Ambatolaidama
C. cucullatum | RAN 42553 | Ankavanana River

Mahasoa
Mahasoa

C. malthe MA1 | GA312 | Fierenana

C. malthe MA1 | GA963 | Ambatolaidama

C. malthe | holotype MA1 | BMINH 1946.8.21.47 | in the neighbourhood of Antananarivo
C. malthe MA1 | APR 8403 | MVTIS 17922 | Maromizaha

MVTIS 17912 | Marotandrano

MVTIS 17924 | Marotandrano

C. tsycomne | APR 15225 | MVTIS 37699

| Madagascar

FGMV 2001.A47 | FGMV 2001.248 | ZSM 549/2001 | Andasibe

krystalae sp. nov.)
. krystalae sp. nov.)
C. krystalae sp. nov.).

MA3

MA1

Fig. 4. Maximum Likelihood tree inferred from 2,264 bp of three concatenated mitochondrial DNA fragments (16S, ND2, ND4) in 112 samples of the Calumma
brevicorne and C. malthe clades as defined by the phylogenomic analysis (Fig. 2). Numbers at nodes are bootstrap support values in percent, from an analysis with 500
replicates. Calumma cucullatum was used as the outgroup based on the phylogenomic analysis (Fig. 2). Inset photos show representative individuals of the respective

clades as in Fig. 3. Type specimens sequenced are in boldface.
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PSG 2966 | C. brevicorne complex BRE2 | Ranomafana - brev
PSG 2967 | C. brevicorne complex BRE2 | Ranomafana - brev B 12°
FGMV 2002.404 | C. brevicorne complex BRE2 | Ranomafana - brev
MVTIS 7830 | C. brevicorne complex BRE2 | Mangabe - ?
FGMV 2001.D45 | C. brevicorne complex BRE2 | Andringitra - brev
FGMV 2002.679 | C. brevicorne complex BRE2 | no locality - brev -
ZCMV 2928 | C. brevicorne complex BRE2 | Ranomafana - brev
FGMV 2002.289 | C. brevicorne complex BRE2 | Ranomafana - brev
PSG 2618 | C. brevicorne complex BRE3 | Tsinjoarivo - ?
PSG 2634 | C. brevicorne complex BRE3 | Tsinjoarivo - ?

) FGZC 2387 | C. brevicorne complex BRE1 | Andohahela - cryp
FGZC 2503 | C. brevicorne complex BRE1 | Andohahela - cryp

| FGZC 2385 | C. brevicorne complex BRE1 | Andohahela - cryp
FGZC 2386 | C. brevicorne complex BRE1 | Andohahela - cryp
APR 12201 | C. brevicorne complex BRE5 | Anjozorobe - brev o
APR 12221 | C. brevicorne complex BRE5 | Anjozorobe - brev
FGZC 2690 | C. brevicorne complex BRES | Andasibe - brev
FGMV 2002.3115 | C. brevicorne complex BRES5 | Andasibe - brev
FGZC 5218 | C. brevicorne complex BRE5Sb | Mandraka - cryp
APR 12219 | C. brevicorne complex BRE5b | Anjozorobe - cryp
DRV 6377 | C. brevicorne complex BRE7 | Bemanevika - cryp
DRV 6378 | C. brevicorne complex BRE7 | Bemanevika - cryp
ZCMV 12306 | C. brevicorne complex BRE7 | Tsaratanana - cryp
FGZC 3701 | C. brevicorne complex BRE7 | Sorata - cryp
FGMV 2001.G22 | C. brevicorne complex BRE7 | Tsaratanana - cryp

DRV 6233 | C. peltierorum | Tsaratanana
DRV 6234 | C. peltierorum | Tsaratanana
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44° 46° 48° 50°

BRE2/

BRE3 Sorata

Tsaratanana —4 14°
Bemanevika d 'V Marojejy

BRE1

Anjozorobe /\ 1 18°

Mandraka/A /A Andasibe
Mangabe @
Tsinjoarivo @

BRE5S

Ranomafana @

GINSA Andringitra @ 22°

DRV 6132 | C. peltierorum | Tsaratanana - 24°

DRV 6164 | C. peltierorum | Tsaratanana
APR 14273rep | C. jejy | Marojejy

APR 14273 | C. jejy | Marojejy
FGZC 7346 | C. jejy | Marojejy

300
km

‘ Andohahela

Fig. 5. Assignment of samples and clustering analysis of the C. brevicorne complex and C. peltierorum. Boldface labels cryp and brev in tip labels indicate tentative
morphological identification of the respective specimens. The tree on the left shows relationships among individuals as in the phylogenomic tree in Fig. 3. Barplots
show assignment probabilities to the highest number of genetic clusters retrieved by STRUCTURE for (A) samples of the C. brevicorne complex only (K = 5, 5,027
SNPs), (B) samples of C. brevicorne complex + C. peltierorum (K = 5,211 SNPs), (C) same as B but with K = 2. Analyses with C. peltierorum were carried out given
indications for mitochondrial introgression with the C. brevicorne complex (Fig. 4). Barplots marked with BPP 1 & 2 and BPP 3 indicate the results of a lineage
delimitation analysis under the multispecies coalescent, with priors on population size (0) and divergence time (t) alternative set to 0.002, (analysis 1), 0.0005
(analysis 2), and 0.02 (analysis 3). Map on the right shows geographical occurrence of the C. brevicorne complex samples included in the analysis.

recognition for these lineages as distinct species.

Overall, morphological evidence thus appears to align in part with
genetic clustering results. Comparisons are mainly based on males for
which we had more material available and which show a more distinct
expression of various relevant characters (rostral projection, dorsal and
gular crests). Besides the obvious difference in color between specimens
from the Andasibe region (stress color of males mostly consisting of
beige and whitish color, without blue elements typical for most other
populations; Fig. 1), several other differences are apparent between
some genetic clusters (data in Table S1): three males of the large form
from Andasibe and Anjozorobe (mitochondrial lineage BRES, but
separately clustering based on genomic data; light purple cluster in
Fig. 5) attain snout-vent lengths (SVL) of 108-152 mm compared to
67-119 mm in 16 males from other populations. Relative length of the
rostral projection (ratio to SVL) was 3.2-4.4 % in BRE5 from Andasibe,
3.1-5.6 % in BRE2, but only 1.3-3.2 % in BRE7.

Based on the Bayesian clustering analysis of the SNP data, up to five
or six clusters in the C. brevicorne complex could be interpreted as
different species (Fig. 5). Also, MSC-based lineage delimitation with BPP
(6 and 7 priors set to 0.002) supported a model with six subsets (BRE1,
BRE2, BRE3, BRE5, BRESb, BRE7) to be considered as populations or
primary species hypotheses (see Sukumaran & Knowles 2017), with a
posterior probability of 1.0 (Table S3). The same result was obtained
when setting 6 and t priors to 0.0005, while prior settings of 0.02 sup-
ported a model with five subsets, merging BRE2 and BRE3 (Table S3).
This, along with the syntopic occurrence of morphologically and
genetically distinct individuals at Anjozorobe discussed above, suggests
the presence of several species in this complex.

However, a taxonomic resolution of the C. brevicorne complex is
hampered by extensive geographical sampling gaps, and by important
nomenclatural hurdles: (i) our analysis lacks RADseq data from Ambo-
hitantely, the type locality of C. crypticum; only one mitochondrial
sequence from a specimen without type status is available from this site.
The name crypticum therefore cannot be reliably assigned to one of the
genomic clusters identified, given that it is possible that more than one
lineage of the complex occurs at this site (as in Anjozorobe). (ii) Large

12

specimens from Andasibe (BRE5) morphologically conform to the cur-
rent definition of C. brevicorne (e.g., Raxworthy & Nussbaum 2006) but
according to our museomics results, the oldest available name for the
BRES genomic cluster is C. gularis; while the name C. brevicorne would
apply to BRE2/BRE3 from the Southern Central East (Andringitra,
Ranomafana, Tsinjoarivo, Mangabe). (iii) Introgression/admixture pat-
terns and thus status as evolutionarily independent lineage of specimens
from Mandraka and Anjozorobe (BRE5b) and from northern Madagascar
(BRE7) are incompletely understood.

3.6. Assessment of species boundaries and taxonomy in the C. malthe
clade

Despite mito-nuclear discordance, the systematics of C. malthe are
less convoluted than in the C. brevicorne complex. The genomic data
unambiguously reveal two allopatric, deep phylogenomic lineages, one
with samples from northern Madagascar and one with samples from the
Northern Central East. These lineages are also highly divergent in
mtDNA where the northernmost population from Sorata even forms its
own lineage. With K = 2, the STRUCTURE analysis neatly identified two
unique main populations with little to no signature of admixture (pop-
ulation 1: MA1 1; population 2: MA2 + MA3) (Fig. 6). The maximum
number of clusters without ghost lineages was K = 4, with two clusters
within MA1 and two within MA2 + MAS3, in both cases with indications
of admixture over wide geographic gradients of approximately 95 km
(from Sorata to Marojejy) and 280 km (from Marotandrano to Mar-
omizaha). MSC-based lineage delimitation with BPP, independent from
the prior settings suggested three separate subsets (MA1, MA2, MA3)
with posterior probability of 1.0. Also, the haplotype networks for three
Sanger-sequenced nuclear-encoded protein-coding gene fragments
placed the C. malthe clade separate from the C. brevicorne clade, and
showed no haplotype sharing between samples assigned to MA1 vs.
MA2 + MA3 (Supplementary Fig. S4).

Morphological data overall supported these molecular results. Spe-
cifically, as detailed in the Diagnosis section below, males of MA2 +
MA3 have, in comparison to MA1, a significantly lower number of scales
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Fig. 6. Assignment of samples of the C. malthe clade to clusters inferred by Bayesian clustering analysis with STRUCTURE. The tree on the left shows relationships
among individuals as in the phylogenomic tree in Fig. 3. Barplots show assignment results for K = 2 (5,212 SNPs). See Fig. 3 for results of a structure analysis with K
= 4. The barplot marked with BPP indicates the results of a lineage delimitation analysis under the multispecies coalescent, with priors on population size (0) and
divergence time (t) alternative set to 0.002, 0.0005, and 0.02 (all three analysis supported the same partition). Map on the right shows geographical occurrence of the

samples included in the analysis.

on the occipital lobes (Table S1), as well as differences in numbers and
periodicity of gular and dorsal spines. A more fine-scale comparison
between MA2 and MA3 (which BPP resolved as two separate species
hypotheses) is hampered by the lack of material (only a single male
voucher specimen available for MA3). Based on unambiguous concor-
dance of molecular and morphological data we can however conclude
that the northern populations of C. malthe represent a distinct species,
which we formally describe herein based on specimens of lineage MA2.
The Sorata population (MA3) is provisionally assigned to this new spe-
cies as well but requires future investigation once new material becomes
available.

3.7. Conclusions and future directions

Although the supraspecific classification of Calumma species was not
the primary aim of the present study, the results suggest that profound
rearrangements will be necessary to transform the informal phenetic
species groups in the genus into more formal, monophyletic groups. This
will involve the reallocation of C. capuroni, C. cucullatum and C. tsycorne,
clarification of the relationships between the remaining occipital-lobe
chameleons with the C. nasutum group, which itself might also be par-
aphyletic (Tolley et al. 2013), and a revision of the enigmatic taxa
C. peyrierasi and C. vatosoa. Our RADseq-derived data have thus revealed
the limitations of morphological characters to assign species of chame-
leons to natural (monophyletic) groups. The large occipital lobes of
species such as C. brevicorne, C. cucullatum, or C. malthe give them a very
characteristic appearance and including them together in a species
group (Brygoo 1971; Glaw & Vences 1994) seemed an obvious choice,
yet our data confirm their non-monophyly (probably polyphyly) already
indicated by Tolley et al. (2013).

In the C. brevicorne clade, inclusion of additional samples of
C. hafahafa will allow verification of the status of this morphologically
distinctive (Raxworthy & Nussbaum 2006) species for which we here
had only a single sample (Fig. 2) and which probably for this reason was
not unambiguously identified as separate genetic cluster by STRUC-
TURE (Fig. 3). The clade also includes various examples of putatively
rather young speciation events, such as C. jejy and C. peltierorum which
are morphologically highly divergent (e.g., no rostral projection in male
C. jejy, different color pattern; Fig. 1) but were not separated into
distinct genetic clusters. More in-depth analysis of these two species,
with additional samples, especially of the local montane endemic C. jejy

(only known from high elevations of the Marojejy Massif), could shed
more light on the evolutionary processes that promoted recent diver-
gence between these two species. Additionally, a denser geographic
sampling from across of the C. brevicorne complex is needed to delimit
species within the complex and reliably assign the nomina brevicorne,
crypticum, and gularis.

Chameleons are highly visual animals and their species-specific
phenotypic characters likely play a role in sexual selection (e.g.,
Parcher 1974; Karsten et al. 2009a, 2009b; Van Kleeck-Hann & Wiens
2023; Glaw et al. 2025). Furthermore, many species also differ
conspicuously in genital morphology (Klaver & Bohme 1986), where
some differences have also been described between occipital-lobed
species such as C. brevicorne and C. malthe (Brygoo 1971). Examples
such as the morphologically distinct sister species C. jejy and
C. peltierorum, connected by rather shallow branches in the molecular
trees, illustrate that phenotypic evolution can proceed at a fast pace in
chameleons, probably driven at least partly by sexual selection. Under
the assumption that sexual isolation might be the strongest barrier to
gene flow for sympatric species (Shaw et al. 2024), it could thus be
expected that hybridization is rare in chameleons. The multiple in-
stances of mito-nuclear discordance detected by our study, some of
which very probably represent ancestral mitochondrial capture, indicate
that contrary to these expectations, at least some groups of chameleons
may be characterized by complex evolutionary trajectories involving
recurrent events of isolation and admixture. Future studies involving
whole-genome sequencing, together with detailed quantification of
phenotypic characters and sexual dimorphism across populations and
species may reveal more in-depth insights into the evolutionary pro-
cesses underlying phenotypic and genomic evolution as well as species
formation of chameleons.

3.8. Taxonomy

The possibility of a separate taxonomic status of specimens from
northern Madagascar (Marojejy, Tsaratanana) assigned to C. malthe was
already considered by Brygoo (1978) who also cited unpublished ob-
servations by G. Ramanantsoa in support of this hypothesis. Our new
data, with a clear concordance between phylogenomic and morpho-
logical evidence, support the status of the northern populations (Fig. 6)
as distinct species. As C. malthe does not contain any junior synonyms
which could be considered as available earlier names for the northern
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lineage, in the following we formally name and describe the northern
lineage as a new species. A more detailed description, including full
details of paratypes and a description of the holotype is found in the
supplementary materials.

4. Calumma krystalae sp. nov.

LSID: urn:lsid:zoobank.org:act:869550E6-5F33-4704-9520-5B2220
BE25E3.

Holotype. ZSM 71/2005 (field number ZCMV 2038), adult male,
collected by F. Glaw, M. Vences and R.D. Randrianiaina on 16 February
2005 at Marojejy National Park, Camp 3 “Simpona” (geographical co-
ordinates 14.43665°S, 49.74335°E, 1,326 m a.s.l.), north-eastern
Madagascar.

Paratypes. Eleven specimens, comprising eight males and three
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females: ZSM 1833/2010, 512-516/2014, 443/2016, 1704-1705/
2012, 31-32/2016. (for full details, see SI).

Diagnosis. A relatively large Calumma assigned to the phenetic
cucullatum group based on presence of long, bony rostral projection in
males, large occipital lobes, and hemipenes with regular calyces
extending down much of the truncus and absence of spines. Within the
group, adult males can be distinguished from C. cucullatum, C. jejy and
C. tsaratananense by presence of a distinct unpaired rostral projection
(vs. absence); from C. tsaratananense, C. jejy, C. hilleniusi, and
C. peltierorum by a poorly developed gular crest with relatively short
spines (vs. more strongly developed); from the C. brevicorne complex and
C. amber by occipital lobes separated behind the occiput by only a small
notch (vs. large notch); from most species, including C. peltierorum and
the C. brevicorne complex, by a larger number of scales on occipital lobes
(at least 160, often > 200, vs. usually < 160) and enlarged scales on

Fig. 7. Photos in life of male specimens of (A-E, G) Calumma krystalae sp. nov. and (H-L) C. malthe, and (F) one female specimen of C. krystalae sp. nov., illustrating
the main morphological diagnostic differences between the two species. C. krystalae sp. nov.: (A) holotype ZSM 71/2005 from Marojejy; (B) specimen from Marojejy;
(C, G) specimen from Sorata; (D) ZCMV 15202 from Marojejy; (E) uncollected male from Ampotsidy; (F) female MSZC 115 from Ampotsidy; C. malthe: (H, K, L)
precise locality unknown; (I) Tsinjoarivo, (J) Maromizaha. Note uniformly sized spines in dorsal crest in the new species (vs. periodicity in size), and enlarged scales

on occipital lobes (vs. scales all of similar size). All photographs by the authors.
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occipital lobes smaller (their maximum size usually < 25% of eye
diameter vs. usually > 25%). The new species is morphologically most
similar to its sister species, C. malthe, but differs by a lower number of
scales on occipital lobes in most specimens (160-245 vs. 209-441; dif-
ference significant in Mann-Whitney U test, P < 0.001), presence of 6-15
enlarged scales on occipital lobes (their maximum diameter 19-31% of
eye diameter, vs. 16-20%), 5-11 spines or spine-like tubercles in gular
crest (vs. 1-2); regular arrangement of more or less equally sized dorsal
spines (vs. a periodicity with a large spine followed by ca. 5 smaller
spines); rostral crest and rostral projection unpigmented, fluorescent
under UV light (vs. pigmented with similar color as the remaining sur-
face of head). Based on the limited available data, many of these dif-
ferences to C. malthe also apply to comparisons between females (e.g.,
size of occipital lobe scales, color of occipital lobes, pigmentation of
rostral crest), but may be less obvious.

Description of the holotype. Adult male (Fig. 7A; Fig. S5) with fully
everted hemipenes (Fig. S6), in good condition, intact except that a little
piece of tongue tissue was removed as tissue sample; SVL 115 mm; tail
153 mm; axilla-groin distance 60.7 mm; horizontal eye diameter 8.5
mm. For full description, see SI. For variation in morphological char-
acters of paratypes, see Table S1 with measurements of scale counts.

Etymology. We dedicate this new species of chameleon to Krystal
Tolley, Red List Authority Coordinator for the IUCN Species Survival
Commission Chameleon Specialist Group, in recognition of her work on
chameleon systematics and conservation. The species epithet is a femi-
nine genitive singular.

Distribution. Taking into account records confirmed by molecular
data, the species is known from various high-elevational rainforest sites
in northern Madagascar, ranging between 1,280-1,638 m a.s.l.: (1) the
type locality Marojejy, (2) the Sorata Massif, (3) the Tsaratanana Massif,
(4) Andrevorevo, (5) Bemanevika, (6) Ampotsidy.

Natural History. A rainforest-dwelling species. At Ampotsidy, speci-
mens found at night were roosting on lianas or branches 0.5-2 m above
the ground. The species was moderately commonly encountered there,
and occurs syntopically with at least four other Calumma species
(C. peltierorum, C. ratnasariae, C. gehringi, C. guillaumeti). Elsewhere, it
occurs syntopically with other assemblages of Calumma. Most or all
specimens observed at Marojejy and Sorata were found at night roosting
in the vegetation. In Marojejy (around Camp Simpona), one subadult
individual (UADBA-FGZC 7348, not yet studied genetically) was found
at night close to a river on 27 March 2025. Other species around this
locality were C. guillaumeti, C. uetzi and juveniles of C. cf. parsonii.
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