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Abstract

The area around the Malagasy village of Andasibe, which includes Analamazaotra-Mantadia National Park as well as
other protected areas, is characterized by very species-rich and well-studied communities of animals and plants, but new
species are still regularly discovered. Three species of phytotelmic frogs of the subgenus Pandanusicola in the genus
Guibemantis are known from this area, G. flavobrunneus, G. liber, and G. pulcher. Further Pandanusicola frogs from this
area have been provisionally assigned to G. bicalcaratus or G. albolineatus, pending detailed taxonomic review. During
preliminary exploration of the ecology of these specialized frogs that live and reproduce in the leaf axils of Pandanus screw
pines, we noticed the syntopic presence of two differently colored and differently sized Pandanusicola in Andasibe that
could not be unambiguously assigned to any known species. A genetic screening revealed that these correspond to yet two
further species in the area. Based on our data, seven species of Pandanusicola occur in Andasibe and nearby forests: (1)
G. liber, the only non-phytotelmic species of the subgenus in the region; (2) G. flavobrunneus which is the largest species
and characterized by a diagnostic yellowish brown dorsal pattern; (3) G. pulcher, characterized by translucent-green color
with purplish brown spotting not observed in any other species in the area; (4) G. methueni, a brownish species usually
lacking contrasted dorsolateral bands that differs from the other species in the area by emitting a characteristic trill-like
advertisement call series (rather than clicks or chirps) and according to our data is widespread along Madagascar’s east
coast; as well as three new species: (5) G. ambakoana sp. nov., a brownish species, typically with contrasted incomplete
light dorsolateral bands and with single click-like advertisement calls; (6) G. vakoa sp. nov., a species that is equally
brownish but lacks contrasted light dorsolateral bands and that has single click-like advertisement calls of very short
duration; and (7) G. rianasoa sp. nov., a species that is smaller sized and has less distinct femoral glands than all the
others, and emits a short series of soft chirp-like advertisement calls. All these species are genetically highly distinct, with
>5% uncorrected pairwise distances in the mitochondrial 16S rRNA gene, and lack of haplotype sharing in two nuclear-
encoded genes. The co-occurrence of seven Pandanusicola frogs in a relatively small geographic area is unprecedented in
Madagascar and calls for in-depth studies of a possible differentiation in habitat use and life history.
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Introduction

The island of Madagascar is exceptionally biodiverse and characterized by a high degree of endemism due to its
longstanding isolation situated about 400 km off the East coast of the African continent (e.g., Crottini et al. 2012).
Its astonishing species richness likely originated from a combination of diversification mechanisms such as the
mountain refuge, riverine barrier and watershed refuge processes (Brown et al. 2014, 2016). Contributing to its
diversity is an impressive number of 412 species of frogs (AmphibiaWeb 2023), of which 408 (all except two
introduced species) are endemic to the island. Unfortunately, destruction of natural vegetation in Madagascar is
ongoing, with 44% of the island’s forests lost between 1953 and 2014 (Vieilledent et al. 2018), and consequently,
much of Madagascar’s biodiversity is threatened.

The area around the village of Andasibe (previously named Périnet) on the eastern slopes of Central Madagascar
is renowned for its extreme species diversity (Lees 1994; Colwell & Lees 2000), including at least 94 species of
amphibians (Vieites et al. 2009). This area is one of the best studied in Madagascar, comprising the Analamazaotra-
Mantadia National Park and various other protected areas. Still, the incredible species richness of the primary and
secondary humid forests in the region continues to yield new discoveries in biodiversity (Goodman 2010), including
amphibians (e.g., Glaw et al. 2021; Miralles et al. 2023).

Among Malagasy frogs of the families Mantellidae and Microhylidae, several species are phytotelmic
specialists, dwelling and reproducing in Pandanus plants and with parent-attended young observed in some
species (Lehtinen 2003; see also an updated list of phytotelm-breeding frogs at https://sites.google.com/site/
phytotelmbreedingfrogsworld/). Commonly known as “screw pines”, Pandanus trees or shrubs are characterized
by long, pointed leaves with lateral spines that radiate outwards from a central point on the stem. Facilitated by
the unique shape of these leaves, many Pandanus species accumulate water in their leaf axils (Guillaumet 1973).
Madagascar is home to 79 endemic species of Pandanus (Callmander et al. 2022), and many water-dependent
animal species live in those Pandanus with phytotelmic leaf axils. Some frog species are considered “Pandanus
obligates”, spending their entire life cycle within the habitat provided by one tree (Lehtinen 2002).

Within Mantellidae, one clade of the genus Guibemantis is classified as the subgenus Pandanusicola (Glaw
& Vences 1994, 2006). The majority of species in this subgenus are Pandanus obligates (Glaw & Vences 2007),
notwithstanding that five Pandanusicola species, G. fotsitenda, G. liber, G. razandry, G. razoky, and G. tasifotsy,
only use Pandanus leaf axils to rest and hide during the day. After an initial assessment by Lehtinen et al. (2007),
it became clear that the genus contained a large amount of undiscovered diversity. Subsequent revisions (Lehtinen
et al. 2012, 2018, Vences et al. 2013, 2023; Bletz et al. 2018; Koppetsch et al. 2023) have brought the total number
of species in the subgenus to 18. Studies of activity (Heinermann et al. 2015), reproductive habits (Lehtinen
2003), larval ecology (Lehtinen 2004), interspecific competition (Lehtinen 2005), longevity (Lehtinen 2009), and
the herpetological species diversity hosted by Pandanus (Lehtinen 2002) have helped to paint a fuller picture of
Pandanus obligate frogs on the whole. However, a substantial number of unconfirmed and confirmed candidate
species in Pandanusicola identified by Lehtinen et al. (2007) and Vieites et al. (2009) have still not been addressed
taxonomically.

Pandanus trees are common in the Andasibe area, and Pandanusicola frogs are long known from this part
of Madagascar. Blommers-Schldsser (1975) first observed the unique mating behavior of mantellines, without
amplexus, in G. liber at Andasibe. She later also recorded G. pulcher from Andasibe, and described a new species,
G. flavobrunneus, from this site (Blommers-Schlésser 1979). Besides these relatively distinct species, subsequent
work reported additional Pandanusicola from Andasibe that were tentatively assigned to G. bicalcaratus or G.
albolineatus (e.g., Glaw & Vences 1994) and later considered as candidate species (e.g., Vieites et al. 2009).
However, an in-depth revision of these frogs in the Andasibe region is so far missing, and almost nothing is known
about their biology, given that the majority of the natural and life history studies available to date (e.g., Lehtinen
2002, 2003, 2005, 2009) refer to Pandanusicola species from the South East of Madagascar.

During preliminary exploration of the ecology of these frogs, we noticed the syntopic presence of two differently
colored and differently sized Pandanusicola frogs in Andasibe that did not fully match any of the nominal species
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in morphology and coloration. This motivated us to undertake focused collections and a comprehensive genetic
screening of all Guibemantis samples available to us. As a result, the existence of four additional species of
Guibemantis in the Andasibe area was revealed, of which one represented a range extension of an existing species
(G. methueni) and three turned out to be new to science. Here, we report these observations and formally name and
describe the three new species.

Material and Methods
Sampling

A survey of Pandanus obligate frogs was conducted by HG at various sites near Andasibe from 19 April to 1 May
2022, including Analamazaotra Forest Station (= “Mitsinjo Park™), and Mantadia National Park. Data were col-
lected on a tree-by-tree basis, with 253 individual Pandanus trees examined, snout-vent length recorded for frogs
captured, and photos of dorsal and ventral views taken from selected individuals. Given the observation of various
syntopically occurring and morphologically distinct unknown Guibemantis species, additional collecting work was
carried out during 14-15 June 2022 by AR and 17-18 November 2022 by MV, SR, and PG.

In addition to the fieldwork conducted in 2022, voucher specimens and tissue samples used for this study
were collected during other field surveys between 2000-2021. Frogs were caught by specifically searching in
Pandanus plants, mostly during the day. Voucher specimens were anesthetized by immersion in MS222 solution
and subsequently euthanized with an overdose of the same substance. We then immediately took a tissue sample of
each specimen for molecular analysis, typically a part of the thigh muscle, and stored it in a 1.5 ml vial with pure
ethanol. Subsequently, the specimens were fixed in 95% ethanol and preserved in 70% ethanol, and deposited in
the following collections: Université d’Antananarivo, Département de Biologie Animale (UADBA), Zoological
Museum Amsterdam (ZMA,; collections now in Naturalis, Leiden), and Zoologische Staatssammlung Minchen
(ZSM). We use DRV, FGZC, FGMYV, ZCMV, PSH and THC to refer to the field numbers of D. R. Vieites, F.
Glaw and M. Vences, P.-S. Gehring, and T. R. Fulgence, respectively. A full list of all field numbers and museum
catalogue numbers, as well as sequences and sequence accession numbers, is available as Excel and tab-delimited
table from the Zenodo repository under DOI 10.5281/zenodo.10028230. The majority of the vouchers deposited in
UADBA have not yet been catalogued in that collection, and they are therefore referenced by their respective field
numbers.

Morphology

The following measurements were taken by MV from preserved voucher specimens using a manual caliper at an
accuracy of 0.1 millimeter: snout—vent length (SVL); maximum head width (HW); head length from tip of snout to
posterior edge of snout opening (HL); horizontal tympanum diameter (TD); horizontal eye diameter (ED); distance
between anterior edge of eye and nostril (END); distance between nostril and tip of snout (NSD); distance between
both nostrils (NND); forelimb length, from limb insertion to tip of longest finger (FORL); hand length, from base of
the palm to the tip of the longest finger (HAL); hind limb length, from the cloaca to the tip of the longest toe (HIL);
foot length (FOL); foot length including tarsus (FOTL); and tibia length (TIBL), FGL (maximum length of femo-
ral gland along axis of shank), FGW (maximum femoral gland width). Geographical regions within Madagascar
are named according to Boumans et al. (2007). Femoral glands are classified according to Glaw et al. (2000) and
Vences et al. (2007).

Bioacoustics

We recorded vocalizations in the field over the years using different types of tape recorders (Tensai RCR-3222,
Sony WM-D6C) with external microphones (Sennheiser Me-80, Vivanco EM 238), and with digital recorders with
built-in microphones (Edirol R-09, Tascam DR 05x). Recordings were sampled or re-sampled at 22.05 kHz and
32-bit resolution and analyzed using the software Cool Edit Pro 2.0. We obtained frequency information through
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Fast Fourier Transformation (FFT; width 1024 points) at Hanning window function. Spectrograms were produced at
Blackman window function with 256 bands resolution. Sensitive filtering was used to remove background sounds,
applied only to frequencies outside the prevalent bandwidths of calls. Temporal measurements are summarized as
range with mean * standard deviation in parentheses. Terminology and methods in call analyses and descriptions
follow the recommendations and call-centered terminological scheme of Kohler et al. (2017), as also applied by
Koppetsch et al. (2023) for calls of the Guibemantis liber species complex. Call recordings were deposited at the
Zenodo repository (DOI: 10.5281/zenodo.10028230).

Molecular genetics

For molecular analyses, we extracted DNA from ethanol-preserved tissue samples using a standard salt extraction
protocol (Bruford et al. 1992). To obtain an overview of the puzzling genetic variation in Guibemantis, we used a
fragment of the mitochondrial 16S rRNA gene (16S) used previously for molecular taxonomy of Malagasy frogs
(e.g., Vieites et al. 2009), spanning about half of the gene at its 3’ terminal portion. From new samples, the 16S
fragment was amplified with primers 16SAL (5’-CGCCTGTTTATCAAAAACAT-3") and 16SBH-new: (5’-CCT-
GGATTACTCCGGTCTGA-3’), modified from Palumbi et al. (1991), with the following cycling protocol: 94°C
(90s), [94°C (45s), 55°C(45s), 72°C (90s) x 33], 72°C (300s). The new sequences were complemented by all reli-
ably identified sequences of this gene fragment for Guibemantis that could be retrieved from GenBank.

In addition to 16S, we sequenced two fragments of nuclear-encoded protein-coding genes from the focal lineages
and morphologically similar or phylogenetically related species. This included a fragment of the recombination
activating gene 1 (RAG-1), using primers Gephlut-RAG1-F1 (5'-ATGGAGAGCCAACCCCTATC-3’) and
Gephlut-RAG1-R1 (5’-KCCAGACTCGTTTCCTTCRC-3’), and the sequencing primer RAG1-Manti-Seql
(5’-GCAAAGCCVTTTATTGAAACC-3"), with cycling protocol: 94°C (120s), [94°C (20s), 54°C (50s), 72°C
(180s) x 39], 72°C (600s) (Vences et al. 2021a); and a fragment of sacsin (SACS), amplified with a nested PCR
approach following Shen et al. (2012) using external primers SACSF2 (5’-AAYATHACNAAYGCNTGYTAYAA-
3’) and SACSR2 (5'-GCRAARTGNCCRTTNACRTGRAA-3’) and internal primers SACSNF2 (5°-
TGYTAYAAYGAYTGYCCNTGGAT-3") and SACSNR2 (5’-CKGTGRGGYTTYTTRTARTTRTG-3’) and with
cycling protocol for both PCRs: 94°C(240s), [94°C (45s), 45°C (40s), 72°C (120s)] x 45, 72°C (600s).

PCR products were purified with Exonuclease | and Shrimp Alkaline Phosphatase digestion and sent for
sequencing on automated DNA sequencers to LGC Genomics (Berlin). Chromatograms were checked and
corrected for obvious errors with CodonCode Aligner 3.7.1 (Codon Code Corporation, Dedham, MA, USA). All
newly obtained sequences were submitted to GenBank and are available under the following accession numbers:
OR689491-0OR689554 and OR689922—-0OR690024.

16S sequences were aligned with MAFFT v. 7.222 (Katoh & Standley 2013) as implemented in iTaxoTools
(Vences et al. 2022), and a phylogeny inferred with RAXML (Stamatakis 2014) using raxmIGUI v. 2.0 (Edler et al.
2021) under the Maximum Likelihood (ML) optimality criterion, after selecting the most appropriate substitution
model based on the Bayesian Information Criterion in MEGAY. Node support was assessed with 1000 bootstrap
replicates using the "thorough bootstrap" option.

For lineage delimitation, molecular diagnosis, and calculation of genetic distances, we used a trimmed alignment,
which was prepared using the following criteria: removal of sequences with an excessive number of missing data at
the beginning and end, and trimming of alignment positions at the beginning and end, but maintaining at least one
sequence of each nominal taxon or major lineage a priori recognizable in the ML tree. After MAFFT realignment,
this alignment contained 470 nucleotide positions, with a maximum of 12 missing nucleotides per sequence (except
for the single sequence of G. sp. Cal9 which was maintained in the data set despite having 24 missing nucleotides).
We then submitted this alignment to an initial lineage delimitation ASAP (Puillandre et al. 2021), determination of
diagnostic nucleotide positions (given relative to the full 16S rRNA gene sequence of Mantella madagascariensis;
accession number AB212225) using MolD (Fedosov et al. 2022), and calculation of uncorrected pairwise distances
using Tax12 (Vences et al. 2021b). The alignment file is available from the Zenodo repository under DOI 10.5281/
zenodo.10028230. The MolD analysis provides a robust diagnostic nucleotide combination that represents a small set
of maximally informative molecular character states defining a species in comparison with all included congeners,
and is here presented mainly as a means to formally fulfill the requirements of the Code to present diagnostic
characters (i.e., not just genetic distances) in words.
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We used a network approach for graphically representing the relationship among alleles (haplotypes) of the
RAG-1 and SACS fragments. Sequences of these genes were aligned using the Clustal algorithm implemented
in MEGA7 (Kumar et al. 2016), alleles (haplotypes) inferred with the PHASE algorithm (Stephens et al. 2001)
implemented in the DnaSP software (Version 5.10.3; Librado & Rozas 2009), an ML tree inferred under the Jukes-
Cantor substitution model in MEGA7 (choosing this simple model to avoid overparametrization). This tree together
with the respective alignment was then used as input for Haploviewer (written by G.B. Ewing; http://www.cibiv.
at/~greg/haploviewer), a software that implements the methodological approach of Salzburger et al. (2011).

Rationale for species delimitation

To delimit species, we follow a 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). As lines of evidence supporting this species criterion, we primarily rely on (i) sym-
patric or geographically adjacent occurrence of two lineages without free admixture in mitochondrial and unlinked
nuclear loci (i.e., genealogical concordance; Avise & Ball 1990) which strongly suggests the absence of hybridiza-
tion or very narrow hybrid zones and thus distinct species (e.g., Dufresnes et al. 2021; Pyron et al. 2023); (ii) differ-
ences in advertisement calls, particularly in general call structure and mostly static characters such as note duration
(Kahler et al. 2017). We furthermore rely on phylogenetic position, considering lineages placed distant from each
other in the multigene Guibemantis tree of Koppetsch et al. (2023) and thus not constituting sister lineages, to most
likely represent distinct species. The rationale outlined above thus implies that the delimitation and formal naming
of species does not necessitate morphological divergence, which aligns with evidence for the existence of truly
cryptic species in other taxa (Jorger & Schrodl 2013; Deli¢ et al. 2017; FiSer et al. 2018; Glaw et al. 2021).

Results
Molecular differentiation and evolutionary relationships of Guibemantis

The ML tree based on the 16S alignment of 545 bp for 368 Guibemantis individuals confirmed the existence of a
large number of mitochondrial lineages within Guibemantis (Fig. 1). The species partition with the best ASAP score
of 4.0 supported as many as 60 species-level subsets within the genus Guibemantis, while other suggested species
partitions contained 35-61 subsets. A graph with the ten selected species partitions is available at DOI 10.5281/ze-
nodo.10028230. All nominal species as well as numerous other candidate species were supported in one or several
of these partitions, and many were subdivided into additional smaller units. To avoid taxonomic over-splitting, we
followed the recommendations of Puillandre et al. (2021) and modified the information from ASAP 16S-based spe-
cies partitions conservatively, in part based on comprehensive integrative evidence — e.g., in the G. liber complex
where the 16S tree data suggest G. razoky being phylogenetically nested within G. liber, and G. liber and G. razoky
consisting of various lineages, which is largely contradicted by phylogenomic data (Vences et al. 2023). We thus
attempted to conservatively match ASAP lineages as closely as possible to nominal species and to numbered candi-
date species (Guibemantis sp. Cal to Ca21) according to the scheme established by Vieites et al. (2009) and refined
by Perl et al. (2014). All the focal lineages in the wider Andasibe region were supported by ASAP, confirming their
status as distinct species-level subsets, with some even exhibiting further subdivisions.

Samples from Andasibe and nearby sites (Fig. 2) belonged to seven of these lineages: the two well-defined
species (i) G. pulcher and (ii) G. flavobrunneus; (iii) G. methueni, a species quite common at coastal localities in the
Northern Central East and, according to the mitochondrial data, also occurring at Besariaka south of Moramanga,
and Andasibe; (iv) a lineage corresponding to relatively small-sized and greenish colored specimens from Andasibe,
which is here interpreted as including the previously defined G. sp. Cal4 from Fierenana, and thus referred to under
this name; (v) a lineage of brownish-colored frogs that genetically matches the previously defined G. sp. Ca3 or (=
G. sp. aff. albolineatus) from Andasibe; (vi) a further brownish-colored species not found at Andasibe but occurring
nearby at Besariaka (near Moramanga), Fierenana, Sahafina, and Betampona, which we here assign to the candidate
species G. sp. Ca8 (= G. sp. aff. bicalcaratus "Moramanga"), but noting that in Vieites et al. (2009) a wrong voucher
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number (ZCMV 466) was given for this lineage; and (vii) a further mitochondrial lineage of brown-colored frogs
from Andasibe which had not been detected before, and which we name G. sp. Ca22. In addition, we here coin
the candidate species names G. sp. Ca23 for a genetically highly divergent unconfirmed candidate species (UCS)
from Nosy Boraha; G. sp. Ca24 for a morphologically and genetically confirmed candidate species (CCS) from
Manombo; G. sp. Ca25 for a UCS from the Marojejy Massif; and G. sp. Ca26 for a UCS from Betampona and south
of Maroantsetra with genetic affinities to G. punctatus.

It needs to be emphasized that the main goal of the 16S tree is to illustrate mitochondrial variation within
Guibemantis and to cluster individuals into main lineages, but not to reliably reconstruct deep phylogenetic
relationships within the genus for which longer sequences are necessary (Chan et al. 2022). A more reliable multi-
gene tree of Guibemantis is included in Koppetsch et al. (2023). However, for the focal lineages, the current tree
(Fig. 1) provides evidence that the co-occurring lineages are not each other’s closest relatives. For instance, G. sp.
Call, Ca22 and Ca24 are placed together in a clade, while G. pulcher and G. flavobrunneus are placed together in
another clade, apparently unrelated to the other species occurring at Andasibe.

Pairwise uncorrected distances between and within all species and candidate species of Guibemantis are
summarized in a table available at DOI 10.5281/zenodo.10028230. Distances between nominal species were in all
cases >5%, except for those among the well-established species G. flavobrunneus, G. pulcher, and G. pulcherrimus
that differed by 3.5-4.8%, and G. kathrinae and G. tornieri that differed by 2.4—4.1%. Divergences of candidate
species to nominal species also were >5% (except for 4.8% between G. bicalcaratus and G. sp. Ca24), as were
pairwise distances between candidate species (except for Cal6 vs. Ca24, 3.2%; Ca3 vs. Ca23, 3.9-4.6%; Ca8 vs.
Ca23, 3.1-3.7%, Ca22 vs. Ca24, 4.1%).

Haplotype networks of the two nuclear-encoded gene fragments (RAG-1: 574 bp for 62 samples; SACS: 878
bp for 47 samples; Fig. 3) found extensive haplotype sharing among some of the mitochondrial lineages but distinct
phylogroups without haplotype sharing for others. With respect to the focal lineages, we found that G. sp. Cal4 had
distinct haplogroups in both nuclear-encoded genes, without any haplotype sharing with other lineages and differing
from other haplotypes by a minimum of 3 (SACS) and 6 (RAG-1) mutational steps. On the other hand, frogs that were
placed in the mitochondrial tree in the G. sp. Ca3 and Ca22 lineages, respectively, showed widespread haplotype
sharing with each other both in RAG-1 and SACS; the phylogroup containing samples of these two mitochondrial
lineages also contained G. wattersoni in RAG-1 but not in SACS (for which no G. wattersoni was sequenced). G.
methueni, represented in the haplotype networks by numerous samples from different sites, did not share haplotypes
with any other lineage in SACS, but shared RAG-1 haplotypes with G. bicalcaratus (two haplotypes), G. sp. Ca8
(one haplotype), and G. sp. Ca26 (one haplotype).

Bioacoustics

As Pandanusicola frogs usually call from within the spiny Pandanus plants, it is inherently difficult to observe a
calling individual (i.e., seeing the inflation of its vocal sac during sound emission), and to subsequently catch the
calling male in order to allocate the call recording to a genotyped voucher specimen. Nevertheless, by combining
published data (Blommers-Schldsser 1979; Lehtinen et al. 2011; Vences et al. 2006, 2011) with new data, record-
ings in sufficient quality for comparisons were available from three nominal species (G. annulatus, G. methueni, G.
pulcher), as well as three candidate species G. sp. Ca3, Ca8, Cal4) (Fig. 4). Despite an overall similarity, several
obvious bioacoustic differences are apparent: G. methueni differs from all other species by emitting a short, trill-
like series of calls (Fig. 4D), which we detected in specimens from Ambila-Lemaitso (Blommers-Schldsser 1979),
Ankanin'ny Nofy, and Andasibe. Guibemantis pulcher emits single chirp-like notes of pulsatile character (Fig. 4F)
in rather irregular succession (Vences et al. 2011), similar to G. annulatus, where the calls are however, less pulsatile
(see Lehtinen et al. 2011 for details) and thus somewhat intermediate between clicks and chirps to the human ear.
Guibemantis sp. Cal4 emits a short series of 2—3 pulsatile calls of relatively low intensity (Fig. 4A), with the first
call of a call series being lower in intensity and dominant frequency compared to subsequent calls of the same series.
Guibemantis sp. Ca3 (Fig. 4B) and G. sp. Ca8 (Fig. 4C) emit rather loud click-like calls separated by long intervals
of about 620-2520 ms, with calls of G. sp. Ca8 being shorter in duration (without overlap) compared to those of G.
sp. Ca3 (3-14 vs. 20-93 ms). See Appendix 1, Lehtinen et al. (2011), and Vences et al. (2011) for details. Overall,
the observed call differences between several of the nominal species and candidate lineages are in support of genetic
results and thus substantiate the species status of the respective clades.
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FIGURE 1. Maximum Likelihood tree based on a DNA sequences of a fragment of the mitochondrial 16S rRNA gene
(alignment length 545 bp) for 368 specimens of all species and candidate species of Guibemantis. See Koppetsch et al. (2023)
for a discussion of the mitochondrial non-monophyly of species in the G. liber complex (G. fotsitenda, G. liber, G. razandry,
G. razoky).
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FIGURE 1. (Continued)
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FIGURE 1. (Continued)
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FIGURE 2. Map of Madagascar showing genetically verified locality records of the target species of Guibemantis studied
herein (colors as in Fig. 1). The base map shows vegetation across Madagascar from the Madagascar Vegetation Mapping
Project (Moat & Smith 2007; formerly available at www.vegmad.org). Vegetation is colored as follows: green, humid forest
(rainforest); red, western dry deciduous forest; bluish, western subhumid forest; orange, south western dry spiny forest-thicket;
yellow, tapia forest.
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FIGURE 3. Haplotype networks of phased sequences of fragments of the nuclear-encoded genes for SACS (47 samples for 878
bp) and RAG-1 (62 samples for 574 bp) from the target species plus selected Guibemantis outgroup species. Haplotypes are
colored according to their assignment to lineages in the mitochondrial tree (Fig. 1). Light red (pink) color denotes specimens
for which no mitochondrial sequences were available but which, based on their collecting locality, very likely belong to G.
methueni.
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FIGURE 4. Audiospectrograms and oscillograms of advertisement calls of six species of Guibemantis of the subgenus
Pandanusicola. A, call series (containing 3 calls) of Guibemantis rianasoa sp. nov., recorded on 19 November 2022 at Andasibe.
Recording high-pass filtered at 2000 Hz. B, two calls of Guibemantis ambakoana sp. nov., recorded on 19 November 2022
at Andasibe. Recording high-pass filtered at 1500 Hz. C, three calls of Guibemantis vakoa sp. nov. recorded on 15 February
2004 at Besariaka. Recording band-pass filtered at 1500-9200 Hz. D, call series (containing 5 calls) of Guibemantis methueni
recorded on 8 November 2011 at Andasibe. Recording high-pass filtered at 1000 Hz. E-F, calls of G. annulatus (from Lehtinen
et al. 2011) and G. pulcher (from Vences et al. 2011).
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FIGURE 5. Guibemantis rianasoa sp. nov. (sp. F / Cal4) in life. A-B. Male holotype ZSM ZSM 149/2022 (ZCMV 13705)
from Andasibe VOI forest in dorsolateral and ventral view; C-D. Male paratype ZSM ZSM 148/2022 (ZCMV 13704) in ventral
and dorsolateral view. E. Specimen from Fierenana (ZMA 19347; FGMV 2002.2418) in dorsolateral view.
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Morphological differentiation

During the field survey in April 2022, Pandanusicola specimens were morphologically assigned to distinct groups.
In this survey, G. flavobrunneus was not encountered, and specimens of G. liber and G. pulcher were not considered
for further analysis. The remaining frogs were categorized into two main groups (Figs 6-8). One group consisted of
relatively small-sized specimens with a greenish brown color and variable brown pattern, distinct silvery blotches
on the flanks, and relatively indistinct femoral glands in males (Fig. 8). The other group included larger, brown-col-
ored frogs with interrupted light dorsolateral stripes, rather indistinct or absent silvery flank blotches, and distinct
brown-orange colored femoral glands in males (Fig. 8). Although these individuals were not sampled, subsequent
fieldwork in June and November 2022 yielded additional individuals clearly assignable to these two clusters which
genetically belonged to G. sp. Cal4 (Fig. 5) and G. sp. Ca3 (Fig. 7), respectively. Body size data from the April 2022
field survey specimens indicate statistically significant sexual size dimorphism, with females being larger in G. sp.
Cal4 (male mean 20.1 mm SVL + 1.8 SD, n = 37; female mean 21.1 £ 1.6 SD, n =58; t =-2.792, df = 93, p = 0.006)
and in G. sp. Ca3 (male mean 23.1 mm SVL + 1.4 SD, n = 27; female mean 25.7 + 2.4 SD, n = 51; t =-6.195, df =
76, p <0.001). Further, G. sp. Ca3 individuals were significantly larger than G. sp. Cal4 individuals, on average (t
=12.834, df = 171, p < 0.001). Data from the field also hints to a possible difference in sex ratio in April 2022; sex
ratios were significantly female biased in both species (G. sp. Cal4: 0.627 male/female ratio; X2 = 4.642,df =1, p
=0.031; G. sp. Ca3: 0.529 male/female ratio; X2 = 7.385, df = 1, p = 0.007).

Species delimitation and taxonomic conclusions

As with several other groups of Malagasy frogs, such as the different subgroups of Mantidactylus (Scherz et al.
2019, 2022) and Gephyromantis (Vences et al. 2021a; Miralles et al. 2023), Guibemantis are characterized by a puz-
zling diversity of deeply divergent mitochondrial lineages, not all of which appear to be reflected in nuclear genomic
variation. Nevertheless, the co-occurrence of several of these lineages with distinct morphological and/or bioacous-
tic differences or without admixture in their nuclear genomes (as with G. razandry and G. razoky; Koppetsch et al.
2023) provides clear evidence that they represent distinct species. In the following, we review the species delimita-
tion evidence for the focal lineages of the present study.

First of all, as summarized in the first section of Results above, all nominal species and candidate species of
Guibemantis differ from each other by a minimum of 3% uncorrected pairwise distance (mostly >5%), a value that
in most cases indicates species-level distinctness in neobatrachian frogs (Fouquet et al. 2007; Vieites et al. 2009).
Furthermore, ASAP suggested all focal lineages as distinct subsets, i.e., as primary species hypotheses (PSH) sensu
Puillandre et al. (2021). For the following focal lineages from the wider Andasibe area, we consider the available
species delimitation evidence as sufficient to confirm these PSH as secondary species hypotheses:

(i) G. pulcherand G. flavobrunneus are characterized by unique morphologies and concordance of morphological
and molecular divergences; their species status is therefore beyond doubt. The clade containing these two species
plus G. pulcherrimus has been taxonomically revised by Vences et al. (2023).

(if) Guibemantis methueni is a species primarily occurring at lower elevations in the Northern Central East.
Phylogenetically, it likely is sister to G. woosteri from the North East of Madagascar according to the most
comprehensive multigene tree of Koppetsch et al. (2023). Thus, Guibemantis methueni is not closely related to the
other Pandanusicola species occurring in the Andasibe area. Guibemantis methueni shares alleles in the RAG-1
fragment studied here with G. bicalcaratus and G. sp. Ca8 (Fig. 3), but not with any of the other focal lineages. It
co-occurs on Nosy Boraha islet with G. bicalcaratus and here, the two species have only a very limited amount of
haplotype sharing and differ by weak differences in coloration, supporting their species distinctness (Vences et al.
2013). From G. sp. Ca3, G. sp. Ca8 and other focal lineages in the Andasibe area, G. methueni differs by its trill (vs.
click or chirp) call. We therefore consider G. methueni a distinct species.

(iii) Guibemantis sp. Cal4 is characterized by a uniquely small body size, as well as a differentiating combination
of non-translucent greenish color and a few rather distinct silvery flecks on the posterior flanks; this species has an
isolated phylogenetic position in the 16S tree and shares no RAG-1 or SACS haplotypes with its syntopic congeners
(Fig. 3). The lineage also differs by its chirp calls from G. methueni (trill calls) and from G. sp. Ca8 and Ca22
(single-click calls). Therefore, we conclude this lineage represents a highly distinct and unambiguously delimited
unnamed species.
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(iv) Guibemantis sp. Ca3 was included in the multigene phylogenetic analysis of Koppetsch et al. (2023)
represented by ZCMV 2320 and placed in a clade with three candidate species (here named G. sp. Call, G. sp.
Ca23 and G. sp. Ca24). According to the 16S tree herein (Fig. 1), also G. bicalcaratus, G. sp. Ca8 and G. sp.
Ca22 probably belong to the same clade. Morphologically, the brown dorsal color with distinct interrupted light
dorsolateral bands typical for G. sp. Ca3 distinguishes it from all other Pandanusicola species known from the
Andasibe area except G. sp. Ca22 (for which color is not reliably known), and also from other brown-colored
Guibemantis including G. bicalcaratus. Bioacoustically, it is characterized by single-click calls, but comparative
advertisement call data among the related species are only known for G. sp. Ca8 (which has a shorter note duration).
The networks of the nuclear markers illustrate a lack of haplotype sharing of G. sp. Ca3 with G. methueni, G. sp.
Ca8, G. sp. Cal4, and also (for RAG-1 only) with G. bicalcaratus (Fig. 3). Haplotype sharing in SACS is observed
with G. wattersoni, but this species phylogenetically belongs to a distant clade within Pandanusicola (Koppetsch
et al. 2022). The combined evidence supports G. sp. Ca3 as distinct evolutionary lineage meriting species status.
Extensive haplotype sharing in both nuclear markers is however observed with G. sp. Ca22 which therefore may be
conspecific with G. sp. Ca3.

(v) Finally, G. sp. Ca8 likely belongs into the same clade within Pandanusicola as G. sp. Ca3 (Fig. 1). Compared
to other lineages in this clade, it lacks haplotype sharing in SACS and RAG-1 with G. sp. Ca3, and in RAG-1 with
G. bicalcaratus (Fig. 3). In RAG-1, haplotype sharing is observed with G. methueni, but from this species it differs
by a distant phylogenetic position, click vs. trill advertisement calls, and more contrasted color of femoral glands.
Guibemantis sp. Ca8 further differs from G. sp. Ca3 by shorter note duration in calls and absence of contrasted light
dorsolateral bands. We therefore conclude that G. sp. Ca8 represents a distinct species as well.

Consequently, in the following we formally name, diagnose, and describe three new species of Guibemantis
(Pandanusicola), corresponding to the mitochondrial lineages provisionally named G. sp. Cal4, G. sp. Ca3, and G.
sp. Ca8.

Species accounts

Guibemantis rianasoa sp. nov.
(Figs 6, 7, 12)

Remark. This species has not been reported from Andasibe in previous publications, but based on a specimen from
Fierenana, it was named Guibemantis sp. aff. punctatus “Fierenana” in Glaw & Vences (2007), G. sp. 14 in Vieites
et al. (2009) and G. sp. Cal4 in Perl et al. (2014).

Holotype. ZSM 149/2022 (field number ZCMV 13705), adult male, collected by M. Vences, S. Rakotomanga,
S. Rasamison, and P. Galan on 17-18 November 2022 at Andasibe, VOI (VOIMMA) forest, central eastern
Madagascar, approximate coordinates -18.9277, 48.4186, ca. 950 m above sea level.

Paratypes. Five specimens: ZSM 148/2022 (ZCMV 13704), adult male, same collection data as holotype; ZSM
150/2022 (ZCMV 15636), ZSM 151/2022 (ZCMV 15637), UADBA-ZCMV 15633, and UADBA-ZCMV 15634,
four adults (probably females) collected by A. Rakotoarison on 14-15 June 2022 in the Andasibe area.

Definition. Assigned to the subgenus Pandanusicola in the genus Guibemantis based on its small body size,
phytotelm-dwelling habitats (in Pandanus plants), near-absent webbing between toes, connected lateral metatarsalia,
presence of both inner and outer metatarsal tubercles, intercalary elements between ultimate and penultimate
phalanges of fingers and toes (verified by external examination), presence of femoral glands in males (absent in
females) consisting of well-delimited (though poorly recognizable) femoral macroglands with discrete enlarged
gland granules and without externally visible central depression, and presence of whitish color laterally on throat
(marking the vocal sac) in males (absence in females), and molecular phylogenetic affinities.

The new species is characterized by the unique combination of: (1) small size, with adult male SVL up to 20
mm in genotyped individuals (possibly up to an exceptional 27 mm according to field data from non-genotyped
individuals), (2) dull greenish (not bright translucent green) dorsally, without purplish spots, (3) distinct brown
rostral stripe, (4) presence of a few rather distinctly contrasted white-silvery flecks on the posterior flanks, (5) often
copper-golden color above the eyes, (6) absence of webbing on hand and only traces of web at foot, (6) vomerine
teeth present, (7) femoral (macro)glands of males small and poorly marked.
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FIGURE 6. Guibemantis rianasoa sp. nov. (sp. F / Cal4), color variation in life. All pictured specimens were photographed at
Andasibe and were not collected or genotyped. Note presence of rather distinct silvery flank blotches in all specimens pictured
in lateral view.

Although some individuals with atypical coloration may be difficult to distinguish from subadults of other
Pandanusicola species, G. rianasoa is overall rather easily diagnosable, and it does not appear to have clear
phylogenetic affinities to other species. The species is also characterized by numerous diagnostic nucleotide
positions in the mitochondrial 16S rRNA gene: MolD identified a robust diagnostic nucleotide combination of an
'A"in the site 1203, 'T" in the site 1307, 'A" in the site 1329 (positions relative to the full 16S rRNA gene of Mantella
madagascariensis).

Diagnosis. Distinction from G. fotsitenda, G. liber, G. razandry, G. razoky and G. tasifotsy: male femoral
gland consisting of a well-delimited field of discrete enlarged single gland granules (vs. a diffuse field of small
granules covering most of the ventral shank), occurrence limited to Pandanus leaf axils (vs. calling and breeding in
open swamps), and low-intensity calls emitted from Pandanus vs. loud calls emitted from exposed perches above
swamps.

Distinction from G. albolineatus: greenish dorsal color (vs. almost uniformly chocolate-brown), presence of
silvery white dots on flanks (vs. absence), and absence of contrasted and well-delimited light dorsolateral bands (vs.
presence).
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Distinction from G. albomaculatus: smaller body size (male SVL <20 mm vs. >20 mm in the majority of
specimens), absence of fine white dotting on body (vs. presence especially on hindlimbs and sometimes on dorsum),
presence of silvery white dots on flanks (vs. absence), and small and inconspicuously colored femoral glands (vs.
larger and with contrasting yellowish color).

Distinction from G. annulatus: smaller body size (male SVL <20 mm vs. >20 mm), olive greenish dorsal color
(vs. light brownish), absence of small dark dots dorsally (vs. presence), presence of silvery white dots on flanks (vs.
absence), and absent or poorly contrasted light ring proximal to finger and toe discs (vs. distinct and contrasted).

FIGURE 7. Guibemantis ambakoana sp. nov. (sp. A/ Ca3) in life. A, F. Male holotype ZSM 152/2022 (ZCMV 13707) from
Andasibe VOI forest; B, G. Female paratype ZSM 153/2022 (ZCMV 13717) also from Andasibe VOI forest; C, E. Male
paratype ZSM 431/2016 (ZCMV 15001) from Andasibe (Analamazaotra forest); D. UADBA-ZCMV 15635 from Andasibe.
Note the distinct femoral glands with orange tint present in male specimens.
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Distinction from G. bicalcaratus: smaller body size (male SVL <20 mm vs. >20 mm), presence of a black
vertical line in upper part of iris (vs. absence), olive greenish dorsal color (vs. light brownish), and presence of
silvery white dots on flanks (vs. absence).

Distinction from G. flavobrunneus: much smaller body size (male SVL <20 mm vs. >30 mm), presence of
silvery white dots on flanks (vs. absence), and an olive greenish dorsal color (vs. brown with contrasted light brown
pattern).

Distinction from G. methueni: smaller body size (male SVL <20 mm vs. >20 mm), olive greenish dorsal color
(vs. light brownish), presence of silvery white dots on flanks (vs. absence), and males with white color only laterally
on throat (vs. white color covering most of throat).

Distinction from G. milingilingy: smaller body size (male SVL <20 mm vs. >20 mm), presence of silvery white
dots on flanks (vs. absence), and small and inconspicuously colored femoral glands (vs. larger and with contrasting
yellowish color).

Distinction from G. pulcher and G. pulcherrimus: smaller body size (male SVL <20 mm vs. >20 mm in almost
all specimens), non-translucent greenish dorsal color (vs. translucent green), absence of purple-reddish dots and
markings on the dorsum (vs. presence), and small inconspicuously colored femoral glands (vs. larger and with
contrasting yellowish color).

Distinction from G. punctatus: smaller body size (male SVL <20 mm vs. >20 mm in the majority of specimens),
olive greenish dorsal color (vs. light brownish), presence of silvery white dots on flanks (vs. absence), and absence
of small dark dots dorsally (vs. presence).

Distinction from G. wattersoni: smaller body size (male SVL <20 mm vs. >20 mm), olive greenish dorsal color
(vs. light brownish), and presence of silvery white dots on flanks (vs. absence).

Distinction from G. woosteri: smaller body size (male SVL <20 mm vs. >20 mm in almost all specimens), and
presence of silvery white dots on flanks (vs. absence).

Description of the holotype. Adult male in good state of preservation (Fig. 11). Tissue removed from ventral
side of right thigh for DNA extraction. Head longer than wide and slightly wider than body; snout slightly pointed
in dorsal and ventral views, more rounded in lateral view; canthus rostralis straight, loreal region flat; nostrils much
nearer to tip of snout than to eye, tympanum distinct, 43% of horizontal eye diameter; supratympanic fold distinct,
curved; vomerine odontophores small but distinct, located medially between eye and choanae on either side of head,;
maxillary teeth present; tongue ovoid, and distinctly bifid at its tip. Arms slender; relative finger length 1<2<4<3,
second finger very slightly shorter than fourth finger; finger discs moderately enlarged and squared off at tips in a
rounded ‘T’ shape, no webbing between fingers recognizable, subarticular tubercles distinct, unpaired. Hindlimbs
moderately slender, foot length 82% of tibia length; lateral metatarsalia largely connected by muscular tissue; inner
metatarsal tubercle oblong and recognizable, relatively small; outer metatarsal tubercle round, small and distinct;
only traces of webbing recognizable between toes, especially toes 3, 4 and 5; relative length of toes 1<2<5<3<4,
third toe slightly longer than fifth; toe discs moderately enlarged. Femoral glands visible but not very prominent.
For morphometric measurements see Table 1.

After ca. four months in preservative (Fig. 11), dorsal surface is beige and mottled gray-green starting at the
cloaca and stopping between the eyes. Beige dorsolateral bands present but not continuous, from sacral vertebrae
bump up to the eyes. Rostral stripe is black and distinctly delimited, continues onto supratympanic fold before
stopping at the forelimb insertion. Anterior flanks each marked with small and asymmetric white patches. Forelimbs
and hindlimbs are beige with gray-green stripes, stripes are less distinct on hindlegs. Toe discs yellow. Ventral side
beige, with faint black stippling visible on the underside of the hands, feet and thighs. In life, dorsal surface was
greenish (of rather dull, only slightly translucent appearance, clearly less translucent than is typical for G. pulcher)
with faint mottling, transitioning to pale blueish on the hindlimbs and featuring asymmetric silver patches on the
flanks (Fig. 5).

Variation. Some frogs found in Andasibe have a blue tint towards the posterior parts of the body, and while the
base green coloring remains relatively constant across specimens, a dark brown asymmetrical mottled secondary
color is highly variable (Figs 6—7). The dark brown secondary coloration can range from highly translucent to nearly
black, usually concentrated on the flanks and towards the cloaca, but sometimes covering the entire specimen. Silver
blotches on the flanks vary in size and shape but are usually distinct. Femoral glands of males are only weakly
expressed and of the same color as the surrounding skin ventrally on thigh. Males only with a little amount of white
color laterally on the throat (absent in females), and slightly smaller than females (SVL 18-27 mm in males, 19-26
mm in females, but only 12 out of 95 individuals >23 mm; see section "Morphological differentiation” above). The
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only known specimen from Fierenana has a substantial divergence in its 16S sequence (3.0% to Andasibe samples)
and also shows differences in coloration in life, with a somewhat vermiculated dark pattern evenly distributed not
only on the dorsum but also on the flanks.

Etymology. The species epithet is derived from the Malagasy words riana (waterfall) and soa (beautiful), making
reference to the greenish (somewhat greenish blue) color of the species with silvery blotches which remind colors of
water reflecting forest vegetation. The name also makes reference to the “Rianasoa trail” in Mantadia National Park
where we have observed the species. The name is used as a noun in apposition.

Natural history. Specimens were observed exclusively in Pandanus plants during the day. Of 253 Pandanus
surveyed by HG in 2022, G. rianasoa was detected in 136 plants (53.7%) and co-occurred in syntopy with G.
ambakoana in 76 plants (30.0%). Clutches observed in the Pandanus leaf axils could not be assigned to any of the
various species occurring in syntopy as they were not genotyped. No further natural history or life history data are
known.

Bioacoustics. Vocalizations were recorded in Analamazaotra Forest Station in the Andasibe areaat 11:16 h during
a period of light rain, at an air temperature of 19-21°C. The call (Fig. 4A) was recorded from ca. two meters distance
close to a path in secondary humid forest. Notably, the calling individual was visually identified as Guibemantis
rianasoa sp. nov. in the field and observed and videotaped, but the frog was not collected as a voucher and not
sequenced. The following call description therefore cannot be attributed to this species with absolute certainty.
Advertisement calls are rather soft and consist of a single very short pulsatile note, emitted at regular intervals
within short call series containing two calls (Fig. 4A). Amplitude modulation is evident in each call, with maximum
call energy present at the beginning of the call, slowly decreasing towards the call’s end. The initial call of each call
series exhibits less call energy and has a lower dominant frequency when compared to the second calls of series.
Numerical parameters of eight analyzed calls from two individuals are as follows: call duration (= note duration)
7-15 ms (10.8 £ 2.9 ms); inter-call intervals within call series 128-149 ms (138.5 £ 8.7 ms); number of calls per call
series 2; duration of call series 151-171 ms (159.8 + 8.4 ms); dominant frequency 3391-5071 Hz (4239 + 784 Hz);
prevalent bandwidth 2400-9400 Hz. Call repetition rate within call series was approximately 400 calls/minute.

Advertisement calls recorded on 19 November 2022 at Andasibe (air temperature not measured) are in general
agreement with those described above, being rather soft and consisting of a single very short pulsatile note, emitted
at regular intervals within short call series containing 2-3 calls. No vouchers were collected for these calls, but
they were regularly heard from Pandanus plants in which only this species was found. Numerical parameters of
23 analyzed calls from at least two individuals are as follows: call duration (= note duration) 8-24 ms (13.4 + 4.0
ms); inter-call intervals within call series 115-195 ms (132.3 + 23.6 ms); number of calls per call series 2-3 (2.1 +
0.4); duration of call series 147-232 ms (191.5 + 58.4 ms); dominant frequency 3413-5092 Hz (4267 + 545 Hz);
prevalent bandwidth 2500-6500 Hz. Call repetition rate within call series was approximately 400 calls/minute.

Distribution. The species is so far only known from (1) the area around Andasibe and (2) Fierenana. At Andasibe,
it has been found in the VVOI forest, at Analamazaotra Forest Station, and within Analamazaotra-Mantadia National
Park (Figs 1-2).

Guibemantis ambakoana sp. nov.
(Figs 8,9, 12)

Remark. Individuals probably belonging to this species have been reported as Guibemantis bicalcaratus and
G. albolineatus in Glaw & Vences (1994), G. cf. albolineatus in Lehtinen et al. (2007), G. sp. aff. albolineatus
“Andasibe” in Glaw & Vences (2007), G. sp. 3 in Vieites et al. (2009) and G. sp. Ca3 in Perl et al. (2014).

Holotype. ZSM 152/2022 (ZCMYV 13707), adult male, collected by M. Vences, S. Rakotomanga, S. Rasamison,
and P. Galan on 17-18 November 2022 at Andasibe, VOI (VOIMMA) forest, central eastern Madagascar, approximate
coordinates -18.9277, 48.4186, ca. 950 m above sea level.

Paratypes. Seven specimens. ZSM 153/2022 (ZCMV 13717) and ZSM 154/2022 (ZCMV 13718), two adult
females with same collection data as holotype; ZSM 156/2022 (ZCMV 15638), UADBA-ZCMV 15635 and
UADBA-ZCMV 15631, three females collected by A. Rakotoarison, A.L.F. Hasiniaina and E. Desire on 14—15 June
2022 in the Andasibe area; ZSM 275/2016 (FGZC 5296), adult male, collected by F. Glaw, D. Protzel, J. Forster, N.
Raharinoro on 3 August 2016 south of Moramanga at geographical coordinates -19.06155, 48.23205, 962 m a.s.l.;
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ZSM 431/2016 (ZCMV 15001) and ZSM 432/2016 (ZCMV 15002), one male and one female, collected by M.
Vences on 10 November 2016 in the Analamazaotra Forest Station (“Mitsinjo Forest”, ca. -18.934, 48.410).

Referred specimen. ZSM 155/2022 (ZCMV 15632), one female of mitochondrial lineage E, collected by A.
Rakotoarison, A.l.F. Hasiniaina and E. Desire on 14-15 June 2022 in the Andasibe area.

Definition. Assigned to the subgenus Pandanusicola in the genus Guibemantis based on its small to medium
body size, phytotelm-dwelling habitats (in Pandanus plants), near-absent webbing between toes, connected lateral
metatarsalia, presence of both inner and outer metatarsal tubercles, intercalary elements between ultimate and
penultimate phalanges of fingers and toes (verified by external examination), presence of well-delimited femoral
macroglands consisting of discrete enlarged gland granules and without externally visible central depression, and of
whitish color laterally on throat (marking the vocal sac) in males (absence in females), and molecular phylogenetic
affinities.

The new species is characterized by the combination of the following characters: (1) small size with adult
SVL up to 24 mm in males and up to 28 mm in females in genotyped individuals (up to 27 mm / 30 mm based on
field measurements of non-genotyped individuals), (2) light brownish dorsal color, often without distinct darker
markings or spots, (3) distinct brown rostral stripe, (4) no or only few, small whitish spots on (posterior) flanks, (5)
often with incomplete or interrupted light brown, beige or yellowish dorsolateral stripes, (6) absence of webbing
on hand and only traces of web at foot, (7) vomerine teeth present, (8) femoral (macro)glands of males distinct,
very clearly recognizable and of contrasting reddish brown color in life, single gland granules well recognizable
externally in life and preservative.

Although this combination of character states will allow a distinction from most other species of Guibemantis,
especially the co-occurring G. flavobrunneus, G. pulcher, and G. rianasoa, it is more difficult to diagnose the species
against other brownish-colored species such as G. albolineatus, G. bicalcaratus, G. methueni, or G. wattersoni.
Furthermore, we here restrict the type series of this species to individuals belonging to mitochondrial lineage A, and
their morphological diagnosis from lineage E is unclear. Thus, we define this species based on diagnostic nucleotide
positions (typical for lineage A) in the mitochondrial 16S rRNA gene; MolD identified a robust diagnostic nucleotide
combination of a 'T" in the site 1091, ‘A" in the site 1108, 'A" in the site 1129, 'T" in the site 1134 (positions relative
to the full 16S rRNA gene of Mantella madagascariensis).

Diagnosis. Distinction from G. fotsitenda, G. liber, G. razandry, G. razoky and G. tasifotsy: male femoral gland
consisting of a well-delimited field of discrete enlarged single gland granules (vs. a diffuse field of small granules
covering most of the ventral shank), occurrence limited to Pandanus leaf axils (vs. calling and breeding in open
swamps), and calls emitted from Pandanus vs. loud calls emitted from exposed perches above swamps.

Distinction from G. albolineatus: contrasted and well-delimited dorsolateral bands that are typically interrupted

or present only on the central dorsum (vs. dorsolateral bands continuous).
Distinction from G. albomaculatus: absence of fine white dotting on body (vs. presence, especially on hindlimbs
and sometimes on dorsum), males with white color only laterally on throat (vs. white color covering most of throat),
and presence of well-delimited dorsolateral bands that are typically interrupted or present only on the central dorsum
(vs. absent or poorly contrasted but continuous).

Distinction from G. annulatus: absence of a regular pattern of small dark dots dorsally (vs. presence), and
absent or poorly contrasted light ring proximal to finger and toe discs (vs. distinct and contrasted).

Distinction from G. bicalcaratus: presence of well-delimited dorsolateral bands that are typically interrupted
or present only on the central dorsum (vs. absence), and presence of a black vertical line in upper part of iris (vs.
absence).

Distinction from G. flavobrunneus: smaller body size (male SVL 23-24 mm vs. >30 mm), and dorsum brown
with well-delimited dorsolateral bands that are typically interrupted or present only on the central dorsum (vs.
brown with contrasted light brown pattern).

Distinction from G. methueni: presence of well-delimited dorsolateral bands that are typically interrupted or
present only on the central dorsum (vs. absent or poorly contrasted but continuous), femoral glands typically with
contrasting yellow-orange color (vs. without contrasting color), and males with white color only laterally on throat
(vs. white color covering most of throat).

Distinction from G. milingilingy: presence of well-delimited dorsolateral bands that are typically interrupted or
present only on the central dorsum (vs. broader and continuous), and dorsal color brown typically without greenish
shade (vs. yellowish green dorsolateral bands and dorsal markings).
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Distinction from G. pulcher and G. pulcherrimus: brown dorsal color (vs. translucent green), and absence of
purple-reddish dots and markings on the dorsum (vs. presence).

Distinction from G. punctatus: absence of a regular pattern of small dark dots dorsally (vs. presence), and
presence of well-delimited dorsolateral bands that are typically interrupted or present only on the central dorsum
(vs. absence).

Distinction from G. rianasoa: larger body size (male SVL 23-24 mm vs. <20 mm), brown dorsal color (vs.
olive greenish), and large femoral glands with contrasting yellowish color in males (vs. small and inconspicuously
colored).

FIGURE 8. Color variation in life in specimens assigned to Guibemantis ambakoana sp. nov. (sp. A / Ca3). All pictured
specimens were photographed at Andasibe and were not collected or genotyped, and may therefore include both mitochondrial
lineages A and E. Note absence of silvery flank blotches and distinct femoral glands with orange tint in the two male specimens
pictured in ventral view.
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Distinction from G. wattersoni: presence of well-delimited dorsolateral bands that are typically interrupted or
present only on the central dorsum (vs. absent or poorly contrasted but continuous).

Distinction from G. woosteri: presence of well-delimited dorsolateral bands that are typically interrupted or
present only on the central dorsum (vs. absent or poorly contrasted but continuous), and a brown dorsal color
without greenish elements (vs. often a green shade, especially of dorsolateral bands).

Description of the holotype. Adult male in good state of preservation (Fig. 11). Tissue removed from ventral side
of right thigh for DNA extraction. Head longer than wide and wider than body; snout pointed in dorsal and ventral
views, more rounded in lateral view; canthus rostralis straight, loreal region flat; nostrils much nearer to tip of snout
than to eye, tympanum distinct, 50% of horizontal eye diameter; supratympanic fold distinct, curved; vomerine
odontophores small but distinct, located medially between eye and choanae on either side of head; maxillary teeth
present; tongue ovoid, and distinctly bifid at its tip. Arms slightly slender; relative finger length 1<2<4<3, second
finger very slightly shorter than fourth finger; finger discs moderately enlarged and squared off at tips in a rounded
“T’ shape, no webbing between fingers recognizable, subarticular tubercles distinct, unpaired. Hindlimbs moderately
slender, foot length 89% of tibia length; lateral metatarsalia largely connected by muscular tissue; inner metatarsal
tubercle oblong and recognizable, relatively small; outer metatarsal tubercle round, small and distinct; only traces of
webbing recognizable between toes; relative length of toes 1<2<5<3<4, third toe slightly shorter than fifth; toe discs
moderately enlarged. Femoral glands distinct and prominent. For morphometric measurements see Table 1.

After ca. four months in preservative (Fig. 11), dorsal surface gray. Beige dorsolateral bands are faint and
appear next to a distinct dark brown rostral stripe which stretches from the tip of the nose all the way along the
anterior flanks, stopping at the hindleg insertion. A thin, vertical, straight line of maroon tint is visible in the center
of the dorsal view. Tiny dots between the eyes and towards the snout. Forelimbs gray with dark brown discontinuous
stripes, hindlegs gray, speckled with light brown. Ventral side beige, with faint black stippling on the underside of
hands, feet, hindlegs, and around the mouth. In life (Fig. 7), dorsal surface was golden brown, with a dark brown
rostral stripe, and limbs were pale brown.

Variation. Variation is most obvious in the ground color of the frog, ranging from a pale, mottled beige to
chocolate-brown (Figs 8-9). Golden dorsolateral bands, usually present, ranging from continuous and clearly
delimited, to patchy and small. Silver patches on the flanks are often present, but not always, and vary in size and
shape, usually less contrasted than in G. rianasoa. Femoral glands are orange-brown, with distinct and clearly
recognizable single gland granules inside the macrogland. Males only with a little amount of white color laterally
on the throat (absent in females), and slightly smaller than females (field SVL measurements of non-genotyped
individuals 20-27 mm in males, 20-30 mm in females; see section "Morphological differentiation” above).

Etymology. The species epithet is derived from the Malagasy word “vakoana”, used to refer to Pandanus screw
pines; “am-bakoana” means “living in vakoana”, and refers to the species’ specialized habitat, living and reproducing
in Pandanus leaf axils. The name is used as a noun in apposition.

Natural history. Specimens were observed exclusively in Pandanus plants. Calling males were observed in
November 2022 sitting exposed on Pandanus leaves, during the day. Of 253 Pandanus surveyed by HG in 2022, G.
ambakoana was detected in 103 plants (40.7%) and co-occurred in syntopy with G. rianasoa in 76 plants (30.0%).
Nothing else is known.

Bioacoustics. Advertisement calls recorded on 16 November 2013 at Torotorofotsy (air temperature not
recorded; call voucher not collected but agreeing in color pattern with this species) consist of a single short pulsatile
note, emitted at long somewhat irregular intervals. Amplitude modulation is evident in each call, with maximum call
energy present in the first quarter of the call, rapidly decreasing to a much lower level and further gradually fading
towards the call’s end. Numerical parameters of 52 analysed calls are as follows: call duration (= note duration)
20-41 ms (31.3 £ 7.2 ms); inter-call intervals 1190-2520 ms (1826.7 £ 439.5 ms); dominant frequency 3156-3979
Hz (3629 + 292 Hz); prevalent bandwidth 2200-5200 Hz. Call repetition rate was approximately between 23-48
calls/minute. Within the recordings, sometimes two calls were emitted in fast succession, with inter-call intervals
ranging between 98-155 ms (122.7 + 120.6 ms). It is unknown if these ‘double clicks’ are a regular part of the
advertisement call, or possibly have another function (e.g. territorial).

Advertisement calls recorded on 19 November 2022 at Andasibe (air temperature not measured; one individual
seen calling; Fig. 4B) generally agree in character with those recorded at Torotorofotsy, except for being somewhat
longer in duration. Numerical parameters of 43 analysed calls from at least two individuals are as follows: call
duration (= note duration) 31-93 ms (63.4 £ 18.1 ms); inter-call intervals 780-2055 ms (1686.6 + 381.4 ms);
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dominant frequency 3262-4124 Hz (3704 + 278 Hz); prevalent bandwidth 2400-5000 Hz. Call repetition rate was
approximately between 25-65 calls/minute.

Distribution. The species is known from (1) the type locality Andasibe, as well as two sites in the same general
area of the Northern Central East of Madagascar, i.e., from forest fragments near (2) Moramanga, and (3) Anosibe
An’Ala (Figs 1-2). A specimen from Maharira in Ranomafana National Park is genetically highly divergent and is
only tentatively assigned to this species (see Fig. 1).

FIGURE 9. Male individuals of Guibemantis vakoa sp. nov. from Besariaka (south of Moramanga), photographed in 2004.
(A-B) Holotype ZSM 389/2004 (ZCMV 931). (C-D) Paratype ZSM 388/2004 (ZCMV 930) (assigned to species based on
morphology only). Note the distinct orangish-brown femoral glands and only limited white throat pigmentation in comparison
to syntopic specimens of G. methueni which have less distinctly pigmented glands and extended white throat color (Fig. 10).

Guibemantis vakoa sp. nov.
(Figs 10, 12)

Remark. Individuals of this species have been reported as Guibemantis sp. aff. bicalcaratus “Moramanga” by Glaw
& Vences (2007), and as G. sp. 8 in Vieites et al. (2009) and G. sp. Ca8 in Perl et al. (2014), but with incorrect field
number information for the sample used therein (reported erroneously as ZCMV 466).

Holotype. ZSM 389/2004 (ZCMYV 931), adult male, collected by M. Vences, E. Edwards and C. Woodhead
on 15 February 2004 at Besariaka (south of Moramanga), central eastern Madagascar, coordinates -19.12863,
48.28063, 976 m a.s.l.

Paratype. One specimen, ZSM 388/2004 (ZCMV 930), adult male with same collection data as holotype.

Definition. Assigned to the subgenus Pandanusicola in the genus Guibemantis based on its small to medium
body size, phytotelm-dwelling habitats (in Pandanus plants), near-absent webbing between toes, connected lateral
metatarsalia, presence of both inner and outer metatarsal tubercles, intercalary elements between ultimate and
penultimate phalanges of fingers and toes (verified by external examination), presence of well-delimited femoral
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macroglands consisting of discrete enlarged gland granules and without externally visible central depression and of
whitish color laterally on throat (marking the vocal sac) in males (absence in females), and molecular phylogenetic
affinities.

FIGURE 10. Male individuals of Guibemantis methueni from Andasibe and Besariaka. (A-B) ZSM 3223/2012, (ZCMV 14089)
from Andasibe. (C-D) ZSM 391/2004 (ZCMV 933) from Besariaka. (E-F) Specimen from Besariaka that cannot be reliably
assigned to a voucher specimen and is assigned to G. methueni based on morphology.
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FIGURE 11. Dorsal and ventral views of preserved holotypes of new Guibemantis species: A—B. Guibemantis rianasoa sp. nov.
(sp. Cal4), male holotype ZSM 149/2022 (ZCMV 13705); C-D. Guibemantis ambakoana sp. nov. (sp. Ca3), male holotype
ZSM 152/2022 (ZCMV 13707); E, F. Guibemantis vakoa sp. nov. (sp. Ca8), male holotype ZSM 389/2004 (ZCMV 931).
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The new species is characterized by the combination of the following characters: (1) small size with adult SVL
up to 24 mm in males (females unknown), (2) light brownish dorsal color, often without distinct darker markings
or spots, (3) distinct brown rostral stripe, (4) a few, small whitish spots on (posterior) flanks, (5) absence of distinct
dorsolateral stripes, (6) absence of webbing on hand and only traces of web on foot, (7) vomerine teeth present, (8)
femoral (macro)glands of males distinct, very clearly recognizable and of contrasting orange-brown color in life,
single gland granules well recognizable externally in life and preservative.

Although this combination of character states will allow a distinction from most other species of Guibemantis,
it is more difficult to diagnose the species against other brownish-colored species, especially G. ambakoana, G.
bicalcaratus, G. methueni, and G. wattersoni. The new species can be reliably diagnosed from all other Guibemantis
species based on nucleotide positions in the mitochondrial 16S rRNA gene: MolD identified a robust diagnostic
nucleotide combination of an 'G' in the site 998, 'A' in the site 1132, 'C" in the site 1251 (positions relative to the full
16S rRNA gene of Mantella madagascariensis).

Diagnosis. Distinction from G. fotsitenda, G. liber, G. razandry, G. razoky and G. tasifotsy: male femoral gland
consisting of a well-delimited field of discrete enlarged single gland granules (vs. a diffuse field of small granules
covering most of the ventral shank), occurrence limited to Pandanus leaf axils (vs. calling and breeding in open
swamps), and calls emitted from Pandanus vs. calls emitted from exposed perches above swamps.

Distinction from G. albolineatus: absence of well-delimited dorsolateral bands (vs. presence), and light brown
ground color on dorsum (vs. chocolate-brown).

Distinction from G. albomaculatus: absence of fine white dotting on body (vs. presence, especially on hindlimbs
and sometimes on dorsum), and males with white color only laterally on throat (vs. white color covering most of
the throat).

Distinction from G. ambakoana: absence of light dorsolateral bands (vs. presence).

Distinction from G. annulatus: absence of a regular pattern of small dark dots dorsally (vs. presence), and
absent or poorly contrasted light ring proximal to finger and toe discs (vs. distinct and contrasted).

Distinction from G. bicalcaratus: presence of a black vertical line in upper part of iris (vs. absence), and a
weakly pigmented grayish flank with a few silvery white markings (vs. flanks of similar color as dorsum and
without silvery markings).

Distinction from G. flavobrunneus: smaller body size (male SVL 23-24 mm vs. >30 mm), and dorsum more or
less uniformly brown (vs. brown with contrasted light brown pattern).

Distinction from G. methueni: largely uniformly colored dorsum (vs. usually dark markings or spots on dorsum),
femoral glands typically with contrasting yellow-orange color (vs. without contrasting color), and males with white
color only laterally on throat (vs. white color covering most of throat).

Distinction from G. milingilingy: absence of dorsolateral bands (vs. broad and continuous dorsolateral bands),
and dorsal color brown typically without greenish shade (vs. yellowish green dorsolateral bands and dorsal
markings).

Distinction from G. pulcher and G. pulcherrimus: brown dorsal color (vs. translucent green), and absence of
purple-reddish dots and markings on the dorsum (vs. presence).

Distinction from G. punctatus: absence of a regular pattern of small dark dots dorsally (vs. presence).

Distinction from G. rianasoa: larger body size (male SVL 23-24 mm vs. <20 mm), brown dorsal color (vs.
olive greenish), and large femoral glands with contrasting yellowish color in males (vs. small and inconspicuously
colored).

Distinction from G. wattersoni: absence of dorsolateral bands (vs. poorly contrasted bands usually present), and
presence of a black vertical line in upper part of iris (vs. absence).

Distinction from G. woosteri: absence of dorsolateral bands (vs. poorly contrasted dorsolateral bands present),
and a brown dorsal color without greenish elements (vs. often a green shade, especially of dorsolateral bands).

Description of the holotype. Adult male in good state of preservation (Fig. 11). Tissue removed from ventral side
of left thigh for DNA extraction. Head longer than wide and wider than body; snout pointed in dorsal and ventral
views, more rounded in lateral view; canthus rostralis straight, loreal region flat; nostrils nearer to tip of snout
than to eye, tympanum distinct, 43% of horizontal eye diameter; supratympanic fold distinct, curved; vomerine
odontophores distinct, located medially between eye and choanae on either side of head; maxillary teeth present;
tongue ovoid, and distinctly bifid at its tip. Arms slightly slender; relative finger length 1<2<4<3, second finger
very slightly shorter than fourth finger; finger discs moderately enlarged and squared off at tips in a rounded ‘T’
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shape, no webbing between fingers recognizable, subarticular tubercles distinct, unpaired. Hindlimbs moderately
slender, foot length 91% of tibia length; lateral metatarsalia largely connected by muscular tissue; inner metatarsal
tubercle oblong and recognizable, relatively small; outer metatarsal tubercle round, small and distinct; only traces of
webbing recognizable between toes, relative length of toes 1<2<5<3<4, third toe slightly shorter than fifth; toe discs
moderately enlarged. Femoral glands distinct and prominent. For morphometric measurements see Table 1.

After almost 20 years in preservative (Fig. 11), dorsal surface is beige with indistinct brownish spots and
markings. The flanks are darker brown. No obvious light dorsolateral bands are recognizable. Forelimbs and
hindlimbs beige-grayish, with brown crossbands. Ventral side beige. In life (Fig. 9), dorsal surface was golden
brown with a few dark brown spots, a dark brown rostral stripe was present, and limbs were grayish brown with
dark brown spots and crossbands. A few silvery white spots were visible on the posterior flanks. Ventrally, mostly
unpigmented/translucent, with very little white pigment on throat. Femoral glands were very distinct and contrasted,
of orange-brown color.

Variation. The known males all have distinct brown-orange femoral glands and only a little amount of white
color laterally on the throat (Fig. 9). Females are unknown.

Etymology. The species name is derived from the Malagasy word “vakoa”, used in eastern Madagascar to refer
to Pandanus screw pines and used to highlight the occurrence of this species in Pandanus leaf axils. The name is
used as a noun in apposition.

Natural history. Very poorly known. Specimens were found on 15 February 2004 in a forest fragment near
Besariaka (destroyed by slash-and-burn agriculture two years later) in Pandanus plants, calling during the day. At
Besariaka, specimens occurred in syntopy with G. methueni.

Bioacoustics. Advertisement calls recorded on 15 February 2004 at Besariaka (air temperature 21°C; Fig. 4C)
consist of a single very short click-note, emitted at long, somewhat irregular intervals. Amplitude modulation is
evident in each call, with maximum call energy present at the beginning of the call, gradually decreasing towards
the call’s end. Numerical parameters of 28 analysed calls from at least two individuals are as follows: call duration
(= note duration) 8-14 ms (10.2 + 1.7 ms); inter-call intervals 623—-1286 ms (869.5 + 214.3 ms); dominant frequency
3521-3972 Hz (3720 + 206 Hz); prevalent bandwidth 2000-5500 Hz. Call repetition rate was approximately
between 65-85 calls/minute.

Calls recorded in 2007 at Betampona (Rosa et al. 2011, track 27, as G. sp. aff. bicalcaratus) agree in character
with those reported from Besariaka in consisting of a single very short click-note emitted at variable, but long
intervals. Numerical parameters of 32 analysed calls are as follows: call duration (= note duration) 3-9 ms (5.9 +
1.9 ms); inter-call intervals 471-1470 ms (767.9 + 363.8 ms); dominant frequency 3423-3779 Hz (3576 + 135 Hz);
prevalent bandwidth 2000-5700 Hz.

Distribution. Besides (1) the type locality Besariaka, the species has also been recorded, based on genetic
evidence, from (2) Sahafina, (3) Betampona, and (4) Fierenana (Figs 1-2).

Discussion

The description of three new species in this study brings the number of Pandanusicola up to 21. This is more than
three times the number of species in the nominal subgenus Guibemantis (currently six species), which might indicate
that phytotelmic specialization along with smaller body size (see Wollenberg et al. 2011) of Pandanusicola may
have influenced their diversification. Furthermore, at least one of the new species (G. rianasoa) is morphologically
distinct in various characters and represents a phylogenetically isolated lineage (Fig. 1), exemplifying that the rise in
species diversity is due to true discovery of biologically divergent species rather than “over-splitting” of previously
known taxa.

Admittedly, the scarcity of available advertisement call recordings and the overall high intra-lineage variation
in coloration, combined with the otherwise conservative external morphology of Pandanusicola frogs, pose
substantial challenges to convincingly delimit and diagnose species in this subgenus. In a recent taxonomic revision
of Gephyromantis frogs (Miralles et al. 2023), we opted to present the respective support for each species limit
among each pairwise combination of lineages in a matrix format, but this format to summarize species limits would
be extremely difficult to achieve in a species-rich clade such as Pandanusicola. It is important to keep in mind that
in the rationale used here, we do not consider morphological differences as mandatory to accept two lineages as
species. In this, we agree with other authors (e.g., Jorger & Schrodl 2013; Deli¢ et al. 2017; FiSer et al. 2018) who
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supported describing and formally naming morphologically cryptic species, not the least to facilitate their study in
an evolutionary framework and their inclusion in conservation management (Deli¢ et al. 2017).

In the case of Pandanusicola, the newly described G. ambakoana and G. vakoa are difficult to distinguish
unambiguously by morphology alone from other predominantly brown-colored species of Pandanusicola, such as
G. albolineatus, G. albomaculatus, G. annulatus, G. bicalcaratus, G. punctatus, G. wattersoni, G. woosteri, but for
the purpose of species delimitation, many of these species can already be excluded from the comparisons as they
belong to other clades according to molecular phylogenetic data (Koppetsch et al. 2023). As elaborated in detail
in the Species Delimitation section of Results, most important to determining species limits was the observation
of several of our focal species occurring in close syntopy (e.g., G. ambakoana, G. methueni, and G. rianasoa at
Andasibe; G. methueni and G. vakoa at Besariaka) under the maintenance of clear morphological differences and
without genetic admixture. Although we are aware that species delimitation in Pandanusicola is still plagued by
missing data (e.g., lack of multigene data on the phylogenetic position of G. bicalcaratus; lack of bioacoustic data
for many species, including G. albolineatus, G. albomaculatus, G. punctatus, G. woosteri), we are convinced that
the taxonomic hypothesis proposed here, distinguishing G. ambakoana, G. rianasoa and G. vakoa as additional new
species, better reflects biological reality and facilitates future research and conservation activities on these frogs.

In fact, our taxonomic hypothesis is highly conservative in many aspects, and we provisionally included several
genetically divergent lineages in known taxa (e.g., G. cf. rianasoa from Fierenana; G. cf. ambakoana from Maharira
in Ranomafana National Park; G. albolineatus from Ranomafana; G. flavobrunneus from Ranomafana). These
individuals represent genetically divergent populations that occur at a substantial geographical distance from their
closest relatives according to the 16S tree (Fig. 1), and therefore an argument of sympatric occurrence without
genetic admixture at present cannot be invoked to test their possible species distinctness. Nonetheless, these frogs
warrant further taxonomic scrutiny in the future. The same is true for multiple candidate species included in our
phylogenetic tree (Fig. 1), of which five were newly assigned with provisional candidate species hames in this paper,
following the numbering scheme of Vieites et al. (2009) and Perl et al. (2014): G. sp. Ca22 to Ca26. Discussing all
these lineages in detail is beyond the scope of the present paper, but it is important to emphasize that for most of
them, fewer samples and biological data are available compared to the species described herein, and the taxonomic
revision of at least some will depend on additional field work. As exemplified by G. ambakoana, which apparently
includes two highly divergent mitochondrial lineages in Andasibe (lineages A and E), mitochondrial data alone can
be misleading in cases of putative hybridization and admixture. As such, we emphasize that a careful integrative
analysis (Padial et al. 2010) should precede the formal scientific naming of any of these candidate species.

The small size of G. rianasoa, with adult males as small as 18 mm SVL and with inconspicuous femoral
glands, raises the possibility of even further taxonomic complexity of the subgenus across Madagascar. Individuals
from other populations previously identified as subadults (and therefore often not collected/sampled) may warrant
additional examination, especially given that small size in mantellids is associated with increased genetic diversity
(Pabijan et al. 2012). Interestingly, in 2022, G. rianasoa was found to be relatively common in the Andasibe area; it
remains unknown if there has been an increase in its local distribution and/or population density, or if the previous
lack of observation of this species is due to them being overlooked and mistaken for subadults in the past.

The Pandanus obligate species of Guibemantis in general have relatively quiet calls (Lehtinen et al. 2012), and
these have been recorded and thoroughly described only for a limited number of species. Because it is challenging to
collect individual frogs after observing them calling among the spiny Pandanus leaves, some minimal uncertainties
remain about the correct assignment of the calls of G. ambakoana and G. rianasoa (see above). Yet, overall, a
picture emerges where sympatric species of Pandanus obligate species do differ bioacoustically. For instance, the
trill-like call of G. methueni that was recorded from multiple geographically distant populations of this species
differs from all other Pandanusicola calls known to date (somewhat reminding only of G. tasifotsy; Lehtinen et
al. 2012). Another important observation is that the duration (and amplitudal character) of calls differ among the
sympatric species around Andasibe, which are relatively static variables not heavily influenced by temperature or
body size (Kohler et al. 2017), therefore constituting stable differences in bioacoustic signals.

Co-occurrence and niche partitioning have been matters of intense study in the field of ecology, as shown in
MacArthur & Levins (1967), Roughgarden (1976), and Vacher et al. (2016), to name a few. Lehtinen & Carfagno
(2011) observed a 19.8% co-occurrence rate between two Guibemantis species in the South East of Madagascar,
which was attributed to the niche of a superiorly competitive species completely overlapping that of a competitively
inferior species. In the absence of further habitat data (diet, water level in plants, tree species, detritus level, canopy
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cover, etc.), and given the 30% rate of co-occurrence observed in April 2022, our data suggest that body size is the
biggest difference between the novel Guibemantis species. In order to determine if these frogs are demonstrating
a classic niche partitioning or an included niche mechanism, further research on their diet, reproduction and larval
stages is needed, as well as their relationships with the other species found in Pandanus. For example, Damastes
spiders observed in Pandanus during the April 2022 survey could easily prey on the same arthropods as frogs, or
even on frogs themselves (Fulgence et al. 2020).

Although the co-occurrence of various species of Pandanus obligate frogs has been well documented in the past,
the area around Andasibe appears to host the largest number of species in sympatry to date. Leaving aside G. liber,
which uses Pandanus axils as shelter but not for reproduction, the area hosts (1) the large-sized G. flavobrunneus
that, however, was not found in our 2022 surveys and appears to have a rather spotty occurrence; (2) the rather easily
diagnosable G. pulcher, characterized by translucent-green color and purplish-brown spotting; (3) G. methueni,
which according to our data is the predominant coastal species in the Northern Central East geographical region but
can be found at ca. 900 m a.s.l. near Andasibe, and the three new species described herein, (4) G. ambakoana, (5) G.
vakoa, and (6) G. rianasoa. Except for G. vakoa, all of these species have been encountered within a few kilometers
around the village of Andasibe. As such, Andasibe would be an ideal site to further study their ecological niche
partitioning, both in the adult and larval stages, for which the description of three new Pandanusicola species herein
provides a taxonomic basis. More generally, the taxonomic inventory of the herpetofauna at popular tourist sites like
Andasibe is important not only for conservation management but also for maximizing the ecotourism opportunities
of Madagascar’s unique herpetofauna (Wollenberg et al. 2011).
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Appendix 1: Call description of Guibemantis methueni

Advertisement calls recorded on 8 November 2011 at Andasibe (air temperature not measured) consist of a single
very short click-note, emitted at rather regular intervals in defined series containing 4—7 calls. Within call series, both,
amplitude and frequency modulation is evident, with the initial call of each series exhibiting the lowest call energy
and lowest dominant frequency of all calls, whereas subsequent calls show an increase in dominant frequency and
increased amplitude. Numerical parameters of 40 analysed calls from two individuals are as follows: call duration (=
note duration) 8-19 ms (16.0 £ 3.9 ms); inter-call interval within regular series 75-121 ms (90.6 + 14.7 ms); number
of calls per call series 4-7 (5.0 £ 1.0); duration of call series 377-664 ms (486.1 + 105.7 ms); dominant frequency
2928-4102 Hz (3677 + 378 Hz); prevalent bandwidth 2500-7600 Hz. Call rate within series ranged approximately
around 540 calls/minute.

Recordings obtained by R. Blommers-Schldsser in the 1970s at Ambila-Lemaitso (Blommers-Schlésser 1979)
and re-analyzed herein, are in general agreement with the calls from Andasibe and clearly allocatable to G. methueni.
Numerical call parameters of 35 analyzed calls are as follows: call duration (= note duration) 12-17 ms (14.6 +
1.8 ms); inter-call interval within regular series 56-69 ms (60.8 + 4.1 ms); number of calls per call series 3-6 (5.0
+ 1.2); duration of call series 161-415 ms (320.7 £ 94.2 ms); dominant frequency 4081-4360 Hz (4219 £ 95 Hz);
prevalent bandwidth 2500-6500 Hz.

Recordings obtained on 21 November 2022 at Ankanin'ny Nofy are of poor quality (distantly calling individuals
and severe background noise) and therefore it is impossible to analyse these in detail. However, by listening to the
recording it is possible to recognize short call series being composed of 5-6 calls (apparently with the first call of
the series being slightly longer in duration), which likely correspond to G. methueni.
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