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Abstract

The role of regional diversification versus the effect of migration in generating local species assemblages remains poorly known.
Here, we contribute to the understanding of the role of colonisation and in situ diversification by studying an assemblage of miniatur-
ised microhylid frogs of the genus Stumpffia Boettger, 1881, of which six species have been known to occur on Montagne d’ Ambre,
a volcanic mountain in the north of Madagascar. These six species are distributed over different, partly overlapping elevational levels.
We examined this assemblage based on molecular data (16S mtDNA and Ragl nDNA), new data on the elevational distribution
among local Stumpffia species, and differences in advertisement calls. Our results revealed several genetic lineages constituting dis-
tinct species, including another species record for the mountain, S. mamitika Rakotoarison et al., 2017, as well as the new candidate
species Stumpffia sp. aff. angeluci. This brings the total number of described species known to occur on the mountain to seven, four of
which are micro-endemic. Our data indicate that one clade, consisting of four species, has arisen in situ as a microendemic radiation.
We discuss alternative evolutionary scenarios for the biogeographic origin of the observed Stumpffia species.
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Introduction

Mountains have been reported to function as speciation
pumps in various study systems (Hall 2005; Wollenberg
et al. 2008; Lei et al. 2015; Steinbauer et al. 2016; Ol-
iver et al. 2017; Garcia-Rodriguez et al. 2021), and al-
though they make up less than 15% of all land surfaces,
they harbour 80% of the world’s terrestrial biodiversity
(Garcia-Rodriguez et al. 2021). The extent of mountain
biodiversity may be influenced positively by climatic and
geological factors such as high mean annual temperature,
high precipitation, a complex relief, and high soil type
diversity (Antonelli et al. 2018). Furthermore, the pro-
portion of (micro-) endemic species has been found to
increase with higher elevation (Steinbauer et al. 2016;
Oliver et al. 2017, Scherz et al. 2023).

The assemblage of species on a given mountain may
be the result of colonisation and/or in situ diversification.
For organisms without airborne life stages, colonisation is
mostly limited to terrestrial routes, and consequently the
highest point of opportunity for colonisation is the highest
point of connectivity with the rest of the landscape (Knox
2004). The geographical context of a mountain shapes
the opportunities for colonisation (Rahbek et al. 2019),
and the ecological challenges faced by the assemblage
of species that inhabit it (Antonelli et al. 2018): Isolat-
ed mountains surrounded by lowlands must be colonised
from the lowlands, which can lead to a profile of phyloge-
netically younger lineages with increasing elevation (e.g.,
Oliver et al. 2017). In contrast, mountains that are part of
mountain ranges and retain (or had at some point in their
history) a connection to other nearby mountains, may be/
have been colonised through dispersal paths at higher el-
evations (i.e., at the elevation of the connection between
two mountains) (e.g., Knox 2004; Hofmann et al. 2017;
Graham et al. 2023). This difference influences the extent
of ecological challenge associated with the colonisation
of a new mountain; climate fluctuations notwithstanding,
terrestrial organisms colonising isolated mountains must
initially live in the low elevation microclimate, before
adapting to up-slope conditions (Oliver et al. 2017). This
constitutes a much more extreme transition than an or-
ganism colonising at intermediate elevation via a ridge
(Antonelli et al. 2018). However, fluctuations in climate
on a geological time scale may shift the relative position,
connectivity or fragmentation of patches of ecozones
across the mountain, resulting in a flickering connectivity
system (Flantua et al. 2019) and, thus, driving speciation
(e.g., Hazzi and Wood 2025). Highly dynamic spatial
shifts in mountainous vegetation zonation and plant bio-
diversity have been reported especially from the Pleis-
tocene (Flantua and Hooghiemstra 2018; Flantua et al.
2019; Muellner-Riehl 2019; Muellner-Riehl et al. 2019),
suggesting similar dynamics in zoological species assem-
blies.

Once on a given mountain, lineages may diverge from
the initial point of colonization, and further diversify in
situ. This can occur through a variety of mechanisms.
The way we think about speciation has recently shifted

from focusing on a spatial context (allopatry vs. sym-
patry; Mayr 1942) towards the actual drivers of diversifi-
cation, such as drift, sexual selection, or ecological selec-
tion (Nosil 2012), all of which can occur in any spatial/
geographical contexts (i.e., sympatric/allopatric/parapa-
tric settings; Nosil 2012). Ecological speciation may be
especially prevalent on mountains, because spreading
from the point of colonisation up- or down-slope (or
sometimes around the different aspects of the moun-
tain) necessarily involves movement across a succession
of ecological clines, some of which may be very steep
(both ecologically and physically) (Goodman et al. 2018;
Scherz et al. 2023). However, the isolation of any loca-
tion also varies according to the environmental tolerance
and dispersal capacity of the lineage in focus, including
its ability to use present dispersal vectors such as streams
or wind (Flantua et al. 2020). Dispersal limitation is
characterised by individuals being unable to reach en-
vironmentally suitable areas due to both spatial distance
and barrier distance (i.e., distance to physical barriers or
habitat dissimilarities such as temperature differences) or
failure to adapt to less suitable niches (Eiserhardt et al.
2013).

Madagascar has several mountains, massifs, and moun-
tain ranges formed by tectonic activity and volcanism (de
Wit 2003), and given its large, ecologically highly vari-
able area, is referred to as a ‘micro-continent’ (de Wit
2003; Vences et al. 2009; Glaw et al. 2022). It is also a
biodiversity hotspot, with most of its endemic species be-
ing concentrated on and around its mountains (Ganzhorn
et al. 2001; Wilmé et al. 2006; Wollenberg et al. 2008;
Vences et al. 2009; Wesener et al. 2011; Brown et al.
2014, 2015, 2016; Wollenberg Valero 2015; Everson et
al. 2020; Liu et al. 2024; Hazzi and Wood 2025). A prom-
ising study system for understanding mountain com-
munity assemblage and the potential role of ecological
speciation can be found within the Madagascar-endemic,
microhylid frog subfamily Cophylinae Cope, 1889: The
genus Stumpffia Boettger, 1881 currently contains 44 re-
cognized nominal species (Frost 2024) that range three-
fold in body size, from some of the smallest frogs in the
world, such as S. contumelia Rakotoarison et al., 2017
(8.0-8.9 mm snout—vent length [SVL]), to the much larg-
er S. staffordi Kohler et al., 2010 (27.0-27.9 mm SVL)
(Rakotoarison et al. 2017). As far as known, they are
terrestrial frogs with nidicolous tadpoles that are endo-
trophic, developing either in foam or jelly nests or in wa-
ter-filled cavities, away from water bodies (Rakotoarison
etal. 2017; Scherz et al. 2022). This gives them restricted
vagility, especially in lineages that are miniaturised, and
consequently Stumplffia species are often microendemic
to single Malagasy mountains (Wollenberg et al. 2008;
Rakotoarison et al. 2017).

Wollenberg et al. (2008) discussed the correlation be-
tween endemism and species richness in cophylines, in-
dicating strong spatial niche conservatism and the crucial
role of mountainous habitats for speciation. So far, the
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Stumplffia assemblage of the Marojejy mountain massif
in the northeast is the only one that has been studied in
detail: Rakotoarison et al. (2019b) found intraspecific ge-
netic differences between Stumpffia sorata Rakotoarison
et al., 2017 and Stumpffia tridactyla Guibé, 1975 indi-
viduals collected at different elevations on the Marojejy
massif, giving evidence that gene flow is impeded be-
tween different elevational populations. Both taxa occur
over wide elevational ranges (Rakotoarison et al. 2019b).
They also found species living in syntopy to differ from
each other by their advertisement calls and calling activi-
ty time. At the species level the authors demonstrated that
not a single species-pair has diverged in situ on Marojejy.
This result might be explained by the comparatively high
connectivity of Marojejy, directly connected at >1000 m
a.s.l. with a larger mountain chain stretching across north-
ern Madagascar.

Here, we present a study on the Stumpffia assemblage
of another mountain in northern Madagascar: Montagne
d’Ambre. This isolated, extinct volcano is situated at the
northern tip of Madagascar, with its peak at 12.596°S,
049.152°E, with an elevation ranging from ~200 m a.s.1.
to 1475 m a.s.l. (Gautier et al. 2018). It is covered by the
Parc National de Montagne d’Ambre, a 30,689 ha pro-
tected area founded in 1958 (Goodman et al. 2018), and
is characterised by a comparatively harsh transition zone
between the humid rain forest of eastern Madagascar
and the dry forests in western Madagascar (Hending et
al. 2020). After Vences et al. (2012) proposed Montagne
d’Ambre as an ideal model system to study anuran adap-
tive speciation, Scherz et al. (2023) demonstrated herpe-
tofaunal community turnover and both morphological
and genetic divergence linked to elevational zonation. At
Montagne d’Ambre, six species of Stumpffia have been
reported so far (Rakotoarison et al. 2017, 2022; Scherz et
al. 2023): Stumpffia angeluci Rakotoarison et al., 2017, S.
huwei Rakotoarison et al., 2017, S. maledicta Rakotoari-
son et al., 2017, S. madagascariensis Mocquard, 1895, S.
bishopi Rakotoarison et al., 2022 and S. megsoni Kohler
et al., 2010 (Rakotoarison et al. 2019b erroneously stated
Stumplffia achillei Rakotoarison et al., 2017 to occur on
Montagne d’Ambre—S. angeluci was meant). Building
on this previous knowledge, we examined the diversi-
ty of Stumpffia occurring on Montagne d’Ambre based
on morphometrics, phylogenetics, and bioacoustic data
analysis and examine the potential biogeographic sce-
narios (i.e., in situ speciation vs. dispersal) to gain more
understanding of the drivers of intra- and interspecific
Stumplffia diversity on Montagne d’Ambre. For in situ
diversified lineages, we predict a common phylogenetic
origin and emerging reproductive isolation via segrega-
tion in quantitative bioacoustics traits, whilst conserving
the general call structure (Kohler et al. 2017); opposed
to that, we expect Montagne d’Ambre species that inde-
pendently colonized the mountain to have distinct phy-
logenetic origins and to also differ in their call structure.
Overall, we predict little morphometric differentiation
in the Stumpffia species assembly, even along elevation-
al clines, due to their reportedly conserved morphology
with few exceptions (Rakotoarison et al. 2017).

Material and methods

Data acquisition

The majority of the data analysed here was collected on
an expedition to Montagne d’Ambre carried out from
November 2017 to January 2018 by Mark D. Scherz,
Andolalao Rakotoarison, Safidy M. Rasolonjatovo, Jary
H. Razafindraibe, Ricky T. Rakotonindrina, Onja Rand-
raimalala, and Angeluc Razafimanantsoa; other results
from this expedition have been reported elsewhere (Ra-
solonjatovo et al. 2020, 2022; Rakotoarison et al. 2022;
Scherz et al. 2023). The expedition collected numerous
Stumplffia specimens and tissue samples from across the
mountain, including material from the herpetologically
unexplored west slope of the mountain. Other samples
included here were collected over numerous previous
visits to the mountain over the past 25 years by various
researchers.

Specimens were captured on surveys consisting of op-
portunistic and targeted searching by day and night (with
the aid of hand-held and head torches), often guided by the
calling activity of male specimens. Collected specimens
were photographed in life, and voucher specimens were
anaesthetised and subsequently euthanised using tricaine
mesylate solution (MS222). A tissue sample of each indi-
vidual was taken from limbs (either a muscle sample or,
in small individuals, a whole part of the limb) and stored
in 99% ethanol for molecular analysis. Voucher speci-
mens were subsequently fixed in 90% ethanol, before per-
manent conservation in 70% ethanol. Field number labels
were tied to specimens (or, in the case of diminutive indi-
viduals, affixed to Eppendorf tubes into which the frogs
were placed). Field numbers used herein include ACZCV
Angelica Crottini, DRV David R. Vieites, FAZC Fran-
co Andreone, FGMYV Frank Glaw and Miguel Vences,
FGZC Frank Glaw, MSZC and MSTIS Mark D. Scherz,
RAX Christopher J. Raxworthy, RJS Jasmin E. Randri-
anirina, and ZCMYV and MV Miguel Vences. Specimens
were deposited at the ZSM Zoologische Staatssammlu-
ng Miinchen, Munich, Germany, UADBA collections of
the Mention Zoologie et Biodiversit¢ Animale, Univer-
sité d’Antananarivo, Antananarivo, Madagascar, and the
NHMD/ZMUC Natural History Museum Denmark, Co-
penhagen, Denmark.

Sampling site

Montagne d’Ambre mostly consists of basalt, basanite,
ankaratrite, covered by acidic Haplic Acrisols, Haplic
Ferrasols and Haplic Cambisols (Goodman et al. 2018).
It is entirely surrounded by sandstone, marl and shaley
limestone (Donné et al. 2021). Despite plant growth lim-
itation by high levels of aluminium and iron in the soil,
the area is mostly covered by moist, evergreen forest with
a canopy height of 20 to 25 m, whilst forests closer to
the summit display a canopy usually below five metres
(Goodman et al. 2018). Additionally, there is rather dry
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vegetation (i.e., dry, deciduous forests) in a series of cra-
ters west of Lac Maudit, and along the west slope, large-
ly due to porous underlying volcanic rock (Goodman
et al. 2018). Montagne d’Ambre also contains several
lakes, e.g., Lac Maudit and Grand Lac, which constitute
noteworthy study sites for anuran ecology (Rasolonja-
tovo et al. 2022). The local climate is dominated by the
North-Malagasy subhumid climate, receiving annual
average rainfall levels of about 1424 mm (in the years
1981-2017), the vast majority of which occurs between
November and April as well as temperatures between
12.3°C (cold season: June—August) and 30.4°C, although
temperatures decrease at the upper elevations (Goodman
et al. 2018). Also, vegetation and the local climate (and
thus, the fieldwork) are influenced by the regular occur-
rence of cyclones (Goodman et al. 2018; Rasolonjatovo
et al. 2020, 2022). Fieldwork in 2017-2018 was carried
out along an elevational transect, with a satellite camp
established on the West Slope (see Scherz et al. 2023 for
further details). However, sampling gaps remain especial-
ly at the south slopes, the far east slopes, and the lowest
elevations of the north slope.

DNA extraction, amplification, and
sequencing

We obtained DNA sequences from the 3’ and 5’ fragments
of the mitochondrial rRNA gene 16S and the nuclear-en-
coded Recombination Activation Gene (Ragl) of 45 spec-
imens assigned to six nominal species in the course of
this study. For this purpose, genomic DNA was extracted
from muscle tissue or digits stored in 99% ethanol using
either the standard salt extraction protocol by Bruford et
al. (1992), or an SPRI Bead DNA Extraction Protocol
(Phyletica Lab 2024) using Proteinase K (20 mg/ml) for
digestion. Amplification via standard polymerase chain
reaction (PCR) was performed according to protocols of
Belluardo et al. (2022), using primers and PCR conditions
as stated in Table S1 to a final volume of 25 pl per sam-
ple. PCR products were then purified by centrifugation
through Sephadex G-50 Superfine (Cytiva, 17-0041-01)
incubated in HPLC-H,O (Merck, 1.15333.2500) in Mul-
tiScreen-HV plates (Millipore, 0.45 pm, MAHVN4510)
according to the manufacturer’s instructions, for five
minutes at 910 x g. A volume of 5 pl of the resulting elute
was added to each 2 ul 5x green GoTaq buffer (Promega
GmbH), 0.5 ul Big Dye Terminator (v.3.1, ThermoFisher
Scientific) 0.5 pl primer and 5.5 pl HPLC-H,O (Merck,
1.15333.2500) to a total volume of 10 pl. Subsequently,
5 ul of this sequencing reaction was added to 5 pl HiDi
Formamide (ThermoFisher Scientific, 4311320) on the
Sanger sequencer (3500 Genetic Analyzer, ThermoFisher
Scientific). The resulting forward and reverse sequence
chromatograms were checked by eye and combined into a
single contig for each sample and each marker. Sequenc-
es with low confidence due to deficient chromatogram
quality were discarded. A further 117 sequences of the
3’ 16S fragments were generated using the Illumina am-
plicon approach (Vences et al. 2016). Published 16S and

Ragl sequences were downloaded from GenBank and
included in the matrix in order to complete our sampling
of Stumpffia, and we also incorporated a number of pre-
viously unpublished 16S and Ragl sequences generated
in the labs of A. Crottini and MV over the last fifteen
years. We uploaded all novel sequences to GenBank (ac-
cession numbers: PX527161-PX527194 and PX600750—
PX600957; Table S2).

Molecular phylogenetics

We produced four alignments with MAFFT online (Katoh
et al. 2019) from newly generated and available sequenc-
es. All alignments were quality checked by eye with sub-
sequent manual adjustments before testing for the optimal
model for molecular evolution with the software jModel-
Test 2 version 2.1.10 (Darriba et al. 2012). GTR+I+G
was determined as the optimal model for each individ-
ual alignment. Anilany helenae (Vallan, 2000) served as
outgroup, since Anilany is phylogenetically sister to the
genus Stumpffia (Scherz et al. 2016; Tu et al. 2018).

Alignment A (length = 684 nt), consisting of 3 16S
sequences only, for a total of 315 Stumpffia specimens
as well as a sequence from Anilany helenae.

Alignment B (length = 680 nt), consisting of 5* 16S
sequences only, for a total of 348 Stumpffia specimens
as well as a sequence from Anilany helenae.

Alignment C (length = 1238 nt), consisting of manu-
ally concatenated 3’ and 5’ 16S sequences, for a total
of 59 Stumpffia specimens, aligned against a full 16S
sequence from Anilany helenae (GenBank accession
number MZ751042.1).

Alignment D (length = 531 nt), consisting of Ragl se-
quences only, for a total of 239 Stumpffia specimens
as well as a sequence from Anilany helenae. Note that
there were no sequences available for the Montagne
d’Ambre endemic species S. bishopi.

For all four alignments, maximum likelihood trees were
calculated using the software raxmlGUI version 2.0.7
(Edler etal. 2021), setting ‘Analysis’ to ‘ML + rapid boot-
strap’ and ‘Reps.” to 1000. For Alignment C, an addition-
al Bayesian tree was calculated using MrBayes version
3.2.7 (Ronquist et al. 2012) using Markov chain Mon-
te Carlo algorithm (MCMC), four chains, two runs and
2,000,000 generations. Trees for Alignments A, B, and C
were displayed in FigTree version 1.4.4 (Rambaut 2018).
Within the genus Stumpffia, four major clades are evi-
dent sensu Rakotoarison et al. (2017), clades A—D, which
help to inform biogeographic analyses of the genus. All
species of Stumpffia were included in our analyses, but
only members of the A clade (sensu Rakotoarison et al.
2017) are depicted in figures for space reasons, as the oth-
er clades do not occur on Montagne d’Ambre. Non-fo-
cal clades are also collapsed in our figures. Full trees are
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given in the supplementary material (Figs S1, S2). Full
mean pairwise uncorrected p-distances were calculated
based on the Alignment A, B, and C using the TaxI2 tool
in iTaxoTools version 0.1 (Vences et al. 2021b).

A reduced version of Alignment D (length = 323 bp),
containing no missing data and only including individu-
als of Clade A sensu Rakotoarison et al. (2017), was used
to visualize the relationship among alleles (haplotypes)
of Ragl using a network approach in the program Hap-
solutely (Vences et al. 2024). Haplotypes were inferred
using the PHASE algorithm (Stephens et al. 2001), using
a phase (-p) and allele (-q) threshold of 0.5 with 1000
MCMC iterations. Based on the phased sequences, a net-
work was constructed under the Median-Joining algo-
rithm (Bandelt et al. 1999) and edited in Adobe Illustrator
v29.4 (Adobe Inc., San Jose, CA, USA). The input files
for Hapsolutely, along with the datasets for other analy-
ses, are available from a dataset uploaded at the Zenodo
repository at https://doi.org/10.5281/zenodo.16385861.

Bioacoustics

We analysed advertisement calls of various Stumpffia
specimens from Montagne d’Ambre recorded over the
last 20 years. Call series of different lengths were re-
corded from Stumpffia angeluci (MSZC 0531), Stumpffia
bishopi (MSZC 0730), Stumpffia huwei (MSZC 0405,
MSZC 0660, ZCMV 13618, ZCMV 13619, MSZC 0744,
two series of MSZC 0769), Stumpffia madagascarien-
sis (MSZC 0707, ZCMV 12185), Stumpffia maledicta
(MSZC 0666, MSZC 0724, ZCMV 13504), Stumpffia
mamitika (MSZC 0793), and Stumpffia megsoni (MSZC
0545, MSZC 0764, MSZC 0765, MSZC 0768, MSZC
0777). Calls from other locations were recorded for S.
angeluci (ZCMV 13608, Joffreville) and S. mamitika
(ZCMV 13616, Ankarana; one not-collected specimen,
Andapa). Temperature data was unavailable for many re-
cordings and is, thus, rarely given here. Calls are depos-
ited in the Zenodo repository at https://doi.org/10.5281/
zenodo.16385861. Note that recordings from ZCMV
specimens were made with a damaged field recorder,
which however mostly affected their amplitude profiles
only, and does not appear to have had detrimental effects
on the fidelity of call frequencies.

Recordings were resampled at 22.05 kilohertz (kHz)
and analysed in Audacity (Audacity Team 2014). Call
duration was calculated by identifying the start and end
of calls in waveform view. Duration of the inter-call in-
terval (from the end of one call to the start of the next)
was calculated subsequently. Dominant frequencies were
obtained from plotted spectra of single calls. Results were
displayed as ‘minimum — maximum (mean + standard
deviation)’ in milliseconds (ms) or respectively in Hertz
(Hz), according to Rakotoarison et al. (2017). We define
a call of Stumpffia herein as a single, high-pitched tonal
note (Rakotoarison et al. 2017) and use the terminolo-
gy for call descriptions by Kdhler et al. (2017), using the
call-centered terminological scheme. Inter-call intervals
varied quite substantially even within a call series, raising

the question of whether well-motivated calling specimens
were recorded and thus, do not seem to be a suitable char-
acter for species identification in this assemblage. Plots of
call duration vs. dominant frequency were created using
the ggplot2 package (Wickham 2016) in R (R Core Team
2024) with RStudio (RStudio Team 2019).

Morphometrics

Basic morphometric measurements were taken on a to-
tal of 64 specimens from seven nominal species and one
potential candidate species: Stumpffia angeluci (N = 13),
Stumplffia bishopi (N = 3), Stumplffia huwei (N = 14),
Stumplffia madagascariensis (N = 4), Stumpffia maledicta
(N = 12), Stumpffia mamitika (N = 9), Stumpffia meg-
soni (N = 6), and Stumpffia sp. aff. angeluci (N = 3). All
specimens were collected on Montagne d’ Ambre, except
for three individuals of S. mamitika (ZSM 3237/2012,
ZSM 0307/2004, ZSM 0228/2016) and five specimens of
S. angeluci (ZSM 300-303/2004, ZSM 1671/2008).

Morphological measurements followed Rakotoarison
et al. (2017), and were the following: SVL snout—vent
length, HW maximum head width, HL head length,
TD horizontal tympanum diameter, ED horizontal eye
diameter, END eye—nostril distance, NSD nostril-snout
distance, NND nostril-nostril distance, FORL forelimb
length, HAL hand length, HIL hindlimb length, mea-
sured straightened, FOTL foot length including tarsus,
FOL foot length without tarsus, and TIBL tibia length.
Additionally, UAL upper arm length, LAL lower arm
length, THIL thigh length, and TARL tarsus length were
taken. We did not examine the relative position of the
tibiotarsal articulation position when stretched forward
along the body to avoid damaging specimens. A mea-
surement scheme is given in Figure 1. All measurements
were performed using digital callipers (Mitutoyo Corp.,
CD-15DAX, accuracy + 0.02 mm; Mitutoyo Corp., CD-
15CP, accuracy + 0.03 mm; Hogetex, Digital Caliper,
6M05.3.42, accuracy = 0.03 mm). Measurements were
subsequently compared to previous measurements from
Rakotoarison et al. (2017, 2022), but to avoid inconsis-
tencies due to measurer effect, only newly obtained mea-
surements obtained by a single measurer were retained
for analyses.

Morphometrics were used to perform a principal com-
ponent analysis (PCA) in RStudio (RStudio Team 2019)
with R (R Core Team 2024), using the ggplot2 (Wickham
2016) and tidyverse (Wickham et al. 2019) packages. To
avoid losing specimens due to missing data, three hind
limb measurements were imputed for four specimens
of Stumpffia huwei from the west slope (MSTIS 00930,
00931, 00964, and 00967) by linear regression against
SVL. One specimen, ZSM 0228/2016 (ZCMV 13616),
was omitted due to a missing measurement of FORL.
PCA was performed for the following traits: log,,(SVL),
HW, HL, TD, ED, END, NSD, NND, FORL, HAL, HIL,
FOTL, FOL, TIBL, UAL, LAL, THIL, TARL. Values
other than SVL were corrected for relative size by taking
their residuals from a linear model against SVL.
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SVL

Figure 1. Measurement scheme based on Rakotoarison et al. (2017) supplemented by UAL, LAL, THIL, and TARL, displayed in
Stumpffia mamitika (ZSM 116/2018, field number MSZC 0793). Note, that FOTL would be measured with foot and tarsus stretched

in a straight line. FORL and HIL are not displayed herein.

Results

Identity and variability of Stumpffia on
Montagne d’Ambre

Actotal of 91 Stumpffia specimens and tissue samples were
collected on Montagne d’Ambre (Fig. 2) between Octo-
ber 2017 and January 2018, including nine call vouchers
(i.e., males observed and recorded calling). Sequences of
the mitochondrial 16S rRNA markers we analysed, suc-
cessfully assigned all sequenced individuals to species
level (Figs 3, S1-S4), and confirmed the presence of the
following species: Stumplffia angeluci (seven specimens),
S. bishopi (three specimens), S. huwei (22 specimens),
S. madagascariensis (14 specimens), S. maledicta (30
specimens), S. mamitika (one specimen), S. megsoni (13
specimens), S. sp. aff. angeluci (three specimens) (Figs 3,
4, S4). Stumpffia sp. aff. angeluci represents a previously
unknown lineage, and Stumpffia mamitika is here report-
ed from Montagne d’ Ambre for the first time.

We recovered remarkably high infraspecific variation
in Stumpffia huwei, notably between the populations from

the west and north slopes; they differ by uncorrected pair-
wise distances (p-distances) of 1.68-2.09% in the 5° 16S
fragment of Alignment B (Table S3). However, two spec-
imens from near the Gite d’Etape (ZCMV 3996 collected
in 2009 and MSZC 0643) on the north slope also differed
by 1.17-2.17% in the 5’ 16S fragment from other indi-
viduals from the same locality (Table S3). Nevertheless,
uncorrected p-distances from the 3’ 16S fragment (Align-
ment A) that is more frequently used for species delimi-
tation in Malagasy anurans (Vieites et al. 2009) are only
high between the west and north slope specimens (up to
1.65%) but do not differ strongly between specimens of
the same location. These west slope specimens are clear-
ly differentiated from other S. Auwei in the phylogenetic
trees calculated, with strong support (Fig. 3; Table S4).
Concurrently with their genetic differentiation, west
slope specimens of S. huwei show differences in bio-
acoustics and morphometrics compared to those from the
north slope (Fig. 5; Table S5). Dominant call frequency
shows zero overlap in the measured parameters between
west slope specimens and other specimens of S. huwei
(5120-5515 Hz from west slope specimens MSZC 0744
and MSZC 0769 vs. 4615-5057 Hz from north slope
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Figure 2. Map of Montagne d’Ambre in Northern Madagascar, displaying collection sites from the expedition as well as the guest
house, Gite d’Etape. The red line marks the border of Parc National de Montagne d’ Ambre. Thin white contour lines represent 20 m
elevation steps, thick white contours 200 m. Inset map shows the position in Madagascar, indicated by a white rectangle. Satellite

imagery from Bing Maps, 2022.

specimens; Table 1), despite being highly similar in body
size on average (Fig. 5). However, call duration and in-
ter-call intervals are not substantially different, partly due
to high standard deviations within call series of single in-
dividuals. Morphometrically, west slope specimens and
other members of S. huwei differ in only few traits (Table
S5): West slope specimens have on average longer upper
arms (UAL) without overlapping values with other spec-
imens of S. huwei and, thus, longer forelimbs (FORL),
with or without scaling to body size (SVL). Although
there is substantial overlap in PCs 1 and 2 of our morpho-
metric PCA (Fig. 6), they have almost no overlap in PC3,
which is weighted most strongly by ED, THIL, UAL, and
FORL (Fig. S5).

The specimen of S. mamitika found on Montagne
d’Ambre (ZSM 116/2018, field number MSZC 0793)
also differs in bioacoustics from conspecifics from other
locations (Fig. 7), without overlap in dominant frequency
(53695781 Hz in ZSM 116/2018 vs. 4417-4626 Hz in
other calling males of S. mamitika; Table 1). The spec-
trograms reveal that ZSM 116/2018 displays not just a
harmonic of the other specimens’ dominant frequencies
(which seems to be the case for the S. madagascariensis
specimens; Fig. 8) but emits calls with a different funda-
mental frequency (Figs 7, 8). As in S. huwei, call dura-
tion and inter-call intervals are not substantially different,

partly due to high standard deviations within call series
of single individuals. Morphometrically, ZSM 116/2018
differs only very slightly in tympanum diameter (TD/
SVL) and eye—nostril distance (END/SVL) from other S.
mamitika but displays otherwise values within the range
for the species in the remaining traits (Table S5). It does,
however, differ strongly from conspecifics in the 5’ 16S
sequences by unpaired p-distances of 0.51-2.95; it was
not sequenced for the 3’ 16S fragment (Table S3).

Phylogenetic analysis revealed a highly divergent lin-
eage containing MSZC 0436, MSZC 0710, and ZCMV
13048, which we now tentatively label as Stumpffia sp.
aff. angeluci (Figs 3, S4). All three specimens are from
the vicinity of Lac Maudit. They are closest to Stumpf-
fia angeluci, with p-distances of 3.00-3.19% in the 3’
16S sequences (Table S4) and 3.05-3.86% to them in the
57 16S sequences (Table S3). In the short Illumina-se-
quenced 3 16S fragment, they exhibit lower p-distances
towards Stumpffia maledicta (1.50% to all), but the lon-
ger 5’ fragment contains more informative sites. They
overlap in morphospace with S. angeluci (Figs 6, S5),
but a more detailed morphological analysis may reveal
further differences; these specimens warrant recogni-
tion as an unconfirmed candidate species (Vieites et al.
2009).



58

Fleck et al.: Stumpffia of Montagne d'Ambre, North Madagascar

— Stumpffia maledicta (M §/1 0
Stumpfiia maledicta (i
Stumpffia maledicta
Stumpffia maledicta S 8)
Stumpffia maledicta z\n@zc n;nm
Stumpffia maledicta (MSTIS 00500)
Stumpffia maledicta (MSTIS 00771)
Stumpffia maledicta (MSZC 0607)
Stumpffia maledicta (MSZC 0676)
Stumpffia maledicta (MSZC 0668)
Stumpffia maledicta (MSZC 0419)
Stumpffia maledicta (MSZC 0429)
Stumpffia maledicta (MSZC 0667)
Stumpffia maledicta (MSZC 0606)
Stumpffia maledicta 327)
Stumpffia maledicta (ZCMV
Stumpffia
Stumpfiia m. :
Stumpffia m: > 7 .
62| Stumpfiia m: Stumpffia maledicta
Stumpffia m
52| Stumpffia m:
6651Stumpffia male
Stumpffia maledict:
Stumpffia maledicta
Stumpffia maledicta Lerc 1244)
Stumpffia malec
Stumpffia maledi
Stumpffia m:
Stumpffia maledicta (MSZC 0675)
Stumpffia maledicta (WSZC 0678)
Stumpffia mamitika
1 6S 3' nammm (MSTIS 00795)
Stumpfiia sp. aff, angeluci (MSZC 0710)
pffia huwei (MSZC 0495)
tumpffia huwei (MSTIS 00310)
Stumpffia huwei (MSZC 0415)
Stumpffia huwei (MSZC 0643) N
Stumpffia huwei (MSZC 0656) <
T Stumpffia huwei (
Stumpffia huwei (MSTIS 00390) & -
Stumpffia huwei ZCWV 13514 Stumpffia sp. aff. angeluci o
Stumpffia huwei (FAZC 1324 ©
Stumpffia huwei (ZCMV 13611) o
Stumpffia huwei (ZCMIV 13620) -
Stumpffia huwei (MSTIS 01066)
AE-clade Stumpffia huwei (MSTIS 01061) O
Stumpfiia huwei (ZCMV 13622)
Stumpfiia huwei (MSTIS 00311)
npffia huwei (WSZC 0466
Stumpffia huwei (MISZC 0405)
9| Stumpffia huwei (ZCMV 3996
Stumpffia huwei (MSZC 0619]
Stumpffia huwei (MSZC 0472] i i
Stumpffia huwei (WSZC 066t Stumpff’a huwei
Stumpflia huwe! MSTIS 00887)
uwal MSTIS 00ses)
% ﬂahuw o6 00691)
| Stumpfia huwei dsris 005 1)
Stumpffia huwel ps (ISTIS 00830)
78, Stumpffia angeluci (MSZC 0531)
84 97 Stumpffia mge/uu (MSZC 0536)
93| s, oluci (MSZC 0535)
a5 juci (FGZC 1901)
Stumpfiia angeluci (MSZC 0571)
65} 68| Stumpffia angeluci (MSZC 0576)
o i Stumpffia gimmeli
. Stumpffia iharana (AMNH A167358) Stumpffia angeluci
100 Stumpfia larinki
oo Stumpftia sorata
93 Stumpffia psologlossa
Stumpffia madagascariensis (FGZC 389)
gg Stumpffia madagascariensis (FGZC 1241)
Stumpffia madagascariensis (FGZC 390)
Stumpffia ma nﬁg‘lscwrensrs (ZCMV 12185)
cariensis (MSTIS 00723)
S!umpfﬁvnwd ascariensis (MSZC 0470)
nsis (MSZC 0417) N
ariensis (MSZC 0418)
MSZC 0441) <
is (MSZC 0707)
MSTIS 00751) [0)
ensis (MSTIS 00712) he}
sis (MSTIS 00711) . - :
cz (MSZC 0734) Stumpffia madagascariensis (]
Stumpffia ma cariensis (WSZC 0704) s
64 Stumpitia madagascariensis (ISZG 0735) O
— 70 Stumpffia madagascariensis (MSZC 0410)
Stumpffia madagascariensis (MSZC 0725)
Stumpfia sp. Ca25 (FGZC 1103)
Stumpffia pygmaea
68 Stumpffia megsoni (MSZC 0764)
58| Stumpffia megsai (MSZC 0767)
gopOStumpffia megsoni (MSZC 0777)
Stumpffia megsoni (MSZC 0768)
62| Stumpffia megsoni (MSZC 0766)
Stumpffia megsoni (WSZC 0765)
Stumpffia megsoni (MSTIS 00795) o™
Stumpffia megsoni (WSTIS 00966)
Stumpffia megsoni (MSTIS 00794) i <
tumpffia megsoni (WSZC 0575) - -
Stumpffia megsoni (WSZC 0845) Stumpffia megsoni [0}
76} fia megsoni (MISZC 0532) o
6 Stumpfiia megsoni (FGZC 1951)
e Stumpfiia megsoni (FGZC 1950) ®©
L 100 stumpffia hara S
79 100 stumpftia be
90) Stumpffia bishopi (MSZC 0741)
—974 Stumpffia bishopi (MSZC 0730) st fia bish i
Stumpffia bishopi (MSZC 0728)
Stumpfia staffordi (FGZC 1674) LOHEEN TEO]
mn’—ggq Stumpfia froschaueri A
-| L Stumpffia sp. Ca30 (DRV 6487) <
Stumpffia sp. Ca29 (FAZC 11899) [0}
0 Stumpffia yanniki ©
71 o
100 stumpftia QI &)

Fig. 3. Maximum likelihood phylogenies of Stumpffia based on Alignment A (16S 3’). Only members of Clade A according to
Rakotoarison et al. (2017) are shown; their position in the overall Stumpffia phylogeny is indicated by a grey rectangle. Specimens
from Montagne d’ Ambre are bolded. “AE-clade” refers to the Ambre-endemic clade. Node labels are given as bootstrap values, not

displayed when below 50. For the full phylogeny see Figure S2.

Assemblage of Stumpffia on Montagne
d'Ambre

In the phylogenetic tree calculated based on Alignment C
(3°+5’ 16S; Figs 9, S3), some of the Montagne d’ Ambre
species together form a monophyletic group, containing
S. maledicta, S. huwei, S. mamitika, S. angeluci, and S.
sp. aff. angeluci. We refer to this clade herein as the ‘Am-
bre-endemic clade’ (AE-clade); S. maledicta, S. huwei,
and S. sp. aff. angeluci are, according to current knowl-
edge, microendemic to Montagne d’Ambre, whereas S.
mamitika is also found in other parts of northern Mad-

agascar as much as 240 km away (Vohemar, Ankarana,
Andapa) and S. angeluci has been recorded on Montagne
des Frangais, 35 km away (Rakotoarison et al. 2017). This
latter species also occurs at the lowest elevations on Mon-
tagne d’Ambre (Fig. 4H). In addition to this clade, the
phylogenetically distant Stumpffia madagascariensis and
S. bishopi are also microendemic to Montagne d’ Ambre.
The diminutive Stumpffia madagascariensis (9.7-11.9
mm SVL; Rakotoarison et al. 2017; note, fig. 26a, b in
that paper shows a specimen incorrectly assigned to this
species that is substantially larger; it is probably S. ange-
luci) is sister to the candidate species S. sp. Ca25 from
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Figure 4. The Stumpffia assemblage of Montagne d’ Ambre, Madagascar. A—G Photographs of dorsal, ventral, and dorsolateral view
of Stumpffia species occurring on Montagne d’Ambre. Snout—vent lengths (SVL) are given as range of minimum — maximum values
recorded for each species. For origin of SVL data see ‘Material and methods’ section. H Elevational distribution of Stumpffia species
collected on Montagne d’Ambre. Each triangle represents a single collected specimen/tissue sample. Elevations are given in meters
above sea level (m a.s.l.). Species are sorted by lowest minimal elevation (bottom) to highest minimal elevation (top).

Montagne des Francais, about which very little is known.
Stumplffia bishopi and S. megsoni, the latter also occurring
in dry forests further north, form a clade with S. be Kéhler
et al., 2010, S. hara Kohler et al., 2010, and S. staffordi
Kohler et al., 2010 (Figs 3, 9, S4). Whether S. bishopi or

S. staffordi is the sister taxon of the remaining lineages
in this clade differs between the 16S 3’ tree (Fig. 3) and
both the 16S 5’ tree (Figs S1, S4) and the concatenated
tree based on Alignment C (Figs 9, S3). However, since
S. bishopi is a lineage diverging from a very basal node
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Figure 5. Bioacoustic data from Stumpffia huwei, shown as waveforms (above) and spectrograms (below) from one call each over
an interval of 3 s. Spectrograms are visualised using Hanning windows with 256 bands resolution and 75% window width. Calls
were recorded from A MSZC 0769 and B MSZC 0744 from the west slope and C MSZC 0660 and D MSZC 0405 from other sites
of Montagne d’Ambre. Body size is given as SVL in the upper left corner of each waveform plot.

whilst S. megsoni is a later-diverging lineage, they most
likely have different origins on the mountain.

Montagne d’Ambre Stumpffia species show multiple
cases of haplotype sharing in the nuclear Ragl marker
(Fig. 10): Stumpffia huwei and S. angeluci; S. maledicta
and S. angeluci; S. huwei and S. maledicta; S. mamitika
and S. sorata; and S. mamitika and S. gimmeli. Stumpffia
gimmeli and S. sorata are not found on Montagne d’ Am-
bre, but both species are rather widespread and contain
significant intraspecific genetic diversity (Rakotoarison
et al. 2017, 2019b). Stumpffia megsoni and S. madagas-
cariensis are each separated from their genetically closest

species by multiple mutation steps and show no signs of
haplotype sharing.

Morphological differentiation of
Montagne d’Ambre Stumpffia

Montagne d’Ambre specimens contain medium to
large-sized Stumpffia, ranging in body size (SVL) from
9.7 mm in S. madagascariensis to 24.3 mm in S. meg-
soni (Figs 4, 6). Stumplffia angeluci seems to be larger
on average on Montagne d’Ambre compared to the other
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Table 1. Bioacoustic analysis for species of Stumpffia found on Montagne d’ Ambre. Specimens were recorded on Montagne d’Am-

bre if not indicated otherwise. One specimen of S. mamitika was not caught and thus has no collection/field number. Values are

given as ‘minimum — maximum (mean + standard deviation, N = number of examined calls or call intervals)’. Few temperatures

were taken due to equipment failure.

Field number | Species Call duration Inter-call interval duration | Dominant Frequency
ZCMV 13608 Stumplffia angeluci 178-186 ms 3271-3449 ms 4519-4551 Hz
(Joffreville) (183.542.7 ms, N=7) (3365+61.9 ms, N = 6) (4532.7£10.9 Hz, N = 7)
3 ) 159-183 ms 3005-6330 ms 4084-4314 Hz
MSZC 0331 | Stumpffia angeluci (171.245.1 ms, N = 34) (3523.54620.5ms, N=31) | (4193.1474.6 Hz, N = 34)
o 111-120 ms 4404-6394 ms 3876-4243 Hz
MSZC 0730 | Stumpfia bishopi (116.2+2.4 ms, N =22) (5316.5+622.7ms, N=14) | (4007.4+100 Hz, N = 22)
. 57.9-69.9 ms 2754-6284 ms 4615-4855 Hz
MSZC 0405 | Stumpffia huwei (64.942.8 ms, N = 36) (33584+842.2 ms, N = 34) (4761.4+66.5 Hz, N = 36)
MSZC 0660 Stumplffia huwei, 70.9-88 ms 2148-4413 ms 4731-5035 Hz
19.0°C (78.3%3.6 ms; N = 61) (2493243412 ms, N=60) | (4866.7+86.8 Hz, N = 61)
. 34-55.9 ms 3437-6406 ms 5120-5468 Hz
MSZC 0744 | Stumpffia huwei (47.948 ms, N = 14) (3928.4+902.4ms, N=11) | (5372.5+98.5 Hz, N = 14)
. . 6076 ms 2242-4789.9 ms 5175-5515 Hz
MSZC 0769 | Stumpffia huwei (7043.3 ms, N = 38) (2668.5+430.6 ms, N=37) | (5329.1+121.2 Hz, N = 38)
3 ) 43-57.9 ms 2797-2941 ms 5313-5339 Hz
MSZC 0769 | Stumpffia huwei (536.8 ms, N = 4) (2869.6+72 ms, N = 3) (5326.2+12.6 Hz, N = 4)
, ) 68-69.9 ms 2762 ms 5012-5013 Hz
ZCMV 13618 | Stumpffia huwei (68.9+1.4 ms, N = 2) (N=1) (5012.5+0.7 Hz, N = 2)
. 65.9-68 ms 2750 ms 5057-5057 Hz
ZCMV 13619 | Stumpffia huwet (66.9+1.4 ms, N = 2) (N=1) (5057+0 Hz, N = 2)
MSZC 0707 Stumplffia madagascariensis, | 184-205 ms 7229-13281 ms 5715-6195 Hz
18.4°C (199.546.6 ms, N = 9) (10447.142460.6 ms, N=7) | (5900.6+152.7 Hz, N =9)
. 205207 ms 3933-4105 ms 3979-4015 Hz
ZCMV 12185 | Stumpffia madagascariensis | 05 7.0 g me N = 4) (4008.6+87.8 ms, N = 3) (3994.2+16.5 Hz, N = 4)
MSZC 0666 Stumplffia maledicta, 117-129 ms 3139-8369 ms 4221-4486 Hz
17.3°C (123.3%3.1 ms, N = 38) (4597+1463.6 ms, N=37) | (4404.1460.3 Hz, N = 38)
MSZC 0724 Stumpffia maledicta, 97.9-122 ms 2514-8994 ms 4028-4295 Hz
18.5°C (113+4.9 ms, N = 51) (3834.4+1144.5 ms, N=50) | (4139.3£52.6 Hz, N = 51)
, ) 117-123.9 ms 5146-6611 ms 4823-4844 Hz
ZCMV 13504 | Stumpffia maledicta (119.7+3 ms, N = 4) (5907.3+7342 ms, N=3) | (4829.2+10 Hz, N = 4)
Not collected | Stumpffia mamitika 85.9-91.9 ms 1362-4883 ms 4428-4532 Hz
(Andapa) (88.8+1.8 ms, N =8) (2119.8+1239.9ms, N=7) | (4494.3435 Hz, N=8)
MSZC 0793 Stumplffia mamitika, 69-88.9 ms 951.9-3743 ms 5369-5781 Hz
18-19°C (82+5.5 ms, N = 57) (2326.8+446.5 ms, N=50) | (5518.9+142.9 Hz, N = 57)
ZCMV 13616 Stumpffia mamitika 68.9-79.9 ms 1348-1893 ms 4580-4626 Hz
(Ankarana) (72.7+4.9 ms, N = 4) (1579+281.8 ms, N = 3) (4600.2422.8 Hz, N = 4)
MSZC 0545 Stumplffia megsoni, 96-114 ms 938-1161 ms 3301-3434 Hz
21.7°C (102.8+3.4 ms, N = 50) (1020.5+49.5 ms, N = 49) (3372.2428.2 Hz, N = 50)
3 . 134-147.9 ms 1728-5221 ms 3098-3323 Hz
MSZC 0764 | Stumpffia megsoni (141.43.1 ms, N = 50) (2225.14635.1 ms, N =48) | (3267.2436.1 Hz, N = 50)
3 _ 109118 ms 1455-5712 ms 3348-3523 Hz
MSZC 0765 | Stumpffia megsoni (112.9+2.1 ms, N = 30) (2199.5£910.1 ms, N=28) | (3436.4+55 Hz, N = 30)
_ 111-127 ms 15832093 ms 3115-3251 Hz
MSZC 0768 | Stumpffia megsoni (122.843.7 ms, N = 15) (1778+125.9 ms, N = 14) (3209.3+39.5 Hz, N = 15)
. 107-123.9 ms 1654-2945 ms 3185-3376 Hz
MSZCO777 | Stumpffia megsoni (116.144.2 ms, N = 15) (1906.5+386.6 ms, N=12) | (3290.4+48.6 Hz, N = 15)

specimens of the same species that were collected on
Montagne des Frangais (Table S6). Morphometrically,
all species are rather similar, and only few species lack
overlap in a plot of PC1 and PC2 of our size-corrected
PCA (Fig. 6): Stumpffia madagascariensis is the most
distinct, overlapping in morphospace only with S. Au-
wei. Stumpffia sp. aff. angeluci is also moderately dis-
tinct, overlapping in morphospace only with S. angeluci
and S. maledicta. Although S. megsoni is much larger
than all other species, this is evidently not associated
with shape changes beyond standard allometry, as it

overlaps in morphospace with most other taxa. Body
size differs to only a limited extent among species, with
S. megsoni being much larger, and S. madagascariensis
much smaller, than all other species (Fig. 6). Stumpffia
angeluci shows particularly great variation in body size,
from 10.8 to 18.4 mm; we cannot discount that some
of the smallest measured specimens may be juveniles
or subadults. While qualitative characters were not mea-
sured in this study, it is noteworthy that slightly expand-
ed finger discs are only known from S. megsoni (Kohler
et al. 2010).
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Figure 6. Principal component analysis (PCA) of size-corrected morphometric data and body size of Stumpffia that occur on Mon-
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Bioacoustic differentiation of
Montagne d'Ambre Stumpffia

We analysed calls of 23 individuals belonging to seven
species (Table 1; only S. sp. aff. angeluci was not recorded
calling), which consist of single short tonal notes resem-
bling a high-pitched ‘beep’, and are repeated in a call series
of variable duration. Intraspecific variation was moderate,

except in inter-call intervals, which varied substantially
even intra-individually (i.e., within single call series).
Dominant frequencies showed only little variation within
a call series, but in some cases varied substantially with-
in a species (Table 1), e.g., in S. huwei (4615-5515 Hz).
Most extreme are the differences in dominant frequencies
in the two analysed calls of S. madagascariensis (3994 Hz
for ZCMV 12185 vs. 5901 Hz for MSZC 0707 on average;
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Fig. 8H), but this appears to be due to the dominant fre-
quency being on a different harmonic of calls with a shared
fundamental frequency around 2000 Hz (harmonics of
the call of MSZC 0707 can be seen in Fig. 8C), which
might be linked to different recording distances (Kohler et
al. 2017). Frequency modulation is either absent or little
expressed in Montagne d’ Ambre Stumpffia (Fig. 8A-G).
No frequency modulation was found in S. madagascar-
iensis, S. bishopi, and S. huwei; slight upward modulation
was present in Montagne d’Ambre S. mamitika (absent in
Ankarana specimen, Fig. 7), S. maledicta, and S. angelu-
ci; slight downward (or no) modulation was detected in
S. megsoni.

The community of Stumpffia on Montagne d’ Ambre—
comprising a mixture of a micro-endemically radiated
species, micro-endemic species belonging to more wide-
spread clades, and at least one more-widespread spe-
cies—exhibits strong call differentiation among species
(Fig. 8; Table 1), especially among species co-occurring
at the same elevation. Different species occurring at the
same elevation emit calls that differ drastically interspe-
cifically (compare Fig. 4H to Fig. 8H). For example,
Stumplffia mamitika, S. megsoni, and S. angeluci are all
found (though not exclusively) at 785 m a.s.l. and emit
calls with dominant frequencies of 4428-5781 Hz (S. ma-
mitika), 3098-3523 Hz (S. megsoni) and 40844551 Hz
(8. angeluci). The small overlap between S. mamitika and
S. angeluci is actually due to inclusion of specimens of S.
mamitika from Ankarana; the only specimen of S. mami-
tika recorded on Montagne d’ Ambre (MSZC 0793) called

at dominant frequencies of 5369-5781 Hz, i.e., >800 Hz
higher than the maximum dominant frequency recorded
from S. angeluci. More importantly, call duration ranges
of those three species also do not overlap, which are—in
contrast to frequency—independent of body size (Kohler
etal. 2017).

Calls of Montagne d’Ambre Stumpffia are so distinct
that we have been able to provide a dichotomous key to
their identification (Appendix). Note that this key only
applies to reasonably motivated individuals calling on
Montagne d’ Ambre and may else fail.

Discussion

Our results show that there are at least seven, and pos-
sibly eight, species of Stumpffia on Montagne d’ Ambre,
rather than the six that were previously known (Rakotoar-
ison et al. 2017). Four of the seven species are microen-
demic to Montagne d’Ambre, according to current data
available (S. bishopi, S. madagascariensis, S. maledic-
ta, S. huwei), as well as the new unconfirmed candidate
species, Stumplffia sp. aff. angeluci (MSZC 0436, MSZC
0710, ZCMYV 13048). Additional specimens, ideally call-
ing males, of this lineage should be collected to allow a
comprehensive taxonomic assessment. Nonetheless, the
emerging picture is one of remarkable diversity for a sin-
gle mountain.
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The Montagne d’ Ambre-endemic S. bishopi has not been sequenced for this marker.

This assemblage exhibits conserved morphology. Ex-
cept for outliers at the upper and lower extremes of body
size in these frogs, our PCA highlights the lack of distinct
morphometric differences among species (Figs 6, S5),
though it does not account for differentiation in qualita-
tive traits like slightly expanded finger discs in S. meg-
soni (Kohler et al. 2010). In contrast, however, there is
strong biogeographical and bioacoustic segregation (Figs
4H, 8H). Several new elevational records resulted in an
updated elevational distribution map of Stumpffia species
occurring on Montagne d’Ambre (Figs 2, 4H). For S. ma-
mitika, for example, verified elevational data have been
recorded only at 121 m a.s.l. in Ankarana previously (Ra-
kotoarison et al. 2017). The new data extends this range
to a new maximum clevation of 785 m a.s.l., based on a
genetically confirmed sample.

Bioacoustically, all species differ substantially in dom-
inant frequency and/or call duration in their advertise-
ment calls, except S. bishopi and S. maledicta. However,
they do not overlap in their elevational distribution. Con-
versely, species occurring in spatial proximity (e.g., S.
megsoni and S. huwei; Fig. 2) show intense segregation in
their calls (Fig. 8H). The call of S. mamitika on Montagne

d’Ambre is substantially higher in dominant frequency
than low-elevation specimens from Ankarana, which may
be a reflection of differing body sizes (Kohler et al. 2017),
but could also be a result of local co-occurrence with S.
angeluci, which calls at a similar dominant frequency at
this elevation (Figs 4H, 8H). Such differentiation could
in principle trigger a cascading reinforcement and lead to
evolution of reproductive barriers over time (Ortiz-Bar-
rientos et al. 2009; Nosil 2012). The Montagne d’ Ambre
Stumplffia assemblage may be an excellent candidate for
simple, experimental studies on sexual selection based on
advertisement calls.

The species assemblage on any given mountain may
be the result of several, independent colonization events
or initial colonization and subsequent in situ diversifica-
tion (Fig. 11). Montagne d’Ambre has a wealth of mi-
cro-endemic fauna (Goodman et al. 2018). Scherz et al.
(2023) uncovered both intraspecific genetic and commu-
nity-level differentiation of herpetofaunal species along
the strong elevational ecotone on Montagne d’Ambre.
They concluded that this may promote ecological spe-
ciation among a wide variety of organisms along a com-
mon gradient. The observed distribution and diversity of
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B

Figure 11. Modes of dispersal on isolated mountains in non-airborne animals. A Single colonisation event with subsequent in situ

speciation and B multiple, independent colonisation events.

Stumpffia is consistent with this. Stumpffia have colonised
Montagne d’ Ambre at least four separate times (Figs 3, 9;
multigene tree in Rakotoarison et al. 2017), and there is
substantial turnover in species up the slope of the moun-
tain (Fig. 4H). The AE-clade, consisting exclusively of
species found on Montagne d’Ambre (Fig. 9), including
the microendemic taxa S. maledicta and S. huwei, may
have originated on the mountain. The close relatedness
of the AE-clade is also highlighted by the high similari-
ty in the call structure (Kdhler et al. 2017) in Montagne
d’Ambre S. mamitika, S. maledicta, and S. angeluci, i.e.,
a slightly upward frequency modulation. On the other
hand, no frequency modulation was detected in S. mada-
gascariensis and S. bishopi, and a downward frequency
modulation was found in S. megsoni. However, the cur-
rent phylogenetic resolution of our trees is insufficient to
draw strong conclusions on the exact evolutionary origins
of Montagne d’ Ambre Stumpffia.

Moreover, we discovered substantial genetic variation
within some lineages, e.g., S. huwei, which indicates (1)
that our understanding of the genetic diversity of Stumpf-
fia species on the mountain is far from complete, and
(2) that there may be ongoing diversification across the
mountain’s heterogeneous habitats, which differ both
by elevation and by aspect. Haplotype sharing in Ragl
among some species (Fig. 10) may reflect standing ge-
netic variation or incomplete lineage sorting (ILS), espe-
cially for geographically distantly occurring species, but
within Montagne d’ Ambre it could also point toward the
existence of ongoing geneflow. Population genetics ap-
proaches would be needed to clarify this.

Rakotoarison et al. (2019b) investigated the Stumpffia
assemblage on the Marojejy massif in northern Mada-
gascar in a comparable way to this study, enabling the
comparison of these two assemblages and their respec-
tive origins. Both assemblages consist of circa seven
species (Marojejy: Stumplffia tridactyla, S. cf. sorata, S.
grandis, S. sp. Call, S. roseifemoralis, S. diutissima, S.
achillei). No species are shared between the mountains,

although S. mamitika is found near the foot of Marojejy,
at Andapa. We have here shown that Stumpffia have re-
markable bioacoustics variability on Montagne d’ Ambre;
Rakotoarison et al. (2019b) did not include bioacoustics
of Marojejy’s Stumpffia, but we may predict that they will
be similarly differentiated, and can anecdotally report that
there is an additional factor, time of day at which species
call, which seems to differ among co-occurring species
at ca 1300 m a.s.l. at least (MDS, MV, AR, pers. obs.).
Variability of calls within species on Marojejy will be
particularly interesting to compare.

In contrast to Montagne d’Ambre Stumpffia, Rako-
toarison et al. (2019b) found all Stumpffia species oc-
curring on Marojejy to be phylogenetically distant from
each other, and thus to have colonised the massif inde-
pendently, without indication of potential in situ specia-
tion—though some evidence for emerging intraspecific
diversification in S. tridactyla was provided. This is re-
markable, as Marojejy seems to be a more promising area
for in situ speciation than Montagne d’ Ambre: The Parc
National de Marojejy covers a surface area of 55,885 ha
(vs. 30,689 ha, Parc National de Montagne d’ Ambre), a
greater elevational range and steeper ecotone over 75—
2132 ma.s.l. (vs. 200—1475 m a.s.l. on Montagne d’ Am-
bre), and has a broader range of vegetation zones (e.g.,
montane scrub, sclerophyllous montane cloud forest, and
bamboo forest; Goodman et al. 2018). It is geologically
substantially older, and granitic as opposed to volcanic
(Goodenough et al. 2010; Cucciniello et al. 2011). The
biodiversity of birds, reptiles, and amphibians is estimat-
ed to be greater on Marojejy than on Montagne d’Am-
bre (Goodman et al. 2018). We might therefore expect
a greater diversity of Stumpffia, and for at least some to
have diversified in situ.

Setting is a key difference between these two areas.
Whereas Montagne d’Ambre is practically isolated from
any other rainforest, Marojejy is part of a larger complex
of massifs and ridges that extends across northern Mada-
gascar and south as the island’s eastern mountain range,
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potentially allowing the dispersal of nearby mountain
species into this, hence, less isolated area. This opposi-
tion in connection may be the key factor behind the dis-
parities in the origins of the respective communities of
Stumpffia on the two mountains. However, it is important
to emphasise that practically every visit to Marojejy in
recent years has yielded new species of amphibians, and
our picture of its community may still be far from com-
plete. Moreover, no other sites have yet had their Stumpf-
fia assemblages studied in comparable detail. The vast
majority of mountainous areas in northern Madagascar
remain herpetologically under- or unexplored.

Microendemism has been found to be strongly linked
to mountainous habitats in Cophylinae (Wollenberg et al.
2008). Colonisation by non-flying animals of an isolated
mountain usually starts at its lowest elevation (with rare
exceptions, e.g., dispersal of smaller animals via strong
cyclones) (Antonelli et al. 2018). It is expected that there
will be more micro-endemism at higher elevation, and
conversely, more widespread species to occur at lower
elevations (Steinbauer et al. 2016). This pattern is evident
in Montagne d’Ambre, with widespread species at lower
elevation, and micro-endemics at higher elevations. Dif-
ferent elevational zones have differing climate, biodiver-
sity, and vegetation types, and hence, up-slope displace-
ment necessarily involves adaptation across a succession
of ecological clines. Stumpffia at the highest elevations of
Montagne d’Ambre (e.g., S. bishopi; Fig. 4H) may have
arisen from lineages that adapted across each ecological
zone of the mountain below their current maximum el-
evation over their evolutionary history. However, they
could also have reached modern distribution without ad-
aptation if they moved along with shifting microclimate
due to major climate fluctuations. Species occurring over
very broad elevational ranges may have greater environ-
mental tolerance, increasing their ability for adaptation to
different habitats.

The potentially in situ speciated, monophyletic AE-
clade (Figs 3, 9) not only includes multiple microendemic
lineages but also shows intense elevational zonation (Fig.
4H), indicating a link between elevation and speciation
in mountainous Stumpffia. Future work should investi-
gate the population genetics, extent of gene flow, thermal
tolerance, and sexual selection of this diverse radiation,
which may serve as an excellent model to understand the
multifarious action of a shared ecotone on speciation in a
taxon with low vagility.
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Appendix

Bioacoustic key to Stumpffia species of Montagne d’Ambre

This dichotomous key is designed to be used during field-
work and works exclusively for advertisement calls of
Stumplffia recorded on Montagne d’ Ambre, except for S.
sp. aff. angeluci due to the lack of bioacoustic data. Dom-
inant frequencies can be obtained from various modern
smart phone applications and the number of calls per ten
seconds can easily be counted. Depending on the moti-
vation of the calling male, the time interval for counting
should be chosen as large as possible, given it is calling
regularly. Subsequently, calls per ten seconds can be
calculated. Note that this key only applies to reasonably

motivated individuals calling on Montagne d’ Ambre and
may else fail.

To distinguish in step seven between S. angeluci and the
remaining species S. maledicta and S. bishopi, the record-
ing of the call duration is necessary. Note, that already re-
corded specimens of S. angeluci showed very distant call
durations compared to S. maledicta and S. bishopi (Fig.
8H; Table 1). Furthermore, the final distinguishment be-
tween S. maledicta and S. bishopi is difficult due to large
overlap between their call durations, dominant frequen-
cies, and calls per ten seconds.

la) Dominant frequency above 3700 HZ ........coioiiiiiiieieeeeeee ettt ettt eneas 2
1b) Dominant frequency below 3700 HzZ.......ccccoiririiiiniiniiiiiicieicteteeee ettt S. megsoni
2a) Dominant frequency above 5550 HZ .....cc.ooiiiiiiieiiee ettt nae s 3
2b) Dominant frequency below 5550 HZ......c.ooviiiiiiiiieieieeee ettt ettt et eae s 4
3a) More than 2.5 Calls PEI 10 S....ciiiiiiiiiiiririeretee ettt sttt ettt eb et sae s S. mamitika
3b) Less than 2.5 calls Per 10 S ..c.oeiiiiiiiiiiiieneccecc et S. madagascariensis
4a) Dominant frequency above 4600 HZ ...........cooiuiriiiiiiiiiiiiiiieeesess ettt S. huwei
4b) Dominant frequency mostly Delow 4600 HzZ .........c.ooouiiieiiiiieiieeee et 5
5a) Dominant frequency Delow 4030 HZ........c.ooouiiiiiiiii ettt ettt et sttt eneen 6
5b) Dominant frequency above 4030 HZ .......oc.oiiiiiiiieieet ettt ettt et eneen 7
6a) More than 2.3 Calls PEI 10 S....ciiiiiiiriiiniireiee ettt ettt S. madagascariensis
6b) Less than 2.3 Calls PET 100 S ..c.eeuiiiiiiiiiiieire ettt ettt S. bishopi
7a) Call duration longer than 150 MIS........ccceiriiiiiiiiinie ettt S. angeluci
7b) Call duration Shorter than 150 MS..........eouiiiiiiiieieee ettt ettt ettt ettt ene et e ene e st eneeeneesesneenseenees 8
8a) Dominant frequency mostly above 4100 HZ .........cccooviririiininiiniiiiiicicceecee e S. maledicta

8b) Dominant frequency mostly below 4100 Hz, less than 2.3 calls per 10 S ......ccccoereveneninierieiiciiinincnans S. bishopi
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