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Figure 6. Representative specimens and colour variation of Uroplatus sikorae of the mitochondrial clade U. sikorae NCE/NE. (A, B) In-
dividuals of the Makira population (mitochondrial lineage sik5); (C-E) individuals from Ampotsidy (sik6); (F-H) individuals of the
Marojejy population (sik5). (I, J) individual from Tsararano; (K, L) individuals of the Ambolopatrika population. Tsararano and Am-
bolopatrika are located between the Anjanaharibe-Sud and Marojejy massifs. Photos I-L: F. ANDREONE; other photos by the authors.
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Figure 7. Representative specimens and colour variation of Uroplatus sikorae of the mitochondrial clade U. sikorae NCE/NE, lineage
sik7. (A, B, D, E, G) Individuals of the Andasibe-Analamazaotra population; (C) female from Anjozorobe; (F) female of the Maro-
mizaha population, a rainforest fragment close to Andasibe. Photos A, G: A. HARTIG; F: F. ANDREONE; other photos by the authors.
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Figure 8. Representative specimens and colour variation of Uroplatus sikorae of the mitochondrial clade U. sikorae N. (A-G) Indi-
viduals of the Montagne dAmbre population (sik9); (H-J) individuals of the Tsaratanana population (sik11); (K, L) individuals from
Sorata; (M) individual from Andrafainkona. Photos B, E: A. HARTIG; C: T. ALTHAUS; J: E. ANDREONE; other photos by the authors.
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Figure 9. Representative specimens and colour variation of Uroplatus sameiti. (A, B, D) Individuals from Vohibola; (C, E) individuals
of the Sahafina population (mitochondrial lineage sam14); (F, J) individual from Nosy Mangabe; (G-I) individuals of the population
from the type locality Nosy Boraha (sam13); (K) individual from Ambodiriana (sam13). All photos by the authors.

173



PHILIP-SEBASTIAN GEHRING et al.

2012, VENCES et al. 2014, GRBIC et al. 2015). In Uroplatus,
the majority of recent molecular studies dealt with small-
sized species which often are range-restricted; however,
the large-sized U. giganteus and, to a lesser degree, U. fim-
briatus do show substantial mitochondrial differentiation
across their range (GEHRING et al. 2018). The two wide-
spread species of small-sized leaf-tailed geckos (U. ebenaui
and U. phantasticus) are equally subdivided into various
deeply divergent lineages, at least from a mitochondri-
al perspective (RATSOAVINA et al. 2012, 2019b). Still, the
number of 12 deep mitochondrial lineages in U. sikorae
represents an exceptional amount of genetic variation
even in Madagascar’s herpetofauna, and it is not straight-
forward to find an explanation for this pattern. Among
possible factors, it would be worthwhile to investigate in
depth (i) the detailed pattern of exceptionally high mito-
chondrial substitution rates in geckos, and in particular
in Uroplatus, i.e., by quantifying these substitution rates
at different genes and codon positions as well as satura-
tion levels of mitochondrial divergences in comparison to
other animals; (ii) the possibility of low effective popula-
tion sizes in Uroplatus, which in combination with repeat-
ed bottlenecks could lead to high substitution rates and
high phylogeographic fragmentation; (iii) the possibility
of small individual home ranges and high site fidelity of
Uroplatus which also could contribute to phylogeograph-
ic fragmentation; and (iv) possible range fragmentations
and habitat contractions of Uroplatus during past episodes
of climate change, given that these geckos are strictly de-
pendent on rainforest which may have experienced phas-
es of contraction over the Pleistocene (e.g., WILME et al.
2006).

Range sizes in Madagascar’s reptiles decrease with body
size (BROWN et al. 2016), and the microendemism observed
in the Uroplatus ebenaui group has been hypothesized to
be related to their smaller size (RATSOAVINA et al. 2020a).
Such an explanation cannot be put forward for the U. siko-
rae complex, which is composed of relatively large-sized
geckos, and alternative explanations are therefore required
to understand their strong phylogeographic structure. One
key might be their elevational occurrence. In fact, from a
visual exploration of the distributional information, it ap-
pears that the lowland lineages sami13 and sam14, belong-
ing to U. sameiti, have colonized a wider area of Madagas-
car’s eastern coast than any of the U. sikorae lineages that
all occur at higher elevation. Also the two species of the
U. fimbriatus complex, with a less pronounced phylogeo-
graphic structure (RAXWORTHY et al. 2008, GEHRING et
al. 2018), occur mostly at lower elevation. If such a trend
would be confirmed by a meta-analysis relating range size
to elevation in Madagascar’s rainforest biota, it could be an
indication that low-elevation rainforests would have been
less impacted by long-term fragmentation during past cli-
mate fluctuations than those at mid- and high-elevations
— despite such a scenario being counter-intuitive in light of
the riverine barrier mechanism which postulates that riv-
ers constitute stronger barriers to gene flow in the lowlands
where they are wider (e.g., GEHRING et al. 2012).

174

The mitochondrial phylogenetic analysis itself is ham-
pered by the large inventory of distinct lineages in the
U. sikorae complex (which might not even be complete yet,
as several areas have not been intensively sampled). There-
fore, it is challenging to subdivide the puzzling diversity
of lineages into larger clades and infer their evolutionary
and biogeographic history. Our efforts to complement the
12S and ND4 sampling of RATSOAVINA et al. (2013) with a
third gene fragment (16S) for representatives of almost all
lineages led to an improvement of phylogenetic resolution,
suggesting that an extended gene sampling might be able
to fully resolve the phylogenetic tree of these geckos - at
least from a mitochondrial perspective. Our tree (Fig. 1)
resolves two main clades of U. sikorae with substantial sup-
port, one that groups the southernmost lineages (the SCE/
SE clade; with unpigmented oral mucosa) and one that
groups the northernmost lineages (the N clade), support-
ing a pattern of geographical differentiation. However, the
third U. sikorae clade (NCE/NE) is not adequately support-
ed in our analysis. It is obvious that the available data are
insuflicient to conclusively fully resolve the relationships
among lineages in the U. sikorae complex. Furthermore it
is uncertain to which extent the mitochondrial signal may
be blurred by introgressive hybridization or the presence
of “ghost lineages” differentiated in their mitochondrial
but not nuclear genome. Phylogenomic and population
genomic data set will be necessary both for improved phy-
logenetic resolution and species delimitation, especially
by targeted sampling of contact/hybrid zones among line-
ages to understand the extent of genome-wide admixture
among them (e.g., DUFRESNES et al. 2021).

Do any of the lineages or major geographical clades
of U. sikorae or U. sameiti represent distinct, scientifical-
ly unnamed species? Our data do not provide unambig-
uous support for this hypothesis. In no case did we find
evidence for two mitochondrial lineages occurring syn-
topically which - in combination with lack of admixture
in nuclear-encoded genes or morphological differences -
could provide strong evidence for the existence of at least
two separated evolutionary lineages using the biological
species criterion. The two nuclear genes analyzed, further-
more, did not provide a fully concordant signal with the
mitochondrial tree, and neither the two currently accept-
ed species (U. sameiti and U. sikorae) nor any of the ma-
jor geographical clades belonged to separate phylogroups
without haplotype sharing in the SACS network (Fig. 2).
In the KIAA1239 network, no haplotype sharing among
lineages was observed, but again the haplotypes did not
form coherent phylogroups and the number of individu-
als sequenced per lineage was relatively low. In addition,
we did not find any morphological character unambigu-
ously diagnostic for any species, geographical clade, or lin-
eage; the sole informative character identified, black pig-
mentation of the oral mucosa, characterizes specimens of
U. sikorae from the NCE/NE and N clades which may not
be each other’s closest relatives according to the mitochon-
drial tree; and the absence of pigmentation is shared by
U. sameiti and U. sikorae SCE/SE.
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Our data are of importance to guide future studies of
morphological differentiation in the U. sikorae complex
which should focus on identifying combinations of mor-
phological and perhaps osteological characters to differ-
entiate the main genetic lineages. Importantly, individuals
from different geographical areas should not be uncriti-
cally combined in any comparison, and a reference to the
mitochondrial clades identified herein should be included.
From our screening and the data presented by BOHME &
IB1SCH (1990), it is unlikely that diagnostic characters in ex-
ternal colour pattern exist, and the probable sexual dimor-
phism in the occurrence of longitudinal stripes is probably
a common pattern of various large-sized leaf-tailed geckos.
This has also been documented in U. henkeli where this pat-
tern occurred in males only (FOLEY & PFAFF 2005). Con-
sidering our experience with other morphologically cryp-
tic geckos in Madagascar (e.g., Lygodactylus; VENCES et al.
2022b), counts of the tubercular scales along the body axis
(dorsal and ventral) may be informative to distinguish be-
tween species, but their counting is very time-consuming.
Large-sized Uroplatus are the squamates — and possibly the
amniotes — with the largest number of teeth (BAUER & Rus-
SELL 1989), and we anticipate that tooth number might be
a taxonomically valuable character also within the U. siko-
rae complex. Of particular interest is the hemipenial struc-
ture which - providing information on sexual selection - is
a prime taxonomic character in squamates (BOHME 1988,
PapIAL et al. 2010). A more comprehensive analysis of sex-
ually mature male specimens of the U. sikorae complex, of
reliably known geographical provenance genetically as-
signed to lineages, and with fully everted hemipenes (cur-
rently not available to us), is needed to assess whether dif-
ferences in genital structures - even if subtle — may exist
among lineages and species of this complex.

Two mitochondrial lineages within U. sameiti are par-
ticularly enigmatic and worthy of future taxonomic revi-
sion: sam15 and sam16. Only a single sample of sam16 from
Analalava was sequenced by RAXWORTHY et al. (2008) for
which neither 16S or ND4 sequences nor any morphologi-
cal information is available. For samis, four samples from
Zahamena were sequenced for ND4 by RATSOAVINA et al.
(2013) and, independently, one sample from the same lo-
cality for 125 and other genes by RAXWORTHY et al. (2008).
We here added ND4 for two additional samples, and 12S
and 16S sequences for several of our Zahamena samples,
which allowed us to confirm that the sequences of Rax-
WORTHY et al. (2008) and RATSOAVINA et al. (2013) refer to
the same mitochondrial lineage. This population is geneti-
cally highly divergent (16S distance >8% to all other sam-
ples in the U. sikorae complex) and its placement sister to
U. sameiti sam13/sam14 received no statistical support. This
deep lineage (possibly along with the one from Analalava
in the north) may well represent a new species of leaf-tailed
gecko, but since we had neither life photos nor voucher
specimens available for examination, its status cannot be
reliably assessed. Strikingly, also in the U. ebenaui group of
small-sized leaf tail geckos, Zahamena harbors an appar-
ently microendemic and genetically highly distinct candi-

date species (U. ebenaui [Ca1o]). In general, the herpeto-
fauna of Zahamena National Park (GoODMAN et al. 2018)
is among the taxonomically least explored amphibian and
reptile communities of Madagascar and definitely requires
future inventory work, of leaf tail geckos as well as other
taxa.

It is striking how poorly known the taxonomy as well as
the natural history of the large-sized species of leaf tailed
geckos is, considering the high value of these animals as
flagship species for ecotourism and nature conservation in
Madagascar (e.g., WOLLENBERG et al. 2011): Most data on
the natural history and reproduction of Uroplatus available
to date derive from captive observations (as summarized
by GEHRING 2020), and to our knowledge no dedicated
long term field study focusing on these aspects has been
carried out on any Uroplatus. Despite the past and present
importance of Uroplatus in the pet trade (e.g., RAXWORTHY
& NussBaUM 2000, ToDD 2011), not even thorough popu-
lation density data based on mark-recapture experiments
have been published for most species (except transect den-
sity estimates for U. giganteus: INGADY 2011).

Due to this complex taxonomic situation within the
U. sikorae complex, information regarding the conserva-
tion status of U. sameiti and U. sikorae must be considered
preliminary and should be urgently re-assessed within the
IUCN Red List framework. The current distribution range
for U. sameiti for instance is given with an area of 52,955 km?
of lowland areas along Madagascar’s east coast, therefore,
the species is currently listed as “Least Concern” by the
IUCN (RATSOAVINA et al. 2020b). However, the assess-
ment also lists all distribution points of the U. sikorae SCE/S
clades, since genetic information was not yet available at the
time of the assessment and all populations with an unpig-
mented oral mucosa were identified as U. sameiti. Based on
our new findings, it must be assumed that the actual size
of the assumed distribution range for U. sameiti is there-
fore only about half as large, and especially the lowland and
coastal forests of Madagascar’s east coast that are under im-
mense pressure of deforestation and fragmentation of habi-
tat. Nevertheless, U. sameiti still occurs in numerous pro-
tected areas (e.g. Vohimana, Betampona, Nosy Mangabe,
Ambodiriana, Masoala), so it can be assumed that there is
no immediate threat of extinction to the species.

Currently, a distribution area of 77,103 km? is given for
U. sikorae in the Red List database and the species is there-
fore considered as “Least Concern” by the IUCN (RaTso-
AVINA et al. 2011b). Recorded localities of the species as
currently defined include some protected areas such as
Analamazaotra, Mantadia, Maromizaha and Anjozorobe.
Again, the problem is that the assessment arose before
the remarkable genetic diversity in the complex was rec-
ognized, and it is currently still questionable whether the
genetic differentiation will lead to further splitting of the
species after further investigation. If, after thorough taxo-
nomic reassessment, U. sikorae sensu lato is split into mul-
tiple species, these will necessarily have smaller ranges
than the complex as a whole, and may therefore be threat-
ened under the range-related Criterion B of the IUCN Red
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List Categories and Criteria (IUCN, 2012). Treatment of a
species complex with multiple, known potential species-
level lineages as Least Concern could result in extinction
of species going unnoticed, and on this grounds it has been
argued that such species complexes should be assessed as
Data Deficient, with emphasis on the need for a compre-
hensive taxonomic revision before an accurate threat sta-
tus assessment can be made (SCHERZ et al. 2019). However,
due to the puzzling taxonomic situation of U. sikorae de-
spite the extensive data presented in this paper, we here re-
frain from an IUCN threat status suggestion.

The correct identification of species to be exported by
the authorities” officials for the pet trade is another prob-
lem. Between 2005 and 2019, annually 1,500-2,000 in-
dividuals of U. sikorae were released for export (UNEP-
WCM 2015) and 1,391 individuals were exported between
2019 and 2022 (October) (CITES Trade Database 2022).
In the years 2014 and 2015, 500 individuals of U. sameiti
were respectively released for export by Malagasy author-
ities (UNEP-WCM 2015). Between 2019 and 2022 (Octo-
ber) 498 individuals were exported (CITES Trade Database
2022). In many cases it is hardly possible for the authorities
and breeders to discriminate between U. sikorae and its sis-
ter taxon U. sameiti, and differentiating among genetic lin-
eages is completely impossible without precise information
on collection site; avoiding unintentional cross-breeding
among these lineages is therefore a big challenge.

According to the data presented herein, populations of
the U. sikorae complex from almost every remaining rain-
forest block in Madagascar show substantial genetic diver-
gence. Even if this may not be indicative of cryptic taxo-
nomically-relevant diversity, it still exemplifies how further
loss of primary rainforest habitat in Madagascar will inevi-
tably lead to a loss of hitherto unknown and undescribed
species and intraspecific genetic diversity, and calls for cau-
tion when assembling captive populations for conservation
breeding from specimens of unknown provenance.
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