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A hundred million years ago
Gondwanaland was split
and Indiagascar’s continent
rifted off of it.

India and Madagascar
soon were parted ways.
So Madagascar, in the sea,
now isolated lays.

It shifted south, it shifted north;
ran hot and cool and wet;
and from the KPg event
its biota reset.

Then sailing from across the sea
there came, by drip and drab,
new fauna and new flora, there
to Evolution’s Lab.

The mountains in particular,
with mists, and rains, and fogs,
produced a thousand different kinds
of reptiles and of frogs.

This isolated ‘continent’
where selection went mad
became a unique paradise
for research to be had.

Over six hundred frogs but just
three hundred fifty named—
filling this Linnean gap
is where this thesis aimed.
We need to name them all if we
are ever to connect them,;
to understand their ancestry,
and somehow to protect them.

And so it is this thesis starts,
systematics at the fore:
how it works and what it does
and why we need it more.

For names are anchors of all life;
the way we group and bin things,
and how we reconstruct the tree

‘from such simple beginnings’.
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Summary

Summary
Background

Systematics, divided into the two subfields of taxonomy and phylogeny, is a field concerned with
deducing evolutionary relationships among branches of the tree of life. Species form the substrate
of systematics that is drawn upon by almost all other biological fields, from conservation policy to
community ecology to evolutionary biology. We have so far named nearly 2 million eukaryotes.
Yet, there may be as many as 100 million species on Earth, and our current rate of description is
just 20,000 new species and subspecies per year. Thus, a vast amount of taxonomic work remains
to be done. Systematic research helps us to complete this inventory, while at the same time shed-
ding light on numerous other aspects of biology.

In this thesis, I focus on the systematics of reptiles and amphibians in Madagascar, an island
model for continent-scale evolutionary dynamics. I revise the taxonomy of several different groups,
and in doing so, reveal facets of their evolution, ecology, and conservation. I also demonstrate that
narrow-scope taxonomic works can be harvested as data sources to address broad-scope research
questions, for example in the realm of macroevolution.

Results
The studies presented here are divided into four sections encompassing eleven chapters:

In section 1, I present a paper (chapter 1) in which my colleagues and I describe two new species
of frogs of the genus Mantidactylus and discuss their conservation; I demonstrate the important
link between taxonomy and conservation, and the way in which conservation policy is currently
not taking full advantage of taxonomic knowledge or highlighting gaps in that knowledge.

In section 2, I present four papers (chapters 2—5), in which my colleagues and I describe five
new species of frogs of the genus Gephyromantis and discuss in particular their biogeographic re-
lationships; I show that examining the patterns in the different subgenera concerned points toward
general patterns, giving us insights on the biogeographic history of northern of Madagascar. In the
discussion I provide comparative examples from other taxa distributed in the same area and show
that patterns hold across amphibians and reptiles, but apparently not small mammals.

In section 3, I present five chapters (chapters 6—10), three of which are taxonomic and two of
which are more phylogenetic in focus, together resulting in nine new species and two new genera
of microhylid frogs of the subfamily Cophylinae; I illustrate how taxonomy can take advantage
of new technological advantages to resolve taxonomically challenging cases, and provide insights
into the ecomorphological evolution of these frogs.

In section 4, I present a paper (chapter 11) in which my colleagues and I use a dataset generated
from taxonomic literature in a comparative phylogenetic framework to analyse the evolution of
sexual ornamentation across chameleons. I show that the difference in sexual selection acting on
genital and external morphological ornamentation results in their evolutionary uncoupling.

Conclusions

In this thesis, I describe 16 new species and two new genera of frogs from Madagascar and provide
new data on their phylogeny and evolution. I also demonstrate that the existing taxonomic liter-
ature on chameleons can become a source of data for studies to addressing questions about their
evolution in more detail. Taxonomic progress on the herpetofauna of Madagascar is proceeding
apace, and as we are approaching a completion of the island’s biodiversity inventory, we are gain-
ing valuable insights into the relationships among its fauna, their ecology, evolution, and origins,
while also learning about which species need to be protected and how best to do so. Completion
of this picture will have broad implications, as the evolutionary Petri dish that is Madagascar can
be scaled up to understand patterns governing the generation and perpetuation of biodiversity at a
continental scale.
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Zusammenfassung
Hintergrund

Die Systematik, unterteilt in die beiden Teilbereiche Taxonomie und Phylogenie, befasst sich mit
der Ableitung evolutiondrer Verwandschaftsbeziehungen. Arten bilden die Basis der Systematik,
auf der fast alle anderen biologischen Bereiche aufbauen — von der Naturschutzpolitik iiber die
Okologie bis hin zur Evolutionsbiologie. Bisher wurden fast 2 Millionen Eukaryoten benannt.
Schitzungen zur Gesamtzahl sprechen von bis zu 100 Millionen Arten auf der Erde; unsere der-
zeitige Beschreibungsrate hingegen betrdgt nur etwa 20.000 neue Arten und Unterarten pro Jahr.
Es bleibt also noch viel zu tun im taxonomischen Bereich. Systematik hilft uns dabei, die Inventa-
risierung der Biodiversitit voranzutreiben und gleichzeitig zahlreiche andere Aspekte der Biologie
zu beleuchten.

In dieser Arbeit konzentriere ich mich auf die Systematik der Reptilien und Amphibien von
Madagaskar, einem Inselmodell fiir die evolutionidre Dynamik auf kontinentaler Ebene. Ich iiber-
arbeite die Taxonomie verschiedener Gruppen und lege dabei Facetten ihrer Entwicklung, ihrer
Okologie und ihrer Erhaltung dar. Ich zeige auch, dass eng begrenzte taxonomische Arbeiten als
Datenquellen fiir breiter angelegte Forschungsfragen genutzt werden konnen, beispielsweise im
Bereich der Makroevolution.

Ergebnisse

Die hier vorgestellten Studien sind in vier Abschnitte unterteilt, die insgesamt elf Kapitel umfas-
sen:

In Abschnitt 1 stelle ich eine Arbeit (Kapitel 1) vor, in der zwei neue Froscharten der Gattung
Mantidactylus beschreiben werden und deren Erhaltung besprochen wird. Es wird gezeigt, dass
die Verbindung zwischen Taxonomie und Naturschutz duBlerst wichtig ist, und dass die Natur-
schutzpolitik derzeit das taxonomische Wissen nicht vollstdndig ausschopft.

In Abschnitt 2 stelle ich vier Artikel (Kapitel 2—5) vor, in denen flinf neue Froscharten der Gat-
tung Gephyromantis beschrieben werden und insbesondere ihre biogeographischen Beziehungen
diskutiert wird. Es wird deutlich, dass die Untersuchung der Muster in den verschiedenen betrof-
fenen Untergattungen auf allgemeine Muster hinweist und Einblicke in die biogeographische Ge-
schichte des Nordens von Madagaskar ermdglicht. In der Diskussion zeigen Vergleichsbeispiele
aus anderen Tiergruppen, die in demselben Gebiet verteilt sind, dass diese Muster bei Amphibien
und Reptilien deutlicher sind als bei Sdugetieren.

In Abschnitt 3 stelle ich fiinf Kapitel vor (Kapitel 6—10), von denen drei taxonomisch und zwei
phylogenetisch sind und zusammen neun neue Arten und zwei neue Gattungen von Engmaulfro-
schen der Unterfamilie Cophylinae ergeben. Es wird erldutert, wie die Taxonomie neue techno-
logische Vorteile nutzen kann, um taxonomisch herausfordernde Félle zu 16sen, und Einblicke in
der Evolutionsgeschichte dieser Frosche zu gewinnen.

In Abschnitt 4 stelle ich eine Arbeit vor (Kapitel 11), in der einen aus taxonomischer Litera-
tur erstellten Datensatz in einem vergleichenden phylogenetischen Rahmen verwendet wird, um
die Entwicklung der sexuellen Ornamentierung zwischen Chamileonarten zu analysieren und zu
zeigen, dass die genitalen und dufleren morphologischen Ornamente wegen verschiedene Auswir-
kungen der sexuelle Selektion entkoppelt evolvieren.

Schlussfolgerungen

In dieser Arbeit werden 16 neue Arten und zwei neue Froschgattungen aus Madagaskar beschrie-
ben, zusammen mit neuen Daten zu ihrer Phylogenie und Evolution. Es wird auch gezeigt, dass
die bereits existierende taxonomische Literatur iber Chaméileons zu einer Datenquelle fiir Studien
werden kann, die Fragen zu ihrer Evolution genauer behandeln. Der taxonomische Fortschritt der
Beschreibung der Herpetofauna auf Madagaskar schreitet ziigig voran. Wenn wir uns dem Ab-
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Zusammenfassung

schluss des Biodiversitidtsinventars der Insel ndhern, bekommen wir auch wertvolle Einblicke in
die Beziehungen zwischen seiner Fauna, ihrer Okologie, ihrer Evolution und ihrer Herkunft und
erfahren auch, welche Arten geschiitzt werden miissen und, moglicherweise, wie dies am besten
zu tun ist. Die Entschliisselung dieses Puzzles wird weitreichende Auswirkungen haben, nicht nur
in Bezug auf Madagaskar selber, sondern auch fiir die Art- und Gemeinschaftsbildung auf Konti-
nenten.

Taxon Box

This thesis focuses broadly on two groups of frogs from Madagascar, and specifically on one
group of lizards. For ease of understanding, the following summarises briefly the groups that
are discussed.

Amphibians:
Microhylidae — A family of pantropical neobatrachian ranoid frogs, containing 11
recognised subfamilies (AmphibiaWeb 2019). Three are endemic and exclusive to
Madagascar:
Cophylinae — Highly diverse subfamily, containing 103 described species. Sister to
Scaphiophryninae.
Scaphiophryninae — Moderately diverse subfamily, containing 13 described species.
Sister to Cophylinae.

Dyscophinae — A subfamily containing just 3 species. This subfamily is currently thought
be sister to the Asian Microhylinae (Tu et al. 2018).

Mantellidae — A family of afrobatrachian neobatrachian ranoid frogs endemic to
Madagascar and the Comoro archipelago. Sister to the family Rhacophoridae from
Australasia.

Reptiles:
Chamaeleonidae — The chameleon family, divided into two subfamilies:

Chamaeleoninae — Small to large, mostly arboreal chameleons. Ten genera from
Madagascar, Africa, Europe, and Asia.

Brookesiinae — Small, generally terrestrial chameleons. Two genera endemic to
Madagascar.
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Introduction

‘The beginning of wisdom is to call things by their proper name.’

— Chinese Proverb

‘It is through careful, thorough, competent descriptive taxonomy that the
most fascinating details of evolutionary history are revealed’

— Quentin D. Wheeler, 2013, New Phytologist 201:370-371

In Douglas Adams’ ‘The Restaurant at the End of the Universe’, the second book in the Hitchhik-
er’s Guide series, there is a machine known as the Total Perspective Vortex (Adams 1980). The
intent of this torture device is to show the user the ‘infinity of creation’, driving them mad by virtue
of the enormity of the universe and their insignificance therein. Such a device, used merely for the
scope of Life on Earth, would be quite effective enough: it would reveal the millions upon millions
of species; an overwhelming chaos of multitudes, and humans just a blip in their midst. Place a
systematic biologist into such a machine, however, and that effect would be short-lived. For sys-
tematics is the science of naming, categorising, sorting, and classifying life on earth. It is the join-
ing of the two disciplines of taxonomy, the science of naming life, and phylogenetics, the science
of deducing the evolutionary relationships between branches of life. Inside the Total Perspective
Vortex of Life on Earth, a systematist would classify the multitudes, rank and collate them, seek
to understand their evolutionary connections, and thereby unravel the apparent chaos that is life.

Outside the Vortex, this work is well underway, but the scope of the problem is immense. Just
how immense is unclear; estimates of living eukaryotic diversity range from 2 to 100 million spe-
cies (reviewed by Chapman 2009 and Scheffers et al. 2012), without beginning to consider the do-
mains of Archaea and Bacteria. Part of the reason for the uncertainty in this estimate is that only ca.
1.8 million Eukaryote species have been described (http://www.catalogueoflife.org/). This ‘taxo-
nomic gap’ or ‘Linnean shortfall’ (Hortal et al. 2015), presents a major scientific challenge that has
not yet been overcome; at present rates of description (around 20,000 species and subspecies per
year; http://www.organismnames.com/), an end to the Linnean shortfall cannot be imagined within
the next century (Scheffers et al. 2012). This is a critical deficiency, because taxa—that is to say,
the names that anchor our understanding of life on earth—have a central role in all organismal bi-
ology. Despite disputes about definitions of species and the problems of species delimitation over
time and space (discussed below), they remain fundamental biological units by which ecosystems
at a single point in time and space are structured, and thus have broad biological relevance, and are
not simply academic, artificial units for ‘stamp collectors’. They are the foundation of comparative
biology and much of our understanding of evolution and ecology. Species are also central to our
approach to conservation; while unnamed, a species cannot effectively be protected or managed
(Dubois 2003; de Carvalho et al. 2007; Vogel Ely et al. 2017)—a function of particular importance
in the current global biodiversity crisis (Dubois 2003; de Carvalho et al. 2007; Barlow et al. 2018).

There is thus a great need for taxonomic research in its own right, but taxonomic work can also
be much more than simply descriptive text, and these contributions are arguably of nearly equal
importance. In this thesis, I describe numerous new species and two new genera of frogs from
Madagascar, shedding light on their evolution and biogeography, and providing a foundation for
their conservation. In a final chapter, I also demonstrate the way that data from taxonomic descrip-
tions can be harvested in order to perform macroevolutionary analysis. I argue that these contribu-
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tions are made more important by their taxonomic foundation, and that taxonomy and evolutionary
biology are tied together, to their mutual benefit.

Categorising a continuum: Species concepts and the philosophy of taxonomy

Having a robust definition of what constitutes a species is of great importance and a central philo-
sophical concern of taxonomists. The biological species concept (BSC, Mayr 1942), which posits
that ‘species are groups of interbreeding natural populations that are reproductively isolated from
other such groups’, was long held as a gold standard for species definition. Yet it has numerous pit-
falls, not least of which are the uncertainty of its application to asexually reproducing organisms,
the time-consuming nature of proving its applicability in any given system, and the increasing evi-
dence that species need not be wholly reproductively isolated in order to be evolutionarily distinct
(de Queiroz 2005a). Reticulate speciation and hybrid species are also increasingly well known,
even among vertebrates (Schliewen and Klee 2004; Burbrink and Gehara 2018). The clean-cut
biological species concept is simply not universally applicable.

Dozens of other species concepts have been put forward since the 1940s (reviewed by Mayden
1997; de Queiroz 2005b, 2007; and Hausdorf 2011), but none are universally applicable or accept-
ed, and opinions can vary greatly as to which is the most appropriate to apply to any given group.
Part of the trouble is that a species that satisfies one concept might not satisfy another. As a result,
one scientist might consider a group of individuals to comprise just one species, while another,
preferring an alternative species concept, might regard the same group as multiple species, without
either being technically incorrect. For taxonomy to have a stable footing, consensus is desirable,
yet while so much subjectivity remains, the problem of stably defining a species becomes intrac-
table.

Consideration of the process of speciation itself is important if we are to arrive at a stable and
broadly applicable species concept (Hausdorf 2011). At what point does a diverging group of in-
dividuals become two species? Moreover, what is the role of time? Does an ancestral species im-
mediately go extinct when it becomes divided into two descendant species? Speciation is, in most
cases, a gradual and continuous process (de Queiroz 1998; Coyne and Orr 2004; Roux et al. 2016).
Any number of factors may simultaneously be at play in driving the process, and in some cases,
it may never fully complete, or may indeed reverse and revert back to a single panmictic species
(reviewed by Seehausen et al. 2008). It is also frequently not a simple binary case, but can include
anagenesis (speciation without bifurcation), multifurcation, and fusion (de Queiroz 2005b; Kuchta
and Wake 2016). The result is that there is a grey zone between where a lineage is one and where
it becomes two species, and species limits can only be applied at a given point in time (Mayden
1997; de Queiroz 1998, 2005b, 2007; Roux et al. 2016).

How are taxonomists to reconcile this continuity and variability in the speciation process? One
option would be to consider it futile and give up on the pursuit of naming species. After all, our
categorical naming system is hardly appropriate for a reality that is continuous over space, ge-
nomes, and time. However, to appropriate a quote from statistician George E. P. Box, ‘all models
are wrong, but some are useful’ (Box 1976). As I have already suggested above, and as will be
reinforced throughout this thesis, I contend that the utility of taxonomic names is sufficiently great
that, even if they are gross simplifications, and thus technically ‘wrong’, they are nonetheless
highly useful.

To maximise the utility of taxonomic names in light of our growing understanding of the spe-
ciation process, we must adapt our concepts. Mayden (1997) and de Queiroz (1998) took the
first steps toward reconciliation of the conceptual paradigm shift in adapting species concepts.
Both argued that, while separate concepts use different definitions, they do not differ in resting
upon the conceptualization of a species as some kind of cohesive unit evolutionarily separated

—5_—



Mark D. Scherz Evolutionary Systematics of Madagascan Herpetofauna

from other such units. Mayden (1997) noted that most concepts conflated the question of species
definition with species diagnosis, the notable exception being the Evolutionary Species Concept
(ESC) coined by Simpson (1961), which states that a species is ‘a lineage (an ancestral-descendant
sequence of populations) evolving separately from others and with its own unitary evolutionary
role and tendencies’. The other concepts, Mayden held, fail to incorporate the individual-based
nature of species, are insufficiently general, are overtly operational in nature, and are not broadly
applicable. The ESC, he argued, is universally applicable, and should therefore form the primary
species concept. However, he also noted that the ESC requires operational bridges in order to be
implemented, so-called ‘secondary concepts’ coined by Mayr (1957). These take the form of the
other species concepts, which he suggested could be organised into numerous different hierarchies
based on a variety of criteria.

Apparently without having read Mayden’s work, de Queiroz (1998) came to the same realisa-
tion. He proposed an alternative solution to it, however. He saw all the various concepts as revolv-
ing around a unifying idea of what a species should constitute. This central concept he dubbed
the General Lineage Concept (GLC), which holds that ‘species are segments of population level
evolutionary lineages’. de Queiroz argued that the universal agreement among existing concepts
meant that these were all conditional derivatives of the universal GLC. Some earlier concepts,
such as the ESC, had been attempts to define this same concept, while others, such as the BSC, had
conflated what a species is with how it can be recognised. The aspects of these concepts pertaining
to ways in which species could be delimitated or identified would then constitute ‘species criteria’;
conditions that, if satisfied, would be sufficient to qualify a lineage as a species. Fundamentally,
this is not very different from Mayden’s (and Mayr’s) notion of primary and secondary species
concepts, but conceptually it is somewhat more advanced for two reasons. Firstly, de Queiroz
(1998) emphasised that the usually gradual process of speciation results in criteria being satisfied
in a time-dependent manner; as speciation proceeds, so too does the number of criteria satisfied
that make the two lineages distinct species, so the overall picture of separation becomes more
clear. Secondly, he recognised that the order in which criteria are recruited is arbitrary, as is which
criteria are involved and which are never satisfied.

The GLC was the foundation that de Queiroz later built on in his establishment of the Unified
Species Concept (USC, de Queiroz 2005b, 2007). The difference between these two concepts is
subtle, but important. Both rely upon the central concept that a species is a ‘separately evolving
metapopulation lineage’, but the GLC can be seen as a generalization of, and not an alternative to,
most previous species concepts, and relies upon secondary properties for them to be defined as a
species (de Queiroz 2005b). The USC, by contrast, takes the central concept of separately evolving
metapopulation lineages as the only required condition for a species. It is thus not a generalisation
of other concepts, but an alternative to them (de Queiroz 2005b). The species hypothesis is thus
founded on this central premise, and various species criteria are recruited to lend support to it. The
more species criteria are satisfied, the stronger the evidence for evolutionary separation. Which
criteria are satisfied is then informative about the nature of separation, be it reproductive isolation,
ecological distinctness, or otherwise.

Like all species concepts, the USC is not without flaws. It was particularly criticised by Haus-
dorf (2011) as being vaguely defined, and of shifting the problem of ‘what is a species?’ to ‘what is
a lineage or a segment of a lineage?’. An important concern with the USC is that it can be used to
justify evolutionary independence down to the individual (or pair) level; Kuchta and Wake (2016)
gave the example of a gravid lizard rafting onto an island and becoming isolated, and thereby in-
stantaneously setting out on a new evolutionary trajectory. Although the degree of ephemerality of
lineages can be taken into account to minimise the inflation of species recognised under the USC,
this is nonetheless a challenge that does not appear to have an objective solution. Additionally,
ring species under the USC also present a challenge, because the gene flow between neighbouring
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populations can be high, but the ends of the ring can still be reproductively isolated, rendering the
independence of lineages tenuous (Kuchta and Wake 2016).

On the other hand, there are numerous advantages of the USC. To enumerate just a handful: (1)
It already agrees with most if not all previously used species concepts. (2) It reconciles the differ-
ences in evolutionary trajectory that sometimes occur by chance, resulting in non-comparability
among species defined using former restrictive concepts. (3) Because its stipulations are few, it can
be applied across the tree of life, making it nearly universally applicable, and much less restrictive
than previous definitions. (4) It is highly feasible for rapid application based on whichever data
types are available, giving it a distinct advantage over an approach where a single concept is cho-
sen for a whole group, and all members of that group must be tested on the same criterion, which
may not be universally relevant. (5) Finally, because it has, as its central tenet, a concept that is
common to almost all existing species concepts, it shifts the focus from conceptual debate on the
topic of ‘what is a species?’ to the methodological and empirical debate over how reliable any
given method is for identifying the independence of lineages (Kuchta and Wake 2016). Together,
these aspects make the USC a very appealing concept for taxonomists, and it has been widely ad-
opted. It is therefore the species concept I have adopted implicitly and explicitly throughout this
thesis.

Taxonomy in the 21* century

Despite the central role of taxonomy in anchoring much of the rest of biology, there has been much
recent discussion of the ‘crisis’ facing the field of taxonomy (Dubois 2003; Agnarsson and Kuntner
2007; Kotov and Gololobova 2016; but see also Joppa et al. 2011), and the so-called ‘taxonomic
impediment’, i.e. the inability of the taxonomist to meet the demand for taxonomic information. In
recent years, the fields of evolutionary biology and cladistics have flourished. Some have alleged
meanwhile that taxonomy has stagnated (e.g. Paknia et al. 2015), but this is highly debatable (see
Joppa et al. 2011); in reality, more taxonomists are working today than ever (Costello et al. 2013).
It is true, however, that the inability of impact factors, the metrics by which science ‘importance’
is often assessed, to capture the importance and quality of taxonomic research causes an underes-
timation of the significance and widespread value of taxonomy, as has been highlighted by numer-
ous authors (e.g. Dubois 2003; Agnarsson and Kuntner 2007; Kotov and Gololobova 2016; Vogel
Ely et al. 2017). Nonetheless, taxonomists are managing to remain innovative, and are constantly
increasing the quality and quantity of descriptive works.

Over the last 30 years, genetic methods have emerged as a means to rapidly recognise units of
biological diversity. DNA barcoding in particular has been widely adopted and is orders of mag-
nitude faster than any hitherto available methods (Hebert et al. 2003; Blaxter et al. 2005; Smith et
al. 2005; Vences et al. 2005a; Vences et al. 2005b; Fouquet et al. 2007; Ratnasignham and Hebert
2007). This method allows us to flag genetic lineages (generally mitochondrial in animals and
plastid in plants) with particularly strong divergence as potentially meaningful biological units,
with utility both in rapid estimation of total diversity and in identification of potentially unde-
scribed species-level lineages (e.g. Smith et al. 2005; Fouquet et al. 2007; Vieites et al. 2009; Nagy
etal. 2012).

Taking this a step further, multispecies coalescent (MSC) models have been developed, which
seek to reconcile evolutionary lineages over different gene histories and delimit species level-units
from the coalescence of these histories (Yang and Rannala 2010). These methods have great po-
tential to help us understand genetic diversity and population structure and delimit meaningful
units from complicated or only subtly differing clusters. However, they have also been criticised
recently because they are prone to delineation of geographically, but not biologically meaningful
units (e.g. Skukumaran and Knowles 2017 literature on this topic was nicely summarised by Hillis
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2019); uncritical taxonomic action based on MSC outputs can result in over-splitting, or division
of continuums into arbitrary and meaningless slices (Skukumaran and Knowles 2017; Hillis 2019).

The emergence of affordable genetic methods has coincided with and strongly stimulated the
popularisation of an ‘integrative’ approach to taxonomy (Dayrat 2005; Will et al. 2005; Padial and
de la Riva 2010; Padial et al. 2010; reviewed by Schlick-Steiner et al. 2010). Integrative taxonomy
takes advantage of a breadth of methods for generating different datasets and uses multiple lines of
evidence to distinguish species-level lineages; the more lines of evidence that support a distinction
between any two species, the more confident one can be that they constitute evolutionarily inde-
pendent units warranting species-level recognition. As such, integrative taxonomy is ideally suited
to work together with the USC discussed above.

An integrative approach can also be used in explicit species delimitation algorithms in the
MSC framework; by considering additional lines of evidence, MSC may better reflect biologically
meaningful units. Recently, Solis-Lemus et al. (2015) proposed to integrate quantitative trait data
into a Bayesian MSC framework to test for discordance and concordance between morphometric
and genetic signals to overcome the problem of over-splitting. Their software, iBPP (integrated
Bayesian phylogenetics and phylogeography, Solis-Lemus et al. 2015), has been implemented
successfully in a number of studies (e.g. Pavon-Vazquez et al. 2018; Ramos et al. 2019), but has
not yet been widely adopted, for reasons that are unclear. This avenue is a potentially valuable one,
however, as it has the potential to assist greatly in the rapid recognition and simultaneous diagnosis
of species-level units. Integration of more lines of evidence, particularly categorical trait data, may
further enhance this approach.

Whether at the simple DNA barcode level or the more complex MSC methods, it is clear that
genetic methods have a major role to play in the recognition and characterisation of undescribed
diversity (e.g. Smith et al. 2005; Fouquet et al. 2007; Vieites et al. 2009; Nagy et al. 2012). Some
proposals have taken this still further, suggesting that characteristic mutations could potentially
be integrated in species diagnoses to expand the diagnostic features used in unravelling particu-
larly stubborn species complexes, permitting an increased rate of taxonomic resolution in diffi-
cult-to-resolve taxa, while also making diagnoses ‘sharper’ (Tautz et al. 2003; Renner 2016).

Affordable, mass-sequencing methods have also led to the emergence of ‘rapid’, ‘turbo’, or
‘fast-track’ taxonomy, which involves rapid mass-descriptions of taxa (e.g. Riedel et al. 2014).
Riedel et al. (2013) proposed taxonomic descriptions be stripped back to the bare minimum in
order to decrease the effort required to produce them en masse, focussing, for example, on only
describing diagnostic characters, and removing comparative diagnoses altogether. While this pro-
posal may better reflect the quintessential minimums of species description (Renner 2016), I con-
tend that it is extreme, because it reduces the amount of useful information in the papers so dra-
matically, especially when considering the usefulness of taxonomic literature outside the field of
taxonomy itself. Intermediate approaches, using an integrative approach applied in a streamlined
manner to describe swathes of new species, while also including adequate descriptive information
to be useful for future taxonomic work and other yet unforeseen uses outside the realm of taxono-
my, provide a method for achieving considerably elevated rates of description over historical rates,
without compromising quality and usability (Rakotoarison et al. 2017).

In the integrative era of taxonomy, the emergence of new technologies for extracting hitherto
inaccessible information from specimens is continuing to provide substrate for taxonomic prog-
ress that was previously impeded by ambiguity. Foremost among these emerging technologies are
those that increase the volume, rate, and/or quality of DNA sequence data, and particularly excit-
ing are the emerging technologies that promise to provide sequence data from museum material
hitherto thought too damaged or too old for DNA extraction, which promise to dramatically speed
up the unambiguous assignment of taxonomic names to extant populations by genetic verification
of the type material (Burrell et al. 2015; McCormack et al. 2016; Ruane and Austin 2017; Allentoft
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et al. 2018).

Methods for digitising morphology are also progressing rapidly. Photogrammetry (a method
to capture the 3D shape of objects using cameras) using compact systems has been popularised
especially in entomology, providing access to high-resolution 3D morphological data that can be
digitally examined by anyone with a computer and an internet connection. This has the double
benefit of democratising the material (available to anyone worldwide, not only local scientists or
people able to travel) while at the same time preventing further damage to material caused by re-
ducing the amount that it must be handled (Wheeler et al. 2012; Nguyen et al. 2014; Adams et al.
2015). Internal anatomy has also become accessible without necessitating dissection, meaning that
it can now be examined from valuable type material. The most popular method for digital acquisi-
tion of internal anatomy imagery is currently micro-computed tomography (micro-CT) (reviewed
by Faulwetter et al. 2013 and Broeckhoven and du Plessis 2018). Micro-CT scans of vertebrates
provide access to their skeletons, which are often a rich source of taxonomically valuable informa-
tion (e.g. chapters 6-9 of this thesis). By making use of staining methods, micro-CT contrast can
be enhanced in soft tissues, providing additional access to organ systems for taxonomic purposes
(Gignac et al. 2016; Broeckhoven and du Plessis 2018).

By taking advantage of these myriad emerging technologies, taxonomy is remaining a modern
science. With the strengthening and deepening of this solid foundation, discoveries and innova-
tions in other systematic disciplines including evolutionary biology, are facilitated.

Evolution on islands

Since Darwin’s sojourn in the Galapagos, where he remarked particularly on the patterns of beak
shape differences in finches of the genus Geospiza among the islands (Darwin 1845), islands have
been of central interest for evolutionary biology and biogeography. The vast size and extremely
long history of biological assemblages on continents complicate analyses of the evolutionary his-
tories of their inhabitants (Warren et al. 2015). Islands, on the other hand, act as evolutionary labo-
ratories. They are often populated by largely endemic flora and fauna, making them ideal locations
for research on processes involved in the generation and radiation of biological diversity (MacAr-
thur and Wilson 1963; reviewed by Whittaker and Fernandez-Palacios 2007; Losos and Ricklefs
2009; and Warren et al. 2015). Island species radiations, such as Darwin’s finches (Geospiza) in
the Galapagos (reviewed by Grant and Grant 2003) and anoles (family Dactyloidae) in the Greater
Antilles (reviewed by Losos 2011), provide elegant demonstrations of evolutionary principles,
while island communities give insight into fundamental ecological principles. Studies with either
goal favour in particular the use of archipelagos, which provide replicate islands for comparison
(Warren et al. 2015; Ali and Meiri in press; reviewed by Shaw and Gillespie 2016).

However, scalability of island patterns and phenomena to continental landmasses is question-
able. Species assemblages on islands are often skewed in comparison to continents as a result of
colonisation history; Darwin himself remarked ‘Oceanic islands are sometimes deficient in certain
classes, and their places are apparently occupied by the other inhabitants’ (Darwin 1859). Biodi-
versity on islands correlates with island size and distance from a mainland (MacArthur and Wilson
1963; Ali and Meiri in press), but the influence of age of the island is also not to be forgotten; older
islands should have greater degrees of endemism (Heaney 2007; Gillespie and Baldwin 2010), but
volcanic islands are typically short-lived. Continental biotic communities are strongly affected
by palaeoclimatic variation (Hewitt 2000). Some continental species have very large range sizes,
which can be fragmented through climatic shifts to produce allopatric species in ways to which
small islands cannot compare (e.g. Maestri et al. 2017). Island radiations may be more limited in
available niche space than continental radiations (Derryberry et al. 2011). Finally, a recent study
on anoles suggested that gaps in community composition (specifically the lack of predators) may
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allow island radiations to diversify in ecomorph in ways not possible on continents (Poe and An-
derson 2019).

An ideal compromise would consist of a study system that is (1) an island or island-like land-
mass of (2) large size that is (3) isolated by hundreds of kilometres from other major landmasses,
with (4) heterogeneous climate zones and (5) hyper-diverse in flora and fauna, but (6) populated
largely with endemic radiations. Only few such landmasses exist: Papua (New Guinea), Kaliman-
tan (Borneo), and Madagascar. Of these, Madagascar is the smallest, but is also the oldest, most
isolated, and the most climatically heterogeneous, and, most importantly, has the highest level of
endemism, especially at higher taxonomic levels (Goodman and Benstead 2005). As a result, it has
been hailed as an ideal location to study speciation and diversification (Vences et al. 2009).

Madagascar: a systematist’s paradise, and an ideal island study system for con-
tinental evolution

Madagascar is the oldest and fourth largest island on Earth. Spanning ca. 1600 at its longest point
(NNE-SSW), and ca. 580 km at its widest point, it has an area of 586,884 km?, making it slightly
larger than mainland France. It sits isolated ca. 500 ksm off the east coast of Africa. Geologically, it
is a continental landmass, with potential ties to the Somali micro-plate (Kusky et al. 2010). Indeed,
there is some debate as to whether or not it should be regarded as an island at all (de Wit 2003). It
was formerly located within the supercontinent Gondwana, wedged between the Indian and East
African plates. Indiagascar, the landmass composed of India and Madagascar, separated from what
is now Africa some 165 Ma before present (b.p.) (de Wit 2003; Wells 2003; Yoder and Nowak
2006), before India and Madagascar separated 84—93 Ma b.p. (reviewed by Chatterjee et al. 2013).
It may have maintained land bridge connections with India and Antarctica, and through Antarcti-
ca, South America and possibly Australasia (Briggs 2003; Chatterjee et al. 2013), becoming fully
isolated and stabilising in its current position relative to Africa around 84 Ma (de Wit 2003; Yoder
and Nowak 2006), while India rapidly moved northwards to collide with the Central Asian Plate
and form the Himalayas (Chatterjee et al. 2013; Jagoutz et al. 2015).

Much as it would any tectonic landmass that is never submerged, palacoclimate played an im-
portant role in the formation of Madagascar’s modern ecosystems, but the location of Madagascar
made these patterns particularly pronounced in comparison to analogously large and ancient land-
masses like Greenland (de Wit 2003). The literature on this topic was reviewed by Wells (2003),
from whom I summarise briefly here: following its isolation, Madagascar moved northwards
through an aridifying high-pressure belt from the Cretaceous to the Eocene, leading to eradication
of most if not all xeric-adapted flora and fauna. This dry zone was pushed to the south of the island
as it drifted north, and so too was its adapted biota. The island became moister from the north as
it moved northwards into the trade winds, starting in the Eocene, and warmth was added through
ocean currents from the Late Eocene or Oligocene (see Ali and Huber 2010), leading to the forma-
tion of northern and eastern humid forests. Moisture in northwestern Madagascar has increased in
the last few millennia, as Madagascar has moved into the path of monsoon winds.

Today, Madagascar is divided into five relatively distinct bioclimatic zones: a subarid zone in
the southwest, a dry zone along the west coast and most of the north, a subhumid zone across the
central highlands, and a humid zone along the east coast, with montane zones scattered across its
mountain peaks (Schatz 2000; forest cover is shown in Fig. 1). The zonation results largely from
the relief of the island. From the east coast, a lowland area rises rapidly into a mountain chain
running nearly the length of the island, west of which is a highland plateau that slowly declines
toward the west coast. The result of this geography combined with prevailing winds from the east
and north is that rain is dispensed predominantly on the eastern escarpment and decreases west-
ward, forming an east-west gradient in precipitation (Jury 2003). The distance between the north-
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ern- and southern-most points is such that a further gradient of moisture is formed in a north-south
direction, so that the driest area of the island is the southwest, and the wettest in the northeast. The
simplicity of these gradients makes the island particularly well-suited for studies of evolution and
biogeography (Vences et al. 2009; Brown et al. 2014, 2016).

Considering its ancient isolation, we might expect that Madagascar would today harbour a
unique fauna, largely of Gondwanan origin. This, however, is not the case. Madagascar has a
rich vertebrate fossil history before the Tertiary, including a wide array of dinosaurs, reptiles, and
frogs (reviewed by Flynn and Wyss 2003 and Krause 2003, but for more recent discoveries see
also Krause et al. 2003; Evans et al. 2008; Laduke et al. 2010). This fossil data suggests that the
island indeed retained a diverse Gondwanan fauna even after its isolation. Post-KPg extinction,
pre-Pleistocene fossils are practically absent from Madagascar (Flynn and Wyss 2003; Samonds
etal. 2012, 2013), and as a result, we must look to the extant fauna for information about the bio-
geographic history of the island after the KPg extinction event. Yoder and Nowak (2006), Poux
et al. (2005), Ali and Huber (2010), and especially Crottini et al. (2012a) showed that almost no
vertebrate species on Madagascar are remnants from its Gondwanan past, but instead the majority
of species represent post-KPg colonisations. Recent work (Yuan et al. 2018) suggests that major
biotic interchanges between Madagascar, Africa, and Asia through India were made possible for
an intermediate period via land bridges, or at least island chains (Briggs 2003; Warren et al. 2010;
Chatterjee et al. 2013), which appears to have been pivotal to Madagascar’s recolonization in the
Cenozoic after its biotic ‘slate’ was wiped clean by the KPg extinction event, combined with its
aridification during its traversal of the high-pressure belt around the same period.

Despite lacking the predicted Gondwanan fauna, Madagascar today has unparalleled levels of
endemism of flora and fauna (reviewed by Goodman and Benstead 2005); for example, 84% of its
11,641 known naturalised vascular plants (Lowry II et al. 2019; Madagascar Catalogue 2019) are
endemic. Endemism and species richness are especially high among its vertebrates; it is home to
seven endemic families of terrestrial mammals (Goodman et al. 2019), and 99.5% of the 355 frog
species (AmphibiaWeb 2019) and 98% of the 426 terrestrial reptile species are endemic (Uetz and
Hosek 2016). The concentration of extremely great diversity makes it one of the world’s hottest
biodiversity hotspots (Myers et al. 2000; Ganzhorn et al. 2009), a priority for conservation (Rax-
worthy 1988; Andreone 2008; Horning 2008; Kremen et al. 2008; Ganzhorn et al. 2009; Martin
et al. 2009; Jenkins et al. 2014), and an ideal location for research on diversification mechanisms
(Vences et al. 2009). As a result of the climatic and topological heterogeneity of the island, diver-
sity and endemism levels vary strongly by group across the island (Wilmé et al. 2006), and many
groups have high rates of species turnover over small geographic scales (Wilmé et al. 2006; Brown
et al. 2014, 2016).

Altogether, the age, size, isolation, cardinal simplicity of climatic heterogeneity, and extreme
diversity and microendemism of largely Cenozoic-colonizing plants and animals make Madagas-
car an ideal island parallel for continental-scale evolution and biogeography (de Wit 2003; Rax-
worthy et al. 2008; Vences et al. 2009).

Herpetofaunal diversity of Madagascar

Ideal study organisms for the study of continent-like biogeography and evolution should be diverse
endemic radiations of ecologically sensitive species of low vagility. The combination of ecological
sensitivity and low vagility is key, because it tends to generate a great deal of microendemism.
As a result of their poikilothermic ectothermic physiology (behaviourally regulated, extrinsically
determined body temperature), amphibians and reptiles are strongly dependent on abiotic environ-
mental parameters. Amphibians are still more strongly susceptible to biotic and abiotic factors as
a result of their permeable eggs and skin. Consequently, reptiles and amphibians, together ‘herpe-
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tofauna’, are often used as indicators of environmental quality (e.g. Scott et al. 2006; Gardner et
al. 2007; Ramanamanjato 2008; Sung et al. 2012). But this dependency of herpetofauna on their
environments, as well as their generally low vagility (Pabijan et al. 2012), also makes them ideally
suited for biogeographic study (Brown et al. 2014, 2016). This has been exploited across the world
(e.g. Blackburn 2008; Wiens et al. 2011; Hawlitschek et al. 2016; Poe et al. 2017; Zimkus et al.
2017; Meiri 2018; Esquerré¢ et al. 2019).

Madagascar’s reptiles and amphibians are spectacularly diverse. Currently, 355 amphibian spe-
cies and 426 non-marine non-avian reptiles are described from the island (Uetz and HoSek 2016;
AmphibiaWeb 2019). Of the amphibians, represented only by frogs, just one of the native species,
Ptychadena mascareniensis, is not exclusive to the island (but even it is composed of endemic,
possibly species-level lineages; Zimkus et al. 2017). Of reptiles, 98% are endemic, and a few spe-
cies are shared with the Comoro archipelago (Glaw and Vences 2007; Hawlitschek et al. 2018).
What is more, only a few of the island’s amphibians or reptiles are widespread; the herpetofauna is
typified by extremely high levels of microendemism (Wollenberg et al. 2011; Pabijan et al. 2012;
Brown et al. 2014), especially in the north (Raxworthy and Nussbaum 1996; Andreone 2004; Wol-
lenberg et al. 2008; Andreone et al. 2009).

The majority of named species of non-avian reptiles and amphibians in Madagascar have been
DNA barcoded (Vieites et al. 2009; Nagy et al. 2012; Perl et al. 2014), preparing them for system-
atic and evolutionary work. These DNA barcoding efforts revealed a major Linnean shortfall in
Madagascan herpetofauna, especially in the frogs; Vieites et al. (2009) showed that only half of
the diversity of frogs in Madagascar had been described—at the time, fewer than 250 species had
been described, but estimates for the full diversity revealed by deep genetic lineages was placed
at 373-465 species, which was later increased to 533 (Perl et al. 2014). Since that time, still more
species have been discovered which were not included in these estimates (e.g. Andreone et al.
2010; Scherz et al. 2015a; Rakotoarison et al. 2017; Bletz et al. 2018; Glaw et al. 2018; chapters
3—6 and 8-10 of this thesis). As a result, although the rate of species description for amphibians
has skyrocketed in the last fifteen years, it is somewhat tempered by continued fieldwork resulting
in further discoveries.

Among reptiles, a smaller shortfall was discovered by Nagy et al. (2012), with 50 candidate
species revealed, but their barcoding survey was less complete, containing only 64% of known
diversity, and still more undescribed species are likely to be revealed with expanded barcode
surveys. Among non-avian reptiles too, continued species discovery and the resolution of species
complexes, especially in the chameleons (e.g. the Calumma nasutum species group, which has
risen from seven to nineteen species since 2012; Gehring et al. 2012; Protzel et al. 2015, 2017,
2018b, 2018c, submitted), has continued to push up the diversity estimates of the island. As a
result, although around 40 species have been described since 2012, considerable undescribed rep-
tilian diversity remains. Despite the Linnean shortfall in Madagascan herpetofauna, the fact that so
much of the diversity of reptiles and amphibians has been genetically characterised lends further
weight to its value as a study system for evolutionary biology and biogeography.

Green and Sussman (1990) predicted that forest on Madagascar would be wiped out except
on the steepest slopes by the year 2025. While this no longer looks likely, the country still has an
exceedingly high rate of deforestation (Consiglio et al. 2006; Harper et al. 2007; Clayton 2011).
At present, roughly 46% of Madagascar’s frogs are considered threatened (status of Vulnerable,
Endangered, or Critically Endangered; IUCN 2019) and 5% Data Deficient (the rest are in un-
threatened categories, Least Concern, or Near Threatened). Roughly 35% of the island’s reptiles
are threatened and 11% are Data Deficient (IUCN 2019). The dominant threat to these species is
habitat loss. That habitat loss is probably also causing us to lose much of the diversity that is not
yet known to science, as indicated by recent discoveries of new species in small and isolated forest
fragments (e.g. Gehring et al. 2010; Protzel et al. 2018c). Work on these animals is therefore cur-
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rently proceeding with a sense of urgency.

At present, the Linnean shortfall in Madagascar’s reptiles and amphibians is rapidly closing,
but barcoding studies have shown that there is a long way to go, made still more challenging by the
high rate of additional species discovery. There also remains a great deal to be understood about
the systematics of Madagascar’s herpetofauna, their origins and evolution. Studying the taxonomy
and systematics of these animals is critical if they are to be protected. As I show in this thesis, by
studying these aspects, we can gain a greater understanding of the biogeography of their envi-
ronment and the principles governing their evolution. From these insights, we can gain a greater
understanding of the processes behind them.

Thesis outline

The results of my thesis research are organised into four sections, each representing a different
application for which systematic research can not only enhance our knowledge of biological diver-
sity, but also shed light on broader questions in evolutionary biology. The first section, comprising
chapter 1, highlights the importance of taxonomic accuracy in conservation assessments, espe-
cially pertaining to species complexes. The second section, comprising chapters 2-5, focusses
on insights into biogeography afforded via taxonomic treatment. The third section, comprising
chapters 6-10, focusses on the understanding of morphological evolution through taxonomic res-
olution. The fourth section, comprising chapter 11, showcases the potential for taxonomic papers
to provide baseline data for macroevolutionary studies.

Section 1: Conserving complexes requires taxonomic clarity

In this section, I present a paper that discusses the importance of taxonomic accuracy and clarity
when assessing species that are from known complexes (i.e. species complexes that are genetical-
ly characterised and known to consist of multiple similar or cryptic species), via the case study
of mantelline mantellid frogs of the Mantidactylus subgenus Hylobatrachus. Hylobatrachus are
torrent frogs found in and near streams along Madagascar’s eastern mountain chain. Until now,
only two species of this subgenus have been known, and I was involved in their [UCN Red List as-
sessment in 2016. One of the species was known to constitute a species complex, but we followed
IUCN recommendations in treating the species complex as a single good species. In chapter 1, my
colleagues and I argue that this practice is detrimental to the conservation of such species complex-
es, and that change is needed to the way the IUCN handles species complexes. We demonstrate
this by describing two new species, one of which had been included in the broad circumscription
of a complex. In the Discussion, I highlight the disparity between conservation’s foundation on
good taxonomy and current policies that seem to sweep taxonomic uncertainty under the rug. I
discuss the dual fates of Data Deficient species in policy making, and their value in representing
the state of knowledge without extrapolating from inadequate or flawed data. Finally, I argue that
species complexes are a taxonomically and globally widespread phenomenon, and the impacts of
current policies are therefore globally relevant and worthy of reconsideration.

Section 2: Biogeography through the lens of systematics

In this section, I present a case study for biogeographical patterns that have emerged as a result of
my systematic work on the mantellid frog genus Gephyromantis. The frogs of the genus Gephyro-
mantis are widespread across Madagascar’s humid forests but have their centre of endemism and
diversity in the north of the island (Brown et al. 2016). The genus consists of 47 species, which are
organised into six subgenera, some with starkly differing morphology and ecology and with deep
genetic divergences (Glaw and Vences 2006). The genus was highlighted by Vieites et al. (2009) as



Introduction

containing a large number of candidate species. Biogeographic patterns in the genus have not been
closely examined in the past. In this section, I show that the inter-relationships of Gephyromantis
species, inferred using molecular phylogenies, are highly informative about the biogeography of
northern Madagascar, and elevation is a particularly limiting factor. Central points established
are (1) the role of the Tsaratanana massif in isolating mid-elevation populations to its northeast
(Sorata) and southwest (Bealanana District) from one another (chapters 2 and 5), (2) the flow of
species/genetics between Marojejy and Sorata along the intervening mountain chain at mid-ele-
vations (chapters 3-5), with stronger connection at intermediate elevations and especially loss
of connection between high-elevation endemics (chapters 3-5), and (3) presence of connection
between Marojejy and the southwestern slopes of the northern mountain range (chapters 2 and
5). In the Discussion, I examine the biogeography of the genus Gephyromantis in greater detail
and relate the observed patterns in northern Madagascar to other taxa, showing parallels between
different groups of frogs and also with chameleons, but rather different patterns in small mammals
according to Maminirina et al. (2008). I discuss the curious pattern of greatest community simi-
larity 200 metres above the point of minimum connection and argue that this suggests a dynamic
palaeoclimatic influence on herpetofaunal biogeography in this area. I argue that the emerging
patterns, combined with the ecological differences among subgenera, will make these frogs well
suited to modelling approaches in order to understand the influence of ecology on biogeography.

Section 3: Ecomorphological evolution through the lens of systematics

In this section, I present a case study for ecomorphological evolution that has emerged as a result
of my systematic and taxonomic work on narrow-mouthed frogs of the subfamily Cophylinae
from Madagascar. The Cophylinae are endemic to Madagascar and highly diverse (Wollenberg
et al. 2008; Vieites et al. 2009; chapters 8 and 10). As a subfamily, they are widespread across
eastern and northern Madagascar, with only a few species occurring also in the drier west (Glaw
et al. 2007), but their centre of endemism and diversity is in the north of Madagascar (Brown et
al. 2016). Previous work has established that these frogs have a dynamic history of morphological
evolution, evidenced by non-monophyly of long-established taxa that was revealed when genetics
became available (Andreone et al. 2005; Wollenberg et al. 2008). They were also found to have a
particularly large Linnean shortfall (Vieites et al. 2009). In this section, I show that (1) osteological
characters are often needed for taxonomic resolution of species in this subfamily (chapters 6 and
7), and (2) ecological convergence within this group seems to occur in such a way that while the
resulting phenotype may be highly similar externally, osteologically it generally shows hallmarks
of its genetic history (chapters 8 and 9)—that is to say, ecomorphological convergence is a com-
promise of determinism and contingency. As a result, characters of particular taxonomic value at
supraspecific levels are to be found in the skeletons of these frogs (chapters 8 and 9). These are
particularly valuable, as burrowing, climbing, and miniaturisation have evolved repeatedly within
these frogs, as highlighted by the phylogeny-focussed chapters 8 and 10. In the Discussion, I
emphasise the expanding picture of morphological evolution that has emerged as a result of the
rapid taxonomic work made on this subfamily over the last six years, and the particular importance
of osteological and genetic datasets in this transformation. A great deal more about these frogs
remains to be explored, but much of it will be facilitated by taxonomic resolution of the group,
which is now in sight.

Section 4: Consolidating taxonomic datasets for macroevolutionary studies

In this section, I present an example of the way that taxonomic datasets can be used as data sources
for larger evolutionary analyses, from the lizard family Chamaeleonidae. Chameleons are among
the most morphologically specialised of all lizards, adapted for crypsis and precision long-distance
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prey capture. But chameleons are also among the most ornamented of all animals, and, as a fami-
ly, have the greatest variety of physical ornaments of any vertebrates, extinct or extant (D. Hone,
pers. comm.), including horns, spines, skin flaps, crests, sails, and ridges. With over 200 species,
the group is an excellent system not only for the study of ecomorphological evolution, but also for
the study of the evolution of sexual ornamentation. Around half of the family Chamaeleonidae is
found on Madagascar, while the other half is found across Africa, extending even into southern
Europe and Asia (Tilbury 2018). Chameleon taxonomy is rapidly progressing, especially in Mada-
gascar (Glaw et al. 2009, 2012; Gehring et al. 2010, 2011; Crottini et al. 2012b; Prétzel et al. 2015,
2017, 2018a, 2018b, 2018c, submitted; Scherz et al. 2019) and sub-Saharan Africa (e.g. Tilbury
and Tolley 2009; Stipala et al. 2012; Branch et al. 2014; Tilbury and Tolley 2015; Hughes et al.
2017). In chapter 11, I use data on external and genital morphology mined largely from taxonomic
literature and field guides in a phylogenetic comparative framework using a new, phylotranscrip-
tomics-anchored species-level phylogeny to test hypotheses surrounding the evolution of external
and genital ornamentation. I show that genital and external ornamentation are largely uncoupled
evolutionarily, and while both are influenced by body size and ecology, the patterns in genitals are
more consistent with intrasexual selection and mating system as drivers, while those in external
ornaments are more compatible with mate choice and extrinsic factors. This shows that ornamen-
tation of genitals and head morphology are affected by different forms of sexual selection. In the
Discussion, I highlight the wealth of data made available by taxonomists every year, and the abil-
ity to tap into this resource as a foundation from which to build datasets to test macroevolutionary
hypotheses. This process relies on detailed and accurate taxonomic accounts for these purposes.

Mantidactylus (Hylobatrachus) petakorona sp. nov.
described in Chapter 1
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Results

Section 1: Conserving complexes requires taxonomic clarity

In this section, I present a single chapter in which we highlight the critical importance of taxonomy
for accurate conservation assessment and make recommendations for how the [UCN might change
their policy to better handle taxonomic conundrums.

Chapter 1. MANUSCRIPT (in review): Species complexes and the importance of Data Defi-
cient classification in Red List assessments: the case of Hylobatrachus frogs

The IUCN Red List recommends that whole species complexes with one named and several un-
named lineages should be assessed as though they belong to a single species. The result is that the
assessment of the named lineage includes the distribution of the whole complex, representative of
no single member at all. As assessments of such poorly known species are often based on the cri-
terion that pertains to range size and known locations (Criterion B; IUCN 2012), these complexes
are consequently given optimistic non-threatened statuses. In this chapter, I present a manuscript
in which we argue that this practice is not only unhelpful, but that it is actively detrimental; erro-
neously overestimated conservation statuses do not reflect the fact that any single member of the
species complex could be insidiously nearing extinction. We argue that this is because taxonomy is
not being appropriately valued by the [IUCN. The real status of whole species complexes should be
Data Deficient, and the importance of taxonomic reassessment of the complex should be brought
to the fore: resolving their taxonomy is the only way that directed action can be taken to protect the
species. We demonstrate this principle by partly resolving the taxonomy of frogs of the mantellid
genus Mantidactylus from the subgenus Hylobatrachus. We confine the definition of one species,
previously assessed by the [UCN while including other members of the complex, to a specific ge-
netic lineage, and describe two new species.

Scherz, M.D., Glaw, F., Hutter, C.R., Bletz, M.C., Rakotoarison, A., Kohler, J. & Vences, M. (in
review) Species complexes and the importance of Data Deficient classification in Red List
assessments: the case of Hylobatrachus frogs. Unpublished manuscript.

Currently in review in PLoS ONE.
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Abstract

Taxonomy is the cornerstone of conservation assessments. Currently, the IUCN Red List treats
species complexes either under a single overarching species or omits them altogether. Unless the
assessment is as Data Deficient (DD), the former results in an unhelpfully broad and often over-
estimated assessment that does not apply to any one species, while the latter may result in the
omission of species that should be assessed. We here provide a partial taxonomic revision of Man-
tidactylus subgenus Hylobatrachus, a case study for the discussion of the application of conserva-
tion assessments to species complexes. These rheophilous frogs from eastern Madagascar consist
of two named species, M. lugubris and M. cowanii, but several undescribed candidate species are
recognised, and the application of the currently available names is not unambiguous. Our genetic
survey of these frogs confirms that these lineages are mitochondrially well segregated, but share
haplotypes in the nuclear RAG1 gene, further complicating their taxonomic resolution. As a first
step towards a taxonomic revision, we describe two of the lineages for which sufficient data are
available: one from southeastern Madagascar, Mantidactylus (Hylobatrachus) atsimo sp. nov., and
the other from the Marojejy Massif in northeastern Madagascar, Mantidactylus (Hylobatrachus)
petakorona sp. nov. Description of the remaining candidate species within this subgenus, and un-
derstanding their systematics and evolution, will require additional field samples and probably also
phylogenomic or population genomic approaches. Our data helps to restrict the name M. lugubris
and gives a clear picture of the distribution of the species to which it is currently applied, and we
propose to re-assess its Red List status under a more restrictive definition that omits other candi-
date species. We make recommendations for reducing the ambiguity and over-estimation involved
in assessing species complexes. We emphasise that DD is a valuable category that should be ac-
tively used when data deficiency is taxonomic in nature, especially in the case of species complex-
es, and that more emphasis should be placed on the importance of taxonomy in understanding the
conservation status of species.

Keywords:

Amphibia, Data Deficient, International Union for the Conservation of Nature, Mantidactylus
atsimo sp. nov., Mantidactylus petakorona sp. nov., Hylobatrachus, molecular genetics, morphol-
ogy, species complex

Introduction
Species complexes and the IUCN Red List

Species complexes are entities of multiple separate species-level lineages that cannot be sepa-
rated based on current knowledge. Often their resolution (i.e. describing their constituent species)
is hampered because they consist of cryptic lineages, that is, species-level units that are difficult
if not impossible to distinguish with traditional methods, for example based on external morphol-
ogy. Such cryptic diversity is often discovered when DNA barcoding [1] reveals that a ‘species’
consists of multiple, deeply separated lineages. Further difficulties in resolving species complexes
can arise from uncertainty in the application of available names, when these cannot be easily as-
signed to any one lineage, and the type material is too old or damaged to PCR-amplify DNA from
it (although new opportunities are opening up with massively parallel target capture sequencing
methods, e.g. [2]), in poor condition, and/or without helpful type locality.

Although species complexes are difficult to quantify, there is no disputing that they are perva-
sive across all domains of life. This presents a major challenge to species-driven conservation. At
its core, the International Union for the Conservation of Nature (IUCN) Red List of Threatened
Species (hereafter [UCN Red List) is anchored on taxon names, and it can therefore only be as re-
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liable as its underlying taxonomy. The [UCN’s policy is that species with complicated or uncertain
taxonomy should either be regarded a priori as ‘good species’ and assessed following the standard
procedure and criteria, or simply not be listed [3]. A consequence of this is that species complex-
es under single names are assessed with the distribution range of all of their lineages. This gives
them a large range, often resulting in a status of Least Concern, although the status of each of the
constituent species-level lineages may be threatened [4]. This is problematic as it overestimates
the distribution and underestimates the threat status of the one species to which the assessment os-
tensibly applies, as well as all of the unnamed members of the complex included in its assessment.
It also means that every taxonomic revision that resolves part of a species complex requires the
threat status of the whole complex to be reassessed. In the case where the complex has been char-
acterised genetically (e.g. through DNA barcoding), candidate species (sensu [5, 6]) established,
and the definition of available names restricted as far as possible, this could be avoided if the threat
assessment were restricted to omit undescribed members of the species complex.

Here we present a case study for the discussion of the application of Red List assessments to
known and characterised species complexes: the Mantidactylus subgenus Hylobatrachus, a clade
of taxonomically challenging rheophilous mantellid frogs from Madagascar.

Hylobatrachus. an enigmatic and complex clade of frogs

The genus Mantidactylus of the largely Madagascar-endemic neobatrachian family Mantellidae
contains 31 described species. It is divided into six subgenera, Mantidactylus (2 species), Bry-
goomantis (11), Maitsomantis (1), Hylobatrachus (2), Ochthomantis (5), and Chonomantis (9),
which are ecologically and morphologically distinct [7]. Most are found in close association with
lotic water, with some (e.g. Brygoomantis) preferring slow and shallow streams and sometimes
also nearby lentic water bodies, and others, particularly Hylobatrachus, preferring fast-flowing
waters with rapids. Each subgenus of Mantidactylus hosts numerous candidate species, and at
present at least 56 candidate species are recognised across all subgenera [8-10]. Most of these can-
didates are involved in species complexes, which impedes progress towards taxonomic resolution.

The subgenus Hylobatrachus contains riparian frogs, closely associated with fast-flowing
streams where they are mostly found on and among rocks [7, 11], and are defined by their high-
ly derived larval morphology [12]. This clade was defined as the Mantidactylus lugubris group
by Blommers-Schlosser [13], and assumed to contain a single taxon, Mantidactylus lugubris
(Duméril, 1853) by Blommers-Schldsser and Blanc [14]. The only further nomen associated to
this groups is Mantidactylus cowanii (Boulenger, 1882), which was considered a junior synonym
of M. lugubris by Guibé [15] and Blommers-Schldsser and Blanc [16] but resurrected as distinct
species by Glaw and Vences [7]. The two currently accepted species in the subgenus Hylobatra-
chus are Mantidactylus cowanii and M. lugubris. While the former has a fairly precise type locality
(Ankafana in the East Betsileo region), the latter was described with the imprecise locality infor-
mation ‘Madagascar’.

Previous studies (e.g. [8-10]) have provided evidence for the presence of unrecognized lineag-
es in the Hylobatrachus clade, with six candidate species defined so far. Taxonomic progress has
been hampered by the morphological similarity among species, apparent variation among speci-
mens genetically assigned to the same lineage, and lack of bioacoustic data for most lineages. So,
while a taxonomic revision of the subgenus is long overdue, it remains challenging.

In our recent re-assessment of all of Madagascar’s frogs, we assessed M. cowanii (http://dx.
doi.org/10.2305/TUCN.UK.2017-2.RLTS.T135907A84184849.en) and M. lugubris (http://dx.doi.
org/10.2305/TUCN.UK.2016-3.RLTS.T57496A84173405.en), as Near Threatened and Least Con-
cern, respectively. The status of M. cowanii was based only on specimens confidently assigned
to that species, while that of M. lugubris was based on a broad circumscription that intentionally
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included part of the known undescribed diversity of the complex under the umbrella-name “/u-
gubris’. While this followed the ITUCN policy, it created a spuriously optimistic assessment that
refers to an entity that is known to not constitute a single species and therefore management unit
[4]. Tt is therefore of questionable value.

Here, we provide new data on members of the subgenus Hylobatrachus and their relationships,
based on newly collected material and newly generated sequence data, and provide formal de-
scriptions of two of the candidate species. We then discuss the connotations of our revision for the
TUCN Red List status of the species of this subgenus, and make recommendations for best practic-
es for dealing with species complexes in [IUCN Red List assessments.

Materials and Methods

Ethics statement: Approval for this study by an Institutional Animal Care and Use Committee
(TIACUC) was not required by Malagasy law, but all work complied with the guidelines for field
research compiled by the American Society of Ichthyologists and Herpetologists (ASIH), the Her-
petologists’ League (HL), and the Society for the Study of Amphibians and Reptiles (SSAR). All
field research, collecting of specimens, including in situ euthanasia of specimens, were approved
by the Madagascan Ministére de I’Environnement des Eaux et des Foréts (Direction des Eaux et
Foréts, DEF) under the permit numbers 215/16/MEEF/SG/DGF/DSAP/SCB.Re, 238-MINENV.
EF/SG/DGEF/DPB/SCBLF/RECH, 285/MEADR/DEF/SEFLFB/FF/Aut, 238-MINENVEF/SG/
DGEF/DPB/SCBLF, 218-MEEF/DEF/SPN/FFE/AUT, and 282/16/MEEF/SG/DGF/DSAP/SCB.
Re, and exported under the permits 107N-EA04/MG17, 094C-EA03/MG04, and 105N-EA04/
MG17. Specimens were anaesthetised and subsequently euthanized following approved methods
(MS222 solution; approved by the American Veterinary Medical Association) that do not that
require approval by an ethics committee, after consultation of the animal welfare officer of TU
Braunschweig.

For molecular analysis, tissue samples were taken from thigh muscle and preserved in pure
ethanol. Studied specimens are deposited at the Zoologische Staatssammlung Miinchen (ZSM),
the Zoologisches Forschungsmuseum Alexander Koenig (ZFMK), the Université d’ Antananarivo,
Départment de Biologie Animale (UADBA), and the Muséum National d’Histoire Naturelle in
Paris (MNHN). Field numbers FGMYV, FGZC, MV and ZCMV refer to the zoological collections
of F. Glaw and M. Vences; CRH refers to Carl R. Hutter field numbers.

The following morphometric measurements were taken by MV with a digital calliper to the
nearest 0.1 mm: 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, to the tip of the longest finger (HAL);
hindlimb length, from the cloaca to the tip of the longest toe (HIL); foot length (FOL); foot length
including tarsus (FOTL); foot length (FL), and tibia length (TIBL). Hand length/body length ratio
and foot length/body ratio were also calculated. Webbing formulae are given according to Blom-
mers-Schlosser [13].

Call recordings were made in the field using various different tape and digital recorders with
external microphones. Recordings were digitized at 22.05 kHz and 32-bit resolution, and comput-
er-analysed using the software Adobe Audition 1.5. Frequency information was obtained through
Fast Fourier Transformation (FFT; width 1024 points). Spectrograms were obtained at Hanning
window function with 256 bands resolution. Temporal measurements are exclusively given as
range (small sample size). Terminology of call descriptions follows Kdhler et al. [17].

Genomic DNA was extracted from muscle tissue samples preserved in 100% ethanol using a
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standard salt extraction protocol [18]. We sequenced a segment of the 16S rRNA gene using prim-
ers 16SA-L and 16SB-H [19] using protocols as in Vences et al. [20]. Furthermore, a fragment of
the nuclear recombination-activating gene 1 (RAG1) was amplified with primers Rag1-Manti-F1
(CGTGACAGAGTSAAAGGAGT) and Ragl-Manti-R1 (TCAATGATCTCTGGAACGTG) from
Vences et al. [21], using the following PCR protocol: 120 seconds at 94°C, followed by 35 cycles
of (20 s at 94°C, 50 s at 53°C, 180 s at 72°C), and 600 s at 72°C.

PCR products were cleaned with enzymatic purification: 0.15 units of Shrimp Alkaline Phos-
phatase (SAP) and 1 unit of Exonuclease I (New England Biolabs) incubated for 15 min at 37°C
followed by 15 min at 80°C. Purified PCR products were sequenced on an automated DNA se-
quencer (Applied Biosystems ABI 3130XL). Sequencing reactions (10 pl) contained 0.2 or 0.3 pl
of PCR product, 0.5 ul of BigDye 3.1 (Applied Biosystems) and 0.3 umol of primer. Sequences
were checked and edited, and heterozygous positions in both nuclear genes inferred, in the soft-
ware CodonCode Aligner 3.7.1 (CodonCode Corporation). All newly determined sequences will
be submitted to GenBank upon manuscript acceptance.

Sequences of the 16S rRNA gene were aligned with those from previous studies in MEGA 7
[22] using the MUSCLE algorithm. We determined the best-fitting substitution model (SYM+GQG)
by the Bayesian Information Criterion in jModelTest 2.1. [23]. We computed a phylogenetic tree in
MEGA 7 under the Maximum Likelihood (ML) optimality criterion under the GTR+G model (as
it is the most similar to the SYM model, which cannot be implemented in MEGA). Node support
was assessed with 2000 full heuristic bootstrap replicates.

Haplotypes of nuclear gene sequences were inferred using the PHASE algorithm implemented
in DnaSP [24] and a Maximum Likelihood tree of phased sequences was calculated in MEGA 7
[22]. Haplotype networks were then reconstructed in HapViewer (Haploviewer), written by G.
B. Ewing (http://www.cibiv.at/~greg/haploviewer), which infers haplotype networks applying the
methodological approach of Salzburger et al. [25].

The electronic version of this article in Portable Document Format (PDF) will represent a pub-
lished work according to the International Commission on Zoological Nomenclature (ICZN), and
hence the new names contained in the electronic version are effectively published under that Code
from the electronic edition. This published work and the nomenclatural acts it contains will be
registered in ZooBank, the online registration system for the ICZN. The published version of this
work will be archived and made available from the following digital repositories: LOCKSS and
PubMed Central.

Results
Species diversity in the subgenus Hylobatrachus assessed by molecular markers

Our alignment for the 16S rRNA mitochondrial gene consisted of 507 bp for 112 individuals of
the subgenus Hylobatrachus. The obtained ML tree (Fig 1) confirmed the eight previously defined
species and candidate species in the subgenus as deep mitochondrial lineages, several of which had
additional geographic structure (Figs 1-2). Note that the purpose of this single-marker tree was
not to resolve the deep relationships of Hylobatrachus but to assign specimens to distinct lineages.

Three candidate species from northern Madagascar (Mantidactylus sp. Ca50, Ca53 and Ca54)
were represented by single samples only and will not be further discussed in this study. The two
nominal species, Mantidactylus cowanii and M. lugubris, comprised samples from multiple loca-
tions: for M. cowanii, specimens from Ambohitantely were placed in a separate subclade, sister to
the subclade with samples from Mantadia, Vohidrazana, and Vohimana; for M. lugubris, specimens
from northeastern coastal localities (Befanjana forest: Ambodirafia and Ambatoroma) formed one
clade, a sample from another northeastern locality (Sahavontsira) formed a second clade, and spec-
imens from the northern central east (Mantadia, Vohidrazana and Vohimana) formed a third clade.
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Fig 1. Maximum likelihood tree of 112 individuals belonging to the subgenus Hylobatrachus,
based on DNA sequences (507 bp) of the mitochondrial 16S gene.

The inset pictures show representative individuals of the respective species. Values at nodes are sup-
port values in percent of a bootstrap analysis (2000 replicates). The tree was rooted with Mantidactylus
femoralis (subgenus Ochthomantis) as the outgroup (removed from the graphic for better visualization of
ingroup relationships). The inset haplotype network is based on haplotypes inferred from 572 bp of the

nuclear RAG1 gene for 54 individuals (haplotypes numbered H1—H14). Colours correspond to those used
in the tree.
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Fig 2. Map of Madagascar showing the known distribution of Mantidactylus species and candidate

species in the subgenus Hylobatrachus.

Only records confirmed by molecular data in Fig 1 are shown, except the M. cowanii record in Antoetra

(see text) and the M. sp. Ca48 record from Isalo (molecular data in [26]).

Note that at the latter three localities, our data suggest syntopic co-occurrence of M. cowanii and
M. lugubris, and this was also corroborated for these sites by morphological comparison of the
voucher specimens (Table 1) which showed the differences in colour pattern and partly in body
size characteristic for this species, with M. cowanii being usually characterised by being larger and
having a darker dorsal colour with irregular light spotting (see Figs 3—5 and Table 1; Vohimana

specimens not measured but confirmed by CRH).
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The extensive haplotype sharing in RAG1 might indicate incomplete lineage sorting or limited
gene flow among species and candidate species of Hylobatrachus. This necessarily hampers spe-
cies delimitation which, based on the available data, cannot rely on the genealogical concordance
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criterion [27]. Yet, the sympatric occurrence of M. lugubris and M. cowanii, where individuals

can clearly be recognised by morphology (body size and colour pattern) clearly supports the exis-

tence of more than one species in the subgenus. While the available evidence for multiple species
is weaker in Hylobatrachus than in other groups of recently revised Malagasy anurans (e.g. [28,
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29]) we are still convinced that in light of the available evidence, a taxonomic hypothesis dividing
the subgenus into various species reflects biological reality better than a one-species or two-spe-
cies hypothesis—especially in light of the high divergences in mitochondrial DNA identified with-
in Hylobatrachus. As a first step, we here decided to formally recognise the geographically most
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separated lineages, M. sp. Ca49 and 52, as distinct species, given that these also show some con-
sistent morphological differentiation from the other lineages, as presented in more detail in the
diagnoses below.

mens of Mantidactylus lugubris
from MNHN database.

MNHN 1994.1752, 4583, MNHN
1994.1750, MNHN 1994.1751 are
presented (left to right) in dorsal
(top), ventral (middle) and lateral
(bottom view).

5 Fig 3. Preserved syntype speci-
' (
\L

Identity of described taxa in the subgenus Hylobatrachus

The first step to achieve an improved taxonomic resolution in Hylobatrachus consists of assign-
ing each of the available names, cowanii and lugubris, to one of the genetic lineages. Preserved
syntypes of M. lugubris are shown in Fig 3 and two living individuals assigned to this species in
Fig 4. Living individuals assigned to M. cowanii are shown in Fig 5. Living and fixed specimens
of M. sp. Ca52 are shown in Figs 67, and living specimens of M. sp. Ca49 are shown in Fig 8,
and of M. sp. Ca48 in Fig 9.

We here follow the definition of M. lugubris and M. cowanii given by Glaw and Vences [11],
but we are aware that it might partly be in need of revision. These authors, building on Glaw and
Vences [7], defined M. lugubris (a species without clearly defined type locality) as the main lin-
eage of olive-green coloured stream frogs occurring in the Mantadia/Andasibe region in the North-
ern Central East of Madagascar, considering that numerous species described by early researchers
had been collected in this general region (SVL of syntypes 32-38 mm, see measurements in Ta-
ble 1). Furthermore, Glaw and Vences [7], Glaw and Vences [11] defined Mantidactylus cowanii
(type localities: Ankafana and East Betsileo) as corresponding to a large-sized species that occurs
syntopically with M. lugubris at Mantadia, Vohidrazana and Vohimana, characterised by rather
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Fig 4. Specimens assigned to Mantidactylus lugubris in life.
(a) Vohidrazana, (b) Mantadia.

Fig 5. Specimens assigned to Mantidactylus cowanii in life.
(a) Vohidrazana, (b,c) Antoetra (Soamazaka).
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uniform blackish colour with irregular light spotting, in agreement with the M. cowanii type spec-
imen, described by Boulenger [30] as being dorsally brown, ‘sometimes minutely punctuated with
whitish’, with whitish flanks and lateral hindlimbs, measuring 42 mm in SVL.

This definition is not as clear-cut as first hoped. Our samples closest to the type locality of M.
cowanii originate from Antoetra, and correspond to M. sp. Ca48, a candidate species that has pre-
viously been referred to as Mantidactylus sp. aff. cowanii ‘small’. This candidate species is wide-
spread, occurring in Manombo, Antoetra, Itremo, Ranomafana, and Ambohitsara (Fig 2). Howev-
er, large-sized specimens matching the description of M. cowanii have also been found at Antoetra
(Fig 5), but no tissue samples of these individuals are available for molecular analysis. Therefore,
we hypothesise that both M. sp. Ca48 and the larger-sized M. cowanii occur at Antoetra, which
would support our definition of the latter taxon.

Despite all of the uncertainty surrounding the identity of M. lugubris, M. cowanii, and M. sp.
Ca48, it seems clear to us that neither of the two available names, M. lugubris or M. cowanii,
refers to either the genetically divergent Marojejy lineage, or M. sp. Ca49 from the far south of
Madagascar. This is based on the following rationale: (1) M. cowanii was described from Eastern
Betsileo, i.e., from the Southern Central East of Madagascar, and no specimens belonging to either
of these genetic lineages are known from this part of Madagascar. Furthermore, the size given in
the original description (42 mm) clearly exceeds that of specimens from either Marojejy or the
extreme southeast of Madagascar (Table 1). (2) M. lugubris was described without precise local-
ity information, but of the early-described anurans from Madagascar, none is an endemic from
northeastern or extreme southeastern Madagascar. Furthermore, the syntypes of M. lugubris differ
morphologically from at least the Marojejy specimens (especially by a longer snout; Table 1).

Consequently, it seems sufficiently clear that none of the two available names refers to the
candidate species from the northeast or southeast of Madagascar (M. sp. Ca49 and M. sp. Ca52).
These two candidate species also show some morphological differentiation from other Hylobatra-
chus: the northeastern M. sp. Ca52 often has a conspicuously short snout and large eyes, and most
individuals of M. sp. Ca49 have a uniformly coloured, silvery white ventral side as well as rather
large terminal discs on fingers and toes. This combined with their 16S divergence of >3%, above
the threshold typically defining evolutionarily distinct species of neobatrachian frogs [8, 31], led
us to propose their formal taxonomic descriptions in the following.

Table 2. Mean uncorrected pairwise distances among species and candidate species of Hylobatra-
chus in a fragment of 507 bp of the mitochondrial 16S rRNA gene.

M. lugubris | M. cowanii | M. atsimo M. petako- | M. sp. Ca48 | M. sp. Ca50 | M. sp. Ca53
(Ca49) rona (Ca52)
M. cowanii 7.6
M. atsimo (Ca49) 4.7 6.1
M. petakorona (Ca52) | 3.9 7.1 5.5
M. sp. Ca4d8 7.5 4.5 5.2 6.8
M. sp. Ca50 6.7 8.5 5.9 5.8 6.8
M. sp. Ca53 4.5 6.7 54 3.6 6.7 5.8
M. sp. Ca54 5.0 7.1 6.0 34 6.3 6.0 4.2
Taxonomy

Mantidactylus petakorona sp. nov.

Remarks. This species was previously considered as Mantidactylus sp. aff. lugubris “Marojejy”
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by Glaw and Vences (2007: 250-251) and as Mantidactylus sp. Ca52 by Vieites et al. (2009, sup-
pl.), Wollenberg et al. (2011, suppl.) and Perl et al. (2014, suppl.).

Holotype. ZSM 504/2016 (field number ZCMV 15110), adult female (Fig 6-7), collected at
Camp 0 in Marojejy National Park (ca. 14.4463°S, 49.7852°E, ~310 m a.s.l.), Sava Region, for-
mer Antsiranana Province, northeastern Madagascar, on 15 November 2016, by M. Bletz, M. D.
Scherz, J. H. Razafindraibe, A. Rakotoarison, M. Vences, and A. Razafimanantsoa.

Paratypes. ZSM 501-503/2016 (field numbers ZCMV 15100, 15104, 15106), ZSM 505/2016
(ZCMV 15111), and UADBA-A uncatalogued (ZCMV 15105, 15121), six specimens with the
same collection data as holotype. ZSM 305/2005 (FGZC 2767) collected at Camp Mantella in
Marojejy National Park (14.4377°S, 49.7756°E, 481 m a.s.l.) on 14 February 2005 by F. Glaw,
M. Vences, and R.D. Randrianiaina; ZFMK 57420, adult (possibly female), collected around a
temporary low altitude camp (ca. 300—400 m a.s.l.) in Marojejy National Park on 27 March 1994
by F. Glaw, N. Rabibisoa and O. Ramilison; ZFMK 59909, adult female, collected at a temporary
low altitude camp (ca. 300—400 m a.s.l.) in Marojejy National Park on 22—-23 February 1995 by F.
Glaw and O. Ramilison.

Etymology. The specific epithet is a Malagasy word meaning ‘flat face’ or ‘flat nose’, in refer-
ence to the distinctly shorter snout of this species. It is treated as an invariable noun in apposition
to the genus name.

Diagnosis. Mantidactylus petakorona sp. nov. differs from all other species of Mantidactylus,
subgenus Hylobatrachus, by a divergence of 5.9-8.7% uncorrected pairwise distance in a frag-
ment of the 16S gene (uncorrected pairwise distances of M. petakorona to M. cowanii (8.7%), to
M. lugubris (5.6%), to M. sp. Ca49, described below (6.5%)). The new species is characterised
by the possession of the following suite of characters: (1) SVL 27-34 mm, (2) absence of white
dorsal and lateral spotting, (3) squared snout in dorsal view, (4) large eyes (ED/HL = 0.32-0.52),
(5) almost complete webbing of the fourth toe, and (6) a dark venter.

Among members of the subgenus Hylobatrachus, M. (H.) petakorona can be distinguished
from M. cowanii as defined by Glaw and Vences [7], Glaw and Vences [11] by its distinctly smaller
adult SVL (27-34 mm vs. 34-39 mm), shorter relative head length in males (HW/HL 0.86—0.87
vs. 0.90-0.98), generally smaller relative tympanum diameter in females (TD/ED 0.42—0.59 vs.
0.55-0.69, probably due to larger eye size), relatively longer hindlimbs in females (HIL/SVL 1.7—
1.87 vs. 1.51-1.63), and lack of rather consistent white dorsal and lateral spotting (vs. presence);
from M. lugubris by a distinctly more squared snout in dorsal view (vs. pointed) and by larger
eyes evidenced by smaller TD/ED ratio and larger ED/HL ratio (see Table 1), and relatively longer
hindlimbs in females (HIL/SVL 1.70-1.87 vs. 1.52—1.68). For diagnosis against M. sp. Ca49, see
the description of that species, below.

Description of the holotype. Adult female in good state of preservation; SVL 34.0 mm; body
relatively slender; head slightly longer than wide, of same width as body; snout rounded, slightly
squared in dorsal view, slightly pointed in lateral view; nostrils directed laterally, slightly protu-
berant, nearer to tip of snout than to eye; canthus rostralis rather indistinct, straight; loreal region
slightly concave; tympanum distinct, circular, its horizontal diameter 44% of eye diameter; su-
pratympanic fold slightly distinct; tongue attached anteriorly, distinctly bilobate posteriorly, lobes
rounded (right lobe slightly shorter than left lobe); maxillary teeth present; vomerine odontophores
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Fig 6. Specimens of Mantidactylus petakorona sp. nov. from Marojejy (low elevation localities
around Camp ‘Mantella’) in life.

(a—d) holotype ZSM 504/2016, (e—f) paratype ZCMV 15121, (g) paratype ZSM 305/2005, (h) probably
paratype ZFMK 59909, photographed in 1995.

distinct, one rounded patch on each side of buccal roof, positioned posteromedial to choana; cho-
anae small, rounded. Arms slender, subarticular tubercles distinct, single; inner metacarpal tuber-
cle and outer metacarpal tubercle not clearly recognizable; fingers without webbing; comparative
finger length 1<2<4<3, second finger distinctly shorter than fourth finger; finger disks slightly
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Mantidactylus petakorona sp. nov.

Mantidactylus atsimo sp. nov.

Fig 7. Preserved holotypes of Mantidactylus petakorona sp. nov. from Marojejy (ZSM 504/2016),
and of Mantidactylus atsimo sp. nov. from Andohahela (ZSM 69/2004).

enlarged. Hindlimbs slender; tibiotarsal articulation reaches slightly beyond the anterior corner of
the eye when the hindlimb is adpressed forward along the body; lateral metatarsalia separated by
webbing; comparative toe length 1<2<3<5<4; fifth toe only slightly longer than third toe; inner
metatarsal tubercle slightly distinct, outer metatarsal tubercle not recognizable; webbing between
toes strongly expressed, formula 1 (0), 2i (0.25), 2e (0), 31 (0.5), 3e (0), 41 (0), 4e (0), 5 (0). Dorsal
skin smooth; dorsum with slightly distinct dorsolateral folds; ventral skin smooth, including in
the cloacal region, where there are no distinct tubercles. For extensive measurements see Table 1.

In preservative (Fig 7), dorsal colour dusky brown from top of head and dorsal abdomen; flanks
transitioning from dorsal to ventral from light to dark dirty brown with whitish speckles situated
near the hindlimbs; ventral background drab cinnamon with whitish speckles, darker, less speckled
colour extending from the attachment of the arm, chin less speckled than the abdomen; dorsal fore-
limbs a dusky brown, ventral forelimbs centrally translucent surrounded by drab cinnamon, dorsal
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hindlimbs dusky brown, transition
zone from dorsal to ventral surface
is speckled with pale buff, ven-
tral hindlimbs drab with pale buff
speckles, hindlimbs have distinct-
ly less speckled than ventral abdo-
men; toe tips dusky brown.

In life (Fig 6a—d), the dorsal
background was a blackish granite §
in colour, with light greenish grey
speckling on head and dorsum,
discontinuous lateral band pattern
on mid dorsum with light green-
ish grey and light lime green co-
louring; ventral background a pale ~
grey-brown brown with extensive
white to pale blue mottling; dorsal
forelimbs dusky brown-black with
light greenish-grey speckling, ven- |
tral forelimbs centrally translucent |
surrounded by brownish olive,
dorsal hindlimbs dusky brown-
black with distinct light green-
ish grey bands, ventral hindlimbs &
brownish olive with random white *#
to white-blue flecks. Iris copper
coloured. Toe tips lighter in colour.

Variation. Morphological-
ly studied paratypes include two
males (ZCMV 15106, ZCMV
15100) and two individuals with
unknown sex (ZCMV 15111,
ZCMV 15104, ZCMV 15121). ¢ % : :
Males appear to be smaller in size Fig 8. Specimens of Mantidactylus atsimo sp. nov. from south-

(29-31 mm) than the holotype fe- eastern Madagascar in life.
male (34 mm). Femoral glands ap- (a) a specimen from Nahampoana photographed 2001, (b—c) holo-
type ZSM 69/2004 from Andohahela Camp 1, photographed 2004,

pear indistinct in malhe SPECIMENS. (d—e) specimen from near Tolagnaro (Pic St Louis) photographed
See Table 1 for detailed morpho- 4991

logical measurements. Colour pat-

terns vary between individuals with (1) the extent of lateral banding on the dorsum varying from
no apparent bands to multiple distinct bands, (2) lateral bands varying in colour from light greenish
to buff yellow, and in the extent of whitish speckling on the ventral abdomen and chin.

Distribution and Natural History. Typically found on rocks in small- to medium-sized rainfor-
est streams with moderate flow velocity and on rocks along the stream banks. The call of the spe-
cies is not known, nor are any data available on its reproductive habits. It is currently only known
from Marojejy National Park at low elevation (Fig 2).
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Fig 9. Specimens of Mantidactylus sp. Ca48 in life.
(a—b) specimen from Ranomafana, photographed 2003; (c—d) specimen from Ranomafana, photo-
graphed 2003; (e—f) specimen from Antoetra, photographed 2003; (g—h) specimen from Antoetra, pho-
tographed 2003; (i) specimen from Itremo, photographed 2001; (j) specimen from Ranomafana, photo-
graphed 20083; (k) tadpole from Antoetra, photographed 2003.

Pic St. Louis (25.0106°S, 46.9731°E, 365 m a.s.l.), Anosy Region, southeastern Madagascar, in
December 2001 by M. Vences. ZFMK 52686-9, a subadult, two females, and a juvenile, respec-
tively, all collected near the peak of Pic St. Louis and the forest near Nahampoana in southeastern
Madagascar on 22-27 February 1991 by F. Glaw and M. Vences. ZFMK 53673-9, seven female
specimens, all collected near the peak of Pic St. Louis and the forest near Nahampoana in south-
eastern Madagascar between 22 December 1991 and 12 March 1992 by F. Glaw and J. Miiller.

Referred material. ZSM 367-368/2016 (ZCMV 14843-14844), two adult males, collected in
Sampanandrano (24.1399°S, 47.0742°E, 539 m a.s.l.), Anosy Region, southern Madagascar, on 16
December 2016 by A. Rakotoarison, E. Rajeriarison, and J.W. Ranaivosolo.

Etymology. The specific epithet is a Malagasy word meaning ‘south’. It is treated as an invari-
able noun in apposition to the genus name.

Diagnosis. Mantidactylus atsimo sp. nov. differs from all other species of Mantidactylus, sub-
genus Hylobatrachus, by a divergence of 4.7—6.1% uncorrected pairwise distance in a fragment
of'the 16S gene (uncorrected pairwise distances of M. atsimo to M. cowani (6.1%), to M. lugubris
(4.7%), to M. petakorona (5.5%). The new species is characterised by the possession of the fol-
lowing characters: (1) SVL 25-35 mm, (2) banded dorsal colouration, (3) relatively long snout,
pointed in lateral view, (4) moderately sized eyes (ED/HL = 0.35-0.46), (5) fully webbed feet, and
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(6) whitish venter without dark brown markings. Females also have comparatively shallow snouts.

Among members of the subgenus Hylobatrachus, M. (H.) atsimo can be distinguished from M.
cowanii as defined by Glaw and Vences [7,11] by its generally smaller adult SVL (25-35 mm ver-
sus 34-39 mm) and lack of rather consistent white dorsal and lateral spotting (vs. presence); from
M. lugubris by lighter belly colouration, larger brown flecks on males, smaller relative tympanum
size in males (TD/ED 0.58-0.66 vs. 0.71-0.91) and females (TD/ED 0.41-0.60 vs. 0.60-0.71),
females with a rounded, slightly protruding snout (vs. acute snout); and from M. petakorona by
slightly longer relative snout length in males (END/SVL 0.11-0.12 vs. 0.09-0.10) and typically
whitish ventral colouration (vs. dark coloured), discs of third finger broader (pad of third toe ca.
twice as broad as finger vs. ca. 1.5 times as broad), snout pointed in ventral view (vs. truncate) in
females.

Description of the holotype. Adult female in good state of preservation; SVL 34.5 mm; body
relatively slender; head slightly longer than wide (HW/HL 0.92), slightly wider than the body;
snout rounded in dorsal view, slightly pointed in lateral view; nostrils directed laterally, protu-
berant, nearer to tip of snout than to eye; canthus rostralis distinct, slightly curved; loreal region
concave; tympanum distinct, circular, its horizontal diameter 41% of eye diameter; supratympanic
fold slightly distinct; tongue taken as tissue sample; maxillary teeth present; vomerine odonto-
phores distinct, one rounded patch on each side of buccal roof, positioned posteromedial to cho-
ana; choanae small, rounded. Arms slender, subarticular tubercles indistinct, single; inner meta-
carpal tubercle and outer metacarpal tubercle not clearly recognizable; fingers without webbing;
comparative finger length 1<2<4<3, second finger distinctly shorter than fourth finger; finger disks
distinctly enlarged. Hindlimbs slender with a robust thigh; tibiotarsal articulation reaches the eye
when the hindlimb is adpressed forward along the body; lateral metatarsalia separated by webbing;
comparative toe length 1<2<3<5<4; fifth toe slightly longer than third toe; inner metatarsal tuber-
cle slightly distinct, outer metatarsal tubercle not recognizable; toes completely webbed, formula 1
(0), 21 (0), 2e (0), 31 (0), 3e (0), 41 (0), 4e (0), 5 (0). Dorsal skin smooth; dorsum without dorsolat-
eral folds; ventral skin smooth on the chin but granular over the abdomen and in the cloacal region;
no distinct tubercles in the cloacal region. For measurements see Table 1.

In preservative (Fig 7), dorsal colour chocolate brown, lighter over the head and one band on
the mid-body; flanks transitioning from dorsal to ventral from chocolate brown to burnt umber,
with a moderately distinct colour border at the junction of the ventral colouration, which is a pale
cream over the anterior body and more yellowish posteriorly and on the ventral legs, where it mix-
es with brown. The forelimbs are dorsally as the trunk in colour, and ventrally cream except on the
hands, which are brown. The toe pads are a brown-grey, both on hands and feet. The hindlimbs are
banded dark brown, milky brown, and red-brown. When the leg is bent (at rest), these crossbands
line up to form consistent bands over thigh, shank, and foot. The hidden surfaces of the legs are
chocolate brown as the dorsum, and the anterior thigh also has large blotches of burnt umber bor-
dered in pale cream. The webbing is drab brown in colour.

Colouration in life (Fig 8b—c) was much more vibrant and contrasting in colour than in preser-
vative, but the pattern was the same. The dorsal trunk was dark burnt umber with chocolate-brown
band at mid-body and specked chocolate on the head. A honey-brown stripe was present in the
loreal region. The forelimb was as the dorsum in colouration, with a cream spot near the axilla, and
a yellow-green marking on the flank beside the axilla. The dorsal hindlimbs were honey-brown
cross-banded with burnt umber. The venter was taupe over the posterior abdomen and hindlimbs,
bluish over the anterior abdomen, and dirty white on the chin and pectoral region. The iris was
bronze.
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Variation. Individuals morphologically studied in detail include six female paratypes and two
males tentatively attributed to M. atsimo (Table 1). Males appear to be slightly smaller than females
(25 and 28 mm vs. 31-35 mm). Femoral glands are moderately distinct in males (Fig 8e). Colour
patterns are relatively similar among all ZSM paratypes, including the presence of crossbands on
the body and hindlimbs, and the presence of distinct light spots in the axilla. Ventral colouration
is more variable, with most specimens having white chins except ZSM 174/2002, 149/2004 and
150/2004. ZSM 149/2004 has an unusual pathology of the right thigh, with a large subcutaneous
growth. Specimens from the Anosy mountains that are tentatively assigned to this species differ in
possessing dark spots on their venters, white toe tips, and distinct femoral glands in males (ZSM
367/2016 and 368/2016).

Natural History. Typically found on rocks in small to medium sized rainforest streams with
moderate flow velocity and on rocks along the stream banks, also in heavily degraded forest near
the peak of Pic St. Louis. During the day, females were sitting on rocks close to the water level.
When disturbed, the frogs jump across the surface of the water at great velocity, coming to rest
only at the next available rock (again at the water level). This way, they were able to cross a stream
of several metres widths within a few seconds. They avoid diving in the water, probably due to
high predation pressure (e.g. by large aquatic crustaceans). Almost all collected specimens were
females, suggesting different habits of males and females. The calls and the clutches of the species
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Fig 10. Spectrograms and oscillograms of calls of members of Mantidactylus (Hylobatrachus).

(a) A call of Mantidactylus sp. (lugubris or cowanii), recorded on 14 January 1995 near Andasibe at
22.1°C air temperature; (b) a call of Mantidactylus lugubris, recorded on 15 January 2016 in Vohidraza-
na at 17.3°C air temperature; (c) a call tentatively assigned to Mantidactylus sp. Ca48, recorded on 10
February 1997 in Ifanadiana at 21°C air temperature; (d) a call tentatively assigned to Mantidactylus sp.
Ca48, recorded on 29 October 1995 in Ranomafana village at 27.2°C air temperature, bandpass filtered
(800—9000 Hz).
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are unknown. The blackish and elongated tadpoles were roughly described by Glaw and Vences
(1994, page 167 and Figs 192, 193, Tad 28) based on individuals from near the peak of Pic St.
Louis and Nahampoana. They are exotrophic and live on the ground of the streams. The highly
specialised mouthparts without horny beak and labial teeth appear to be a filter apparatus. Meta-
morphosis was observed in December/January and juveniles measured 10—11 mm SVL.

Distribution. Currently known from Andohahela, Manantantely, Nahampoana, and Pic St Lou-
is, all in southeastern Madagascar. Specimens from Sampanandrano in the Anosy mountains re-
ferred to this species require taxonomic clarification, but these expand the distribution of this
species considerably northwards.

Vocalizations in Hylobatrachus

Despite being relatively common along rocky streams in Madagascar’s rainforests, Hylobatra-
chus are bioacoustically remarkably inconspicuous. Only on few occasions have advertisement
calls been recorded. These calls are described in the following, to provide a baseline for future
bioacoustic comparisons in this group of frogs.

Mantidactylus sp. (probably lugubris, but might refer to cowanii which also occurs in nearby
areas). — Two calls recorded from a male (not collected), sitting on a tree trunk ca. 2 m above
the water level of a quietly running stream, on 14 January 1995 near Andasibe (at the border of
Analamazaotra reserve) by F. Glaw, at 22.1°C air temperature (one call provided by Vences et al.
[32]: CD2, Track 88, Cut 4) each consist of a single short, strongly and regularly pulsed note (Fig
10a) with the following parameters: note duration (= call duration) 314-320 ms; 11 pulses/note;
pulse duration varies from 14—18 ms; inter-pulse intervals 12—18 ms; pulse repetition rate is 34—35
pulses/s; dominant frequency 1520-2020 Hz; prevalent bandwidth 1500-7200 Hz. Moderate am-
plitude modulation is recognizable among pulses, with the initial pulse emitted with much lower
energy, followed by 3—4 pulses with high amplitude that decreases slightly in subsequent pulses
towards the end of the note. Call repetition rate of reasonably motivated calls unknown.

Mantidactylus lugubris. — Two calls recorded at night on 15 January 2016 at Vohidrazana by
C. Hutter, at 17.3°C air temperature, from a male confirmed by its typical colour pattern to be
M. lugubris (voucher specimen CRH1293) each consist of a single short, strongly and regularly
pulsed note (Fig 10b) and have the following parameters: note duration (= call duration) 428-430
ms; 15 pulses/note; pulse duration varies from 9—14 ms, with initial pulses of a note being the
shortest; inter-pulse intervals 18-24 ms; pulse repetition rate ca. 32-35 pulses/s; dominant fre-
quency 1540-1690 Hz; prevalent bandwidth 1400-6500 Hz. Amplitude modulation is recogniz-
able among pulses, with highest energy present in fourth pulse of the note. Frequency modulation
is apparent within notes, with dominant frequency slightly increasing from the beginning to the
middle of the note, and continuing with dropping dominant frequency towards the end of the note,
reaching a slightly lower level than that of the beginning. Call repetition rate of reasonably moti-
vated calls is unknown.

Mantidactylus sp. cf. Ca48. — Calls are tentatively assigned to this candidate species based on
the recording localities as in this region of Madagascar (Ranomafana region) only this lineage of
Hylobatrachus has so far been identified (no calling voucher specimens available).

Seven calls recorded on 10 February 1997 in Ifanadiana by F. Andreone (partly provided in
Vences et al. 2006: CD2, Track 88, Cuts 1-3) at 21°C air temperature each consist of a single short,
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strongly and regularly pulsed note (Fig 10c) and have the following parameters: note duration (=
call duration) 217-248 ms (240 £ 11 ms, n = 7), 7-8 pulses/note (n=7); pulse duration varies from
4-15 ms (10 + 3 ms, n = 55), with the initial pulse of a note being the shortest; inter-pulse intervals
19-28 ms (24 + 2 ms, n = 48); pulse repetition rate 32.3-33.8/s (32.7 = 0.5/s, n = 7); dominant
frequency 1860-2050 Hz; prevalent bandwidth 1600—7000 Hz. Slight amplitude modulation is
recognizable among pulses, with highest energy present in third and fourth pulses of the note.

Three calls recorded on 29 October 1995 at Ranomafana village by J. Kohler at 27.2°C air
temperature (23°C water temperature) each consist of a single short, strongly and regularly pulsed
note (Fig 10d) and have the following parameters: note duration (= call duration) 235-284 ms;
8-9 pulses/note; pulse duration varies from 10—14 ms, with initial pulses of a note being the short-
est; inter-pulse intervals 19-22 ms; pulse repetition rate app. 29—32 pulses/s; dominant frequen-
cy 1540-1690 Hz; prevalent bandwidth 1350-6500 Hz. Amplitude modulation is recognizable
among pulses, with highest energy present in third and fourth pulses of the note. Compared to the
call from Ifanadiana, pulses appear to be less well spaced, but this is probably due to echo effects
in the stony river bed of the Ranomafana river where the recording was obtained. Call repetition
rate of reasonably motivated calls is unknown.

Discussion

First steps toward resolving the taxonomy of Hylobatrachus, and its integrative future

The frogs of the subgenus Hylobatrachus are among the most enigmatic members of the genus
Mantidactylus. Their reproductive habits are poorly known, as are their highly specialised tadpoles
[12], vocalization and diet. Only one species was recognised as valid until Glaw and Vences [7]
resurrected M. cowanii from synonymy with M. lugubris. Genetic evidence revealed that this was
still a considerable underrepresentation of the species diversity of this subgenus, and that several
new candidate species exist within it [8]. Small sample sizes and the aforementioned poor knowl-
edge concerning these frogs hampered that revision, and only now has it been possible to assemble
the modest sample size we report from just the two candidate species addressed here.

In this revision, we have described the two new species, M. petakorona and M. atsimo. Both
have been recognised as potentially distinct since at least 2007 [11]. Mantidactylus petakorona,
characterised by a distinct short snout and large eyes, is restricted to Marojejy, and is the north-
ern-most representative of the subgenus, while M. atsimo, characterised by a typically white belly
and dorsal crossbands, as well as complete webbing of its feet, is the southern-most representative.
We have here refrained from revisiting the taxonomy of M. cowanii and M. lugubris, for which
large sample sizes are available, as those taxa are currently considered relatively stable. However,
we note that the description of the lineage called M. sp. Ca48 will require the careful reassessment
of the assignment of these names, given its wide distribution and similarity to those species. The
identity of the candidate species M. sp. Ca50, M. sp. Ca53, and M. sp. Ca54 will also require future
efforts, as those lineages are currently known from only few samples.

Recordings of calls of these frogs are rare and hard to get. The sparse bioacoustic data available
do not contribute much to the understanding of species limits in Hylobatrachus, as they provide an
ambiguous and inconclusive picture. Comparison of calls referred reliably or tentatively assigned
to M. lugubris with those corresponding to M. sp. Ca48 reveals slight differences in numerical
parameters (e.g., note duration, number of pulses per note). The greatest difference is that M. lugu-
bris calls have a larger number of pulses than M. sp. Ca48 (11-15 vs. 7-9 pulses), but the general
call structure of all the calls recorded is very similar and usually would not qualify as species-spe-
cific differences, particularly not among allopatric populations (see Kohler et al. 2017). However,
this picture may change once more call recordings become available, and deserves future attention.
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While we have succeeded in identifying morphological characters differentiating these species,
we have also shown that haplotype sharing in at least some nuclear genes is rather high within this
subgenus. It is in this light that we emphasise that future testing may falsify some of our results.
For example, the identity of the specimens here tentatively referred to M. atsimo from Sampanan-
drano in the Anosy Mountains will require future study to clarify, as these specimens, though
genetically closely related to M. atsimo from Andohahela and other areas further south, differ in
having dark spots on their venters, rather than the white that is typical of M. atsimo and one of the
most valuable taxonomic characters of that species. Nevertheless, we consider the proposed new
species here likely to be robust, given their high mitochondrial divergence and concordance with
morphological differences.

Biogeographically, the genus Hylobatrachus presents an interesting pattern that is worthy of
cursory remark: The known diversity of this subgenus is distributed from the far southeast of
Madagascar to Marojejy in the north, and exceptionally in two locations in the highlands of central
Madagascar, Itremo and Ambohitantely. It is curious that no representatives have yet been found in
any part of the northwestern end of the eastern escarpment, that is, the chain of mountains that runs
from Anjanaharibe-Sud northwest to Tsaratanana, then southwest to Manongarivo, and northeast
to Sorata. All other subgenera of Mantidactylus, except the monotypic Maitsomantis, are repre-
sented in this region by at least one species, yet for some reason Hylobatrachus is apparently not.
Rather than speculating on why this might be, we here simply highlight this as a point of interest
and recommend that it be investigated in detail in the future. As fieldwork in this area has been less
intense than in eastern Madagascar, there is a chance that Hylobatrachus have simply been over-
looked. However, it is also evident that Hylobatrachus is absent in the well-studied northernmost
Malagasy rainforest of Montagne d’Ambre.

The need for changes to the way the IUCN Red List treats species complexes

We recently re-assessed Mantidactylus cowanii and M. lugubris as Near Threatened and Least
Concern, respectively, but while we considered only specimens confidently assigned to the former
species (and validated by the genetic results presented here), the assessment of M. lugubris was
based on a broad circumscription that includes several undescribed candidate species. On the one
hand, this strategy had the benefit of including undescribed lineages that would otherwise go un-
assessed until described, but on the other hand it resulted in an assessment that is inaccurate for
the species for which it is intended. This raises the issue of best practices for [UCN assessments
for known species complexes.

According to the [UCN Standards and Petitions Subcommittee [3], species with complicated
or uncertain taxonomy should either be regarded a priori as ‘good species’, or should be omitted
from the Red List. However, where a taxon is known to consist of multiple species-level lineages,
i.e. in a species complex, the guidelines are somewhat ambiguous. The relevant recommendation
reads: ‘“Where a species name is widely accepted as containing multiple taxa that may deserve
species-level recognition (a “species complex’) AND there is insufficient information (direct or
indirect) to apply the Red List Categories and Criteria, the “species complex” should be listed as
Data Deficient’ [3]. Treated as an a priori ‘good species’, there is often enough data to assess a spe-
cies complex under Criterion B, pertaining to geographic range and trends of decreasing habitat,
range, or population. However, as we have outlined, and as discussed by McLeod [4], this is not
valuable. But if being a species complex constitutes sufficient uncertainty that it can be considered
‘insufficient information’, then most complexes should be Data Deficient (DD). Following this
logic strictly, a very large proportion of Madagascar’s frogs (not to mention innumerable other
taxa, both in Madagascar and worldwide) would still be considered Data Deficient (DD).

We suggest two ways of handling species complexes that may help to reduce ambiguity and
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over-estimation, while at the same time minimising the need for DD status for species that do not
warrant that categorisation. (1) Where species complexes consist of a moderately clear nominal
species and a number of undescribed candidate species that have at least partly been characterised
(e.g. clearly distinct genetic units from the nominal species), we suggest that the assessment of the
species should, as far as possible, be restricted to the nominal form and candidate species should
remain omitted from the Red List altogether. (2) Where the identity of nominal species within the
species complex is unclear, the complex should be assessed as DD.

Taxonomy is the foundation of the [UCN Red List, and indeed much species-directed conserva-
tion planning. Without a solid foundation for the units to which assessments are applied (species),
they cannot be used in conservation practice [33, 34]. Providing non-DD assessments for species
complexes can amount to pseudo-precision, for example by overestimating species distribution
and population statuses (as for Mantidactylus lugubris, but also e.g. Dendropsophis minutus [35]
and Scinax ruber [36]), while omitting taxa from the Red List can lead to their being forgotten for
future assessments. Thus, the statement that ‘taxonomic uncertainty alone is not a reason for listing
as Data Deficient’ [37], while true according to the current recommendations, belies the impor-
tance of taxonomy in anchoring conservation assessments. Despite [IUCN guidelines discouraging
the ‘liberal use’ of DD [38], it is a valuable category, especially when the justification is taxonomic
in nature. It highlights the importance of taxonomy in facilitating and promoting conservation. DD
species are also valuable in the establishment of priority areas for research, including taxonomic
work [39]. Numerous studies have attempted to use modelling or other approaches to extract con-
servation priorities from DD species (e.g. [39-42]), but an emphasis on the importance of clarify-
ing taxonomic conundrums has been lacking.

Revising and refining the IUCN Red List assessments of Hylobatrachus species, and the future
for yet undescribed candidate species

Following the description of the two new species provided here, we can also suggest modifica-
tions of the [UCN Red List assessment of all three species. Mantidactylus lugubris, as currently
understood, is distributed from Ambatoroma and Ambodirafia in the north Central East, to Vohi-
mana, Vohidrazana, and Mantadia in the Central East; all other regions currently included in the
TUCN status of that species refer to other species. As such, it has an EOO of ca. 7000 km?, although
it probably occurs more widely in, for example, the poorly surveyed Zahamena National Park. As
is currently included in its assessment, the species ‘requires clear streams and so cannot survive in
fully transformed agricultural landscapes,’ and its habitat is experiencing on-going habitat decline.
It therefore qualifies for a status of Vulnerable under [IUCN Red List criterion Blab(iii).

Mantidactylus petakorona is found in Marojejy National Park and is currently not known from
any other locations. It occurs in streams at low-elevation. We here follow the assessments for other
species from this area, e.g. Rhombophryne savaka, in considering the species Endangered under
criterion Blab(iii), due to an estimated Extent of Occurrence (EOO) of < 1000 km?, records from a
single threat-defined location, and on-going decline in the extent and quality of appropriate habitat.

Mantidactylus atsimo is found in five threat-defined locations in southeastern Madagascar, in-
cluding Anosy, Andohahela, Manantantely, Pic St. Louis, and Nahampoana. These span an esti-
mated EOO of ca. 4500 km?. Throughout this area, there is, however, dramatic habitat decline, with
extensive deforestation. The species is thus a borderline case between Endangered and Vulnerable
under Blab(iii). A small extension of its known range northwards would render its EOO over 5000
km?. We therefore conservatively propose a status of Vulnerable Blab(iii) for M. atsimo.

The remainder of the recognised candidate species within the subgenus Hylobatrachus cannot
be assessed while they remain undescribed. This too emphasises the importance of taxonomy,
as well as the importance of continued field collections. Species that are undescribed cannot be
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adequately protected. Recognition of candidate species does not constitute description, and while
candidate species can be included on faunistic lists to lend weight to the importance of protecting
certain areas (e.g. [26, 43, 44], they remain unavailable for species-level management. The exten-
sive availability of characterised candidate species of reptiles and amphibians is exceptional in
Madagascar [8, 10, 45], giving conservation on the island an edge, but the importance of taxonom-
ic assessment of these species remains unabated. Elsewhere, DNA barcoding can also be used as a
first line for species discovery, but except at landscape conservation levels, taxonomic description
of the discovered species will be needed to ensure their protection.
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Section 2: Biogeography through the lens of systematics

In this section, I present a series of papers pertaining to the genus Gephyromantis in northern Mad-
agascar. These include descriptions of five new species of frogs, each giving insight into the bio-
geography of the group. Together, these taxonomic papers shed light on the biogeography of these
frogs in northern Madagascar, and open interesting avenues for future research into the properties
governing species distribution in the forests of northern Madagascar.

Chapter 2. PAPER: A new frog species of the subgenus Asperomantis (Anura, Mantellidae,
Gephyromantis) from the Bealanana District of northern Madagascar

In this chapter, I present the description of a new species of Gephyromantis from the subgenus
Asperomantis. This subgenus was recently described (Vences et al. 2017), with a candidate spe-
cies identified from north Madagascar that was not taxonomically assessed because of inadequate
material. In December 2015—-January 2016, I collected additional material of this species, and in
this chapter, my colleagues and I describe it in this chapter as Gephyromantis (Asperomantis) an-
gano. It is found in two localities within the Bealanana District in the Diana Region of northern
Madagascar. A population of frogs from the southwest of the Bealanana District is genetically
only weakly differentiated from G. (4.) angano but is bioacoustically strongly different and is also
slightly larger in size. We consider it to be a new candidate species in need of assessment—possi-
bly these lineages constitute a case of incipient speciation that is in the process of being reinforced
by intense deforestation in the region preventing connectivity among populations. We also find
strong genetic differentiation between G. (4.) ambohitra populations from Montagne d’Ambre
and Manongarivo, suggesting the need for work to assess the taxonomic status of these popula-
tions. Curiously, G. (4.) tahotra, which was found in sympatry with G. (4.) angano in the Beala-
nana District, lacks genetic differentiation from the population in Marojejy at the same elevation
(Glaw et al. 2011), suggesting that these areas may have recent or on-going gene flow at elevations
of ca. 1350 m a.s.l. No explanation is currently obvious for why G. (4.) angano does not appear to
have a similar range, given that the two species have very similar ecologies.
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Abstract

A recent study on a group of rough-skinned Gephyromantis frogs from Madagascar (An-
ura: Mantellidae: Mantellinae) established a new subgenus, Asperomantis, with five de-
scribed species and one undescribed candidate species. Based on newly collected mate-
rial from the Bealanana District, we address the taxonomy of this candidate species, and
reveal that it consists of two populations with low genetic and morphological divergence
but considerable bioacoustic differences that are obvious to the human ear. As a result,
we describe some of the specimens formerly assigned to Gephyromantis sp. Ca28 as G.
angano sp. n. and assign the remaining specimens from a locality between Bealanana
and Antsohihy to a new Unconfirmed Candidate Species, G. sp. Ca29. Gephyromantis
angano sp. n. is a small species that strongly resembles G. asper and G. ceratophrys,
but it differs from these and all other Gephyromantis species by a unique, clinking adver-
tisement call. The new species may be highly threatened by habitat fragmentation, but at
present we recommend it be treated as Data Deficient until more data are available to as-
sess its distribution. We discuss the curious relationship between G. angano sp. n. and G.
sp. Ca29, which we suspect may represent a case of incipient speciation. We also identify
two additional new Unconfirmed Candidate Species of Gephyromantis based on sequence
data from other specimens collected during our surveys in the Bealanana District.

Introduction

species, introduced) (AmphibiaWeb 2017). Mantellidae
is the island’s most diverse radiation, and among the

Madagascar’s 317 nominal frog species belong to six
families: Mantellidae Laurent, 1946 (213 species), Mi-
crohylidae Giinther, 1858 (91 species), Hyperoliidae
Laurent, 1943 (11 species), Ptychadenidae Dubois,
1987 (1 species), Dicroglossidae Anderson, 1871
(1 species, introduced), and Bufonidae Gray, 1825 (1

amphibians, the only family-level unit wholly endem-
ic to Madagascar and the nearby Comoros (two unde-
scribed species are found on nearby Mayotte; Vences et
al. 2003). It is divided into three subfamilies, of which
the Mantellinae Laurent, 1946 is the most diverse, com-
prising 129 species in seven genera. The most diverse of

Copyright Mark D. Scherz et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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these genera is Gephyromantis Methuen, 1920, with 42
nominal species.

Gephyromantis is currently divided into six subgenera:
Asperomantis Vences, Kohler, Pabijan, Bletz, Gehring,
Hawlitschek, Rakotoarison, Ratsoavina, Andreone, Crot-
tini & Glaw, 2017, Duboimantis Glaw & Vences, 2006,
Gephyromantis Methuen, 1920, Laurentomantis Dubois,
1980, Phylacomantis Glaw & Vences, 1994, and Vato-
mantis Glaw & Vences, 2006 (Kaffenberger et al. 2012,
Vences et al. 2017). In their recent study, Vences et al.
(2017) erected the subgenus Asperomantis for the Ge-
phyromantis asper clade, which contains five nominal
species: G. ambohitra (Vences & Glaw, 2001), G. asper
(Boulenger, 1882), G. ceratophrys (Ahl, 1929), G. taho-
tra Glaw, Kohler & Vences, 2011, and G. spinifer (Blom-
mers-Schldsser & Blanc, 1991). A sixth species that was
identified by Perl et al. (2014), G. sp. Ca28, clearly be-
longs to this subgenus as well based on its morphology
and genetic affinities (Vences et al. 2017). It was original-
ly detected based on DNA sequences of a specimen from
‘Antsahan’i Ledy’, and later two additional specimens
from a site between Bealanana and Antsohihy were added
to it (Vences et al. 2017), but no adult male specimen or
bioacoustic data have been available until now.

Here, we address the taxonomy of G. sp. Ca28 using
an integrative taxonomic approach based on bioacous-
tics, morphology, morphometrics, and genetics, from new
material collected between December 2015 and January
2016. We also provide additional sequence data and new
localities for a selection of Gephyromantis species en-
countered during the collection of the new species.

Materials and methods

Fieldwork was conducted at two sites: Ampotsidy moun-
tains, near Beandrarezona (14.410-14.432°S, 48.710—
48.727°E) in the Bealanana District of the Sofia Region
between the 17" of December 2015 and 9" of January
2016; and in several small forest fragments near the south-
ern border of the Bealanana District (14.701-14.758°S,
48.493-48.587°E) between the 13" and 17" of January
2016. These two locations are separated by ca. 40 km.

Specimens were captured by hand, euthanized using
MS222, fixed in ~90% ethanol, and kept thereafter in
75% ethanol. Prior to fixation, a piece of muscle from the
thigh was taken as a tissue sample for subsequent DNA
analysis, deposited in 99% ethanol. Field numbers refer
to Mark D. Scherz (MSZC), Miguel Vences (ZCMV),
and David R. Vieites (DRV). Institutional abbreviations
are: ZSM (Zoologische Staatssammlung Miinchen), and
UADBA-A (Université d’Antananarivo Département de
Biologie Animale, Amphibiens).

Callrecordings were made with a Sennheiser KE66+K6
super-cardioid microphone on a Marantz PMD 661 MKII
field recorder, at 44.1 kHz sampling. Bioacoustic analysis
was performed in COOL EDIT PRO. Frequency informa-
tion was obtained through Fast Fourier Transformations

zse.pensoft.net

(FFT; width 1024 points). Spectrograms were obtained
with a Hanning window of 512-bands resolution. Tempo-
ral measurements are given as mean + standard deviation
with range in parentheses. Terminology in call descrip-
tions follows the call-centred terminology of Kohler et
al. (2017). Recordings are deposited in the Animal Sound
Archive of the Museum fiir Naturkunde, Berlin and are
provided as Supplementary materials 1-4.

We analysed a segment of the mitochondrial DNA
(mtDNA) 16S rRNA gene (/6S). We used a salt-extrac-
tion protocol to extract DNA from tissue samples as de-
scribed by Kaffenberger et al. (2012). We PCR-amplified
the 76S segment used as standard for barcoding Madagas-
can amphibians (Vences et al. 2005, Vieites et al. 2009)
with the primer pairs ACI6SAR-L/AC16SBR-H (Crot-
tini et al. 2014) and 16SFrogL.1/16SFrogH1 (Vences et
al. 2010). Purification of PCR product was done using
Exonuclease I and Shrimp Alkaline Phosphatase diges-
tion. Amplicons were sequenced using the BigDye v. 3.1
cycle sequencing chemistry on a 3130xI1 genetic analyser
(Applied Biosystems). Assembly and quality-checking
was performed in CODONCODE ALIGNER v. 3.0.3
(CodonCode Corporation). Newly generated sequences
were deposited in GenBank under accession numbers
MF768444-MF768467.

Comparative sequences were retrieved from Vieites et
al. (2009) and Vences et al. (2017), for almost all known
Gephyromantis species including candidate species, for
a total of 123 terminals. We aligned sequences using the
ClustalW algorithm in MEGA7 (Kumar et al. 2016), with
Boophis madagascariensis (Mantellidae: Boophinae)
and Guibemantis liber (Mantellidae: Mantellinae) as hi-
erarchical outgroups. Gaps were treated as missing data.
Due to the short length of the alignment, hypervariable
regions were not removed. Uncorrected pairwise distanc-
es (p-distances) between and within species in the /65
dataset were calculated using MEGA7.

Phylogenies were calculated using Bayesian Inference
(BI) in MRBAYES v. 3.2.6 (Ronquist et al. 2012) under
the JC69 model in order to reduce the risk of over-pa-
rameterisation with our small dataset. The Markov chain
Monte Carlo sampling included two runs of four chains
each (three heated, one cold) sampled every 10° genera-
tions for a total of 10° generations. The first 25% of sam-
ples were discarded as burn-in. Parameter convergence
was assessed in TRACER v 1.5 (Rambaut and Drum-
mond 2007). For comparative purposes, we ran a maxi-
mum likelihood (ML) tree in RAXML (Stamatakis 2014)
with 500 bootstrap replicates under the GTR+G model.

Morphometrics of the new material were obtained for
comparison primarily with values reported by Vences et
al. (2017). Measurements were taken by MV to the near-
est 0.1 mm with a precision calliper, for the following
characters (reiterated verbatim from Vences et al. 2017):
snout-vent length (SVL), maximum head width (HW),
head length from posterior maxillary commissure to
snout tip (HL), horizontal eye diameter (ED), horizontal
tympanum diameter (TD), distance from eye to nostril
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(END), distance from nostril to snout tip (NSD), distance
between nostrils (NND), foot length (FOL), foot length
including tarsus (FOTL), hindlimb length from cloaca to
tip of longest toe (HIL), forelimb length from axilla to tip
of longest finger (FORL), length and width of femoral
gland (FGL, FGW), and number of femoral gland gran-
ules (FGG) given as left/right. Webbing formulae follow
Blommers-Schldsser (1979); femoral gland terminology
follows Glaw et al. (2000).

The electronic version of this article in Portable Doc-
ument Format (PDF) will represent a published work ac-
cording to the International Commission on Zoological
Nomenclature (ICZN), and hence the new names con-
tained in the electronic version are effectively published
under that Code from the electronic edition alone. This
published work and the nomenclatural act it contains
have been registered in ZooBank, the online registration
system for the ICZN. The ZooBank LSIDs (Life Science
Identifiers) can be resolved and the associated information
viewed through any standard web browser by appending
the LSID to the prefix http://zoobank.org/. The LSID for
this publication is urn:Isid:zoobank.org:pub:7EE704F2-
05B4-48D1-AE41-929676D91E0S. The online version
of this work will be archived and made available from the
following digital repositories: CLOCKSS and Zenodo.

Results

During fieldwork in Ampotsidy we encountered several
Gephyromantis species. Most notable among these was
an abundant species of the subgenus Asperomantis, with
a characteristic, high pitched, clinking call. Later, during
fieldwork ca. 40 km SSW, near the road between Beala-
nana and Antsohihy in a forest patch locally called Andra-
nonafindra, we encountered another relatively abundant
Asperomantis with a lower, rasping call, similar to that
called ‘Gephyromantis sp. aff. ambohitra’ in Vences et al.
(2006). Genetically the former population is assignable to
the first specimen of G. sp. Ca28 from Antsahan’i Ledy,
whereas the latter is assignable to the specimens from
between Antsohihy and Bealanana (very near Andranon-
afindra) added to this candidate species by Vences et al.
(2017) (genetics are discussed and displayed in more
detail below). We investigated whether these specimens
represented one or two species using an integrative ap-
proach based on bioacoustics, morphology, and molecu-
lar phylogenetics.

Bioacoustics

Advertisement calls of the Asperomantis species from
Ampotsidy and from Andranonafindra exhibited strong
and clear differences in call parameters. To illustrate these
differences, we here describe these calls:

Ampotsidy: Based on call voucher ZSM 68/2016
(MSZC 0172): Calls recorded at 22h40 on the 8" of Jan-
uary, 2016, 50 cm above the ground on a fern above a
muddy spring in primary rainforest, calling as part of a

small chorus, at 14.41949°S, 48.71938°E, 1340 m a.s.l.,
at an estimated air temperature between 15 and 20°C
(Fig. 1, Suppl. material 1). Call series are composed
of 9-25 (mean 16.7 £ 6.5, n = 6) rapidly emitted, short
(call duration 41-98 ms, mean = 59.4 + 10.4 ms, n = 27),
unpulsed, tonal, single-note calls (call series duration
2798-5917 ms, n = 6), with silent inter-call intervals of
148-239 ms (mean 193 £ 22 ms, n = 25). The inter-series
intervals are highly variable (26.0-64.2 s, 41.5+ 20 s, n
= 3). Before some call series, one or two pairs of calls are
released, here termed ‘warm-up calls’, which we here do
not consider as part of a call series, as some other series
do not include these. The silent interval between warm-
up calls and main call series is 1233-1335 ms (n = 2).
The call series is amplitude modulated, with the initial
few calls being of considerably lower amplitude than the
subsequent calls, followed by calls at constant amplitude
until the end of the series. Dominant frequency of calls is
3803 + 59 Hz (3703-3875 Hz, n = 6), with a 90% band-
width from ca. 3700 to ca. 4050 Hz. Other calls recorded
were not vouchered, but shared these parameters (Suppl.
material 2). Calls highly similar to the human ear in fre-
quency and structure were heard on a daily basis from
numerous individuals across several sites up to three kilo-
metres from the coordinates of this specimen during the
three week observation period, sometimes in extremely
motivated, dense choruses. We infer these calls to be typ-
ical advertisement calls as they occurred both in isolation
and in dense choruses, and no other calls were heard from
these frogs.

Andranonafindra: Based on call voucher ZSM 58/2016
(MSZC 0196): Calls recorded at 18h40 on the 14 of Jan-
uary, 2016 on a broad fleshy leaf 4 m from a slow stream
in degraded primary rainforest, calling as part of a large
chorus, at 14.73600°S, 48.54831°E, 1180 m a.s.l., at an
estimated air temperature of 17-23°C (Fig. 2, Suppl. ma-
terial 3). Call series are ill-defined, composed of an in-
definite number of rapidly emitted, short (call duration
51-96 ms, 59.8 = 13 ms, n = 10), single-note calls, each
of which is highly pulsed containing 16-21 pulses (mean
18.2 + 1.4, n = 10), the maxima of which are separated by
2-3 ms (mean 2.8 ms £ 0.4, n = 10). Calls are generally
separated by inter-call intervals of 210-268 ms duration
(mean 226.3 £ 16.3, n = 10, silence of these intervals is
inferred as background calls and noise in the recording
make it difficult to be certain of silence). Each call is am-
plitude modulated, with greatest energy at the beginning,
decreasing toward the end of the call, but the call series
shows no pattern of modulation (Fig. 2). Dominant fre-
quency of calls is 3703 = 0 Hz (n = 10), with a 90% band-
width from ca. 1560 to ca. 3800 Hz. Calls of a second
vouchered specimen, ZSM 59/2016 (MSZC 0203), from
the same locality, had the same structure as ZSM 58/2016,
but were shorter (1668 ms, 44.0 = 15.4 ms, n = 10), had
slightly fewer pulses (3—19, mean 11.5+4.9, n=10), and
had shorter inter-call intervals (169.0 £ 53 ms, 97-243
ms, n = 10), but roughly the same dominant frequency
(3716 =86 Hz, 3617-3875 ms, n = 10) (Suppl. material 4).

zse.pensoft.net
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Figure 1. Spectrogram (above) and oscillogram (below) of a call series of the holotype of Gephyromantis angano sp. n., ZSM
68/2016 (MSZC 0172) from Ampotsidy. For the conditions of the call, see the text. The call is provided in Suppl. material 1.
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Figure 2. Spectrogram (above) and oscillogram (below) of a part of a long call series of Gephyromantis sp. Ca29 (ZSM 58/2016 =
MSZC 0196) from Andranonafindra. For the conditions of the call, see the text. Note that in between the calls of the main recorded
male (closest to the microphone), other males can be heard. In the second half of the spectrogram, five calls of the male closest to
the microphone are marked with small arrows. The call is provided in Suppl. material 3.
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Figure 3. Bioacoustic differences among Gephyromantis (Asperomantis) species, as evident from oscillograms of their calls, adapt-
ed from Vences et al. (2017) in comparison with Gephyromantis angano sp. n. and Gephyromantis sp. Ca29.

Calls highly similar to the human ear in frequency and
structure were heard on two non-consecutive nights in the
vicinity of the recorded specimens during the brief sur-
vey period in this area of forest, but were not heard in
other nearby patches of forest in between these nights.
However, no suitable habitats (slow-flowing, shallow
water) were found in the other surveyed forest patches,
so their absence was anticipated. We suppose these calls
also to be advertisement calls as the circumstances un-
der which they were recorded were similar to those under
which specimens from Ampotsidy were observed, but the
observation period was admittedly much shorter and the
sample size is small.

The advertisement calls of both of these populations
are distinct from all other Asperomantis species (see
Fig. 3, and compare data provided in Vences et al. 2017).
By their short call duration, they are slightly similar to
calls of G. asper and G. ceratophrys, but differ by longer
note duration (mean 59.4 + 10.4 ms vs. mean range 10.3—
28.6 ms in G. asper and G. ceratophrys), by being even-
ly spaced (rather than arranged in fast call groups as in
G. asper), and apparently by being more rapidly repeated
than in G. ceratophrys (Fig. 3).

The vocalizations from Ampotsidy and Andranonafin-
dra are also different from one another, especially in that
specimens from Ampotsidy emit a tonal, unpulsed call in
a clearly defined call series, whereas specimens from An-
dranonafindra emit a rough, strongly pulsed call without
clear call series formulation. The sound impression of calls
from both populations is very different to the human ear,
mostly as a result of the tonal calls of specimens from Am-
potsidy as opposed to the pulsed calls of specimens from
Andranonafindra, although their temporal parameters are
remarkably similar (call duration 59.4 + 10.4 ms vs. 59.8 +
13 ms; inter-call interval duration 193 &+ 22 ms vs. 226.3 +
16.3 ms). Thus the measured differences are smaller than
those between other species in the subgenus Asperoman-
tis (Fig. 3), but the calls are as distinguishable from one
another. It is possible that the different calls represent two
separate call types of the same species, as is known from
G. tahotra (Glaw et al. 2011; Fig. 3; discussed below).
However, in either location only one of the respective call
types was heard, unlike in G. tahotra, where both call types
can be heard simultaneously or independently in a single
population and switching among calls appears to occur
sporadically (e.g. within a single evening).

zse.pensoft.net
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Morphology and colouration

Morphological measurements are given in Table 1. The new-
ly collected adults are smaller than most other Asperomantis
material, resembling in size primarily G. asper and G. cer-
atophrys. Male specimens from Ampotsidy and Andranon-
afindra are highly similar, and the only notable difference
is body size (SVL 29.1-29.6 mm [n = 2] in Ampotsidy vs.
30.6-32.7 mm [n = 2] in Andranonafindra). There is a slight
difference in the shape of the femoral glands, with those of
specimens from Ampotsidy being slightly longer relative to
their width than those of specimens from Andranonafind-
ra. The number of femoral gland granules between the two
species overlaps, being exceptionally variable in specimens
from Ampotsidy with 26-69 granules per gland, whereas
specimens from Andranonafindra have 42—49 (note that not
all values are reported in Table 1 as some specimens from
which granule number could be counted from photos were
not available for measurements). Females were not available
from Andranonafindra. All other measurements do not differ.
The colouration of specimens is also similar (see photos in
life below), and it must be noted that colouration is highly
variable in all Asperomantis species (Vences et al. 2017). In
summary, the morphological differences between these pop-
ulations are on par with both inter- and intraspecific variation
of other Asperomantis species (Vences et al. 2017).

Molecular phylogenetics

We produced new /6S DNA sequences for 20 specimens.
Our /68 alignment of these and 103 other terminals contained
619 characters and a total of 283 variable sites, of which 241
were parsimony informative (excluding outgroups). BI and
ML phylogenies of the /6S alignment agreed in topology of
the Asperomantis subgenus (Fig. 4), with small differenc-
es in other subgenera throughout the genus Gephyromantis
(Suppl. material 5); the overall tree topology agrees well

with more comprehensive multi-gene studies (Kaffenberg-
er et al. 2012). Support for the BI tree was generally high,
whereas support for the ML phylogeny was rather low (Fig.
4, Suppl. material 5). Uncorrected pairwise distances (p-dis-
tances) are given for Asperomantis in Table 2 and for all oth-
er Gephyromantis species in Suppl. material 6. Specimens
from Ampotsidy and Andranonafindra belong to four or five
species: G. sp. Ca28 (one or two species; discussed in the
next paragraph), G. tahotra, G. horridus (3% divergent from
other G. horridus and recovered with negligible support as
closer related to G. ranjomavo in our tree, so requiring clos-
er investigation), and two divergent lineages well over 3%
genetically divergent from all other Gephyromantis species,
identified here as Unconfirmed Candidate Species sensu
Vieites et al. (2009) for the first time, G. sp. Ca30 (a Dubo-
imantis with affinities to G. tandroka, separated by 6.4%
uncorrected p-distance) and G. sp. Ca31 (a Phylacomantis
with affinities to G. azzurrae, separated by 5.5% uncorrected
p-distance; Suppl. material 6).

Populations of Gephyromantis sp. Ca28 from Ampotsi-
dy and Andranonafindra are genetically assortative; speci-
mens from Ampotsidy cluster with a specimen from Antsa-
han’i Ledy, while specimens from Andranonafindra cluster
with specimens from between Antsohihy and Bealanana
(Fig. 4; the names G. angano sp. n. and G. sp. Ca29 for
these two populations are used pre-emptively here and
in Table 1 and Fig. 3). These clades have an uncorrect-
ed p-distance between them of 1.0-3.0% (Table 1). This
distance is below the typical threshold of genetic distance
used to identify candidate species based on /6S DNA bar-
code sequence data (Vieites et al. 2009), and agrees with
intraspecific distances among other species of Asperoman-
tis (see Table 2). Note that the intraspecific variation in G.
ambohitra is exceptionally high as a result of the distance
between its two clades (Fig. 4) of 5.6-7.1%; distances
within these clades are 0.4-2.1% (data not shown). On the

Table 1. Morphological measurements of Gephyromantis angano sp. n. (formerly G. sp. Ca28) from Ampotsidy and Antsahan’i

Ledy, and G. sp. Ca29 from Andranonafindra, plus two newly collected specimens of G. tahotra from Ampotsidy. All measurements

are given in mm. Measurement abbreviations are given in the Materials and methods. The bolded specimen is the holotype of the

new species described below.

Species HE:Lder Sex|SVL| HW | HL | TD |ED |END |NSD|NND FORL|HAL | HIL | FOTL | FOL |TIBL|FGG| FGL FGW

G. angano MSzZC 36/

(Ampotaidy) oi72 | M |29.6/10.4/11.0/2.7|3.8/ 3.0 | 1.8 | 2.8 | 19.1 | 9.3 53.7| 23.3 |15.8/17.2| ,, | 6.6 3.0

G. angano MSzC 30/

Armpotsidy) 00o7 | M [29.1/ 99 11.0/25(37| 32 | 1.7 | 24 | 183 | 88 |502| 223 |15.2|16.0| 3¢ | 62 2.4

G. angano MSZC | £ 1305|908 |11.4/2.3/38/ 33| 1.9| 24 | 200| 9.6 |54.3| 23.7 |15.9/17.8| n/a | absent | absent
(Ampotsidy) 0112

G. angano ZSM

' . 1731/ | F |26.2| 88|10.4|2.2|3.4| 28| 1.4| 2.2 | 18.1 | 84 |50.1| 21.6 |15.6|15.5| n/a | absent | absent
(Antsahan’i Ledy) 2010

G. sp. Ca29 MSZC 48/

(Andramenafindray| 0203 | M [306/105/13.1/2.414.0 35 | 1.7 | 26 | 187 | 9.0 |54.3) 238 |160/17.4| 7| 6.2 3.1

G. sp. Ca29 MSzC 42/

(Andramenafindray| 0106 | M [327|10.7|12.0/3.0/4.0| 3.3 | 20 | 2.7 | 203| 9.9 |54.9 246 |168|17.5| 0| 6.1 2.9

G. tahotra MSZC |\ 132.0(11.9]12.2|25(4.3] 3.2 | 2.0 | 2.8 | 19.810.5/59.4| 26.1 |18.0|19.0| 7/3 | indistinct | indistinct
(Ampotsidy) 0142

G. tahotra MSzC 22/ . . .. e

(Ampoteidy) o14g | M [334(11.7/12.9]3.1|4.3| 34 | 24 | 3.0 | 20.1 | 10.8/60.0| 26.2 |18.1/19.3| 7 |indistinct |indistinct
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KY412950.1 Gephyromantis tahotra FGZ!
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F KY412955.1 Gephyromantis tahotra FGZC2815

- KY412956.1 Gephyromantis tahotra FGZC2821

F KY412957.1 Gephyromantis tahotra DRV6312

- KY412958.1 Gephyromantis tahotra DRV6135

F KY412959.1 Gephyromantis tahotra ZCMV 12358

 KY412960.1 Gephyromantis tahotra ZCMV12380

F KY412961.1 Gephyromantis tahotra ZCMV 12397

+ KY412962.1 Gephyromantis tahotra ZCMV12438

- FJ559180.1 Gephyromantis tahotra ZCMV 2016

1 Gephyromantis tahotra MSZC0151

Gephyromantis tahotra MSZC0155

KY412946.1 Gephyromantis ceratophrys ZCMV117 ]
1 { KY412947.1 Gephyromantis ceratophrys ZCMV8009
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Gephyromantis angano sp. n. (
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Gephyromantis angano sp. n.

Gephyromantis sp. Ca29 MSZC0196
Gephyromantis sp. Ca29 MSZC0203

Suppl. Fig. 1

0.04 substitutions
per site

100 KY412948.1 Gephyromantis ceratophrys ZCMV8010
KY412949.1 Gephyromantis ceratophrys ZCMV8552
KY412941.1 Gephyromantis asper ZCMV14090
KY412942.1 Gephyromantis asper FGZC4326
0.94 1|99L FJ559160.1 Gephyromantis asper MVTIS E5241
99 KY412943.1 Gephyromantis asper FGZC4669
KY412944.1 Gephyromantis asper MPFC258
KY412945.1 Gephyromantis asper MPFC274
1

KY412939.1 Gephyromantis spinifer ZCMV 12129
FJ559198.1 Gephyromantis spinifer UADBA 254-
KY412940.1 Gephyromantis spinifer ZCMV 14726
Gephyromantis angano sp. n. (= G. sp. Ca28) MSZC0021
= G. sp. Ca28) MSZC0032
(= G. sp. Ca28) MSZC0053
Gephyromantis angano sp. n. (= G. sp. Ca28) MSZC0088
(= G. sp. Ca28) MSZC0091
Gephyromantis angano sp. n. (= G. sp. Ca28) MSZC0172
98L Gephyromantis angano sp. n. (= G. sp. Ca28) MSZC0112
KY412936.1 Gephyromantis angano sp. n. (= G. sp. Ca28) ZCM

KY412937.1 Gephyromantis sp. Ca29 (was Ca28) DRV6405
KY412938.1 Gephyromantis sp. Ca29 (was Ca28) ZCMV 12605
KY412925.1 Gephyromantis ambohitra FGMV20!
KY412926.1 Gephyromantis ambohitra FGZC103|
KY412927.1 Gephyromantis ambohitra FGZC1369
KY412929.1 Gephyromantis ambohitra FGZC1429
KY412930.1 Gephyromantis ambohitra FGZC393

11 1 KY412931.1 Gephyromantis ambohitra FGZC395

100| L— AY848309.1 Gephyromantis ambohitra FGZC394

KY412924.1 Gephyromantis ambohitra FGMV2002.8
KY412928.1 Gephyromantis ambohitra FGZC14:

100 Ir KY412932.1 Gephyromantis ambohitra FGMV2002.8
0.99%" AY848311.1 Gephyromantis ambohitra 2002 819 i

1[@ KY412933.1 Gephyromantis ambohitra FGMV2002.816

57 KY412934.1 Gephyromantis ambohitra FGMV2002.817
KY412935.1 Gephyromantis ambohitra ACP2733

Gephyromantis
tahotra

Gephyromantis
ceratophrys

Gephyromantis
asper

Gephyromantis
spinifer

Gephyromantis
angano sp. n.

Gephyromantis

sp. Ca29 [new]

Gephyromantis
ambohitra

= newly collected
specimens

Figure 4. Phylogenetic relationships of the subgenus Asperomantis, reconstructed by Bayesian Inference analysis of a fragment
of the mitochondrial 16S rRNA gene. Numbers above nodes denote Bayesian Posterior Probability (PP) from Bayesian Inference
analysis; numbers below nodes indicate bootstrap support (%) from Maximum Likelihood analysis. PP lower than 0.9 and bootstrap

support lower than 70% are not shown. Other Gephyromantis and outgroups are shown in Suppl. material 5. Numbers before taxon

names are GenBank numbers; numbers after taxon names are field numbers.

other hand, the Ampotsidy and Andranonafindra sequences
differ from all described Asperomantis species by high dis-
tances of 3.3-9.3% and are phylogenetically distinct from
other Asperomantis. It is thus clear that the current tax-
onomy requires revision and the bioacoustic and genetic
distinctness of these frogs needs to be carefully evaluated.

Taxonomic conclusions

Genetically, specimens from Ampotsidy+Antsahan’i
Ledy and AndranonafindratBealanana-Antsohihy are
separated by 1-3% in the segment of the 16S rRNA
gene typically used for candidate species designation

in Madagascan amphibians (Vieites et al. 2009). This
is relatively low, and the typical threshold for establish-
ment of candidate species (3% uncorrected p-distance)
is barely achieved. However, bioacoustics tells a differ-
ent story: the differences in the sound of the call (tonal
and unpulsed vs. noisy and pulsed; fairly short, isolated
series vs. long, ill-defined series) are remarkable. Mor-
phological data among these populations are equivocal;
although males from Ampotsidy are smaller than those
from Andranonafindra and the dimensions of their femo-
ral glands differ somewhat, all other characters show no
distinction among the populations, albeit with low sample
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Table 2. Uncorrected pairwise distances among members of the subfamily Asperomantis in the 16S marker; the diagonal values

refer to intra-specific distinction. For uncorrected p-distances for the whole genus Gephyromantis, see Supplementary material 6.

1 2 3 4 5 6 7
1. Gephyromantis sp. Ca29 0.0%
2. Gephyromantis angano sp. n. 1.0-3.0% 0.0-0.2%
3. Gephyromantis tahotra 6.5-8.9%, 7.3-9.3% 0.0-3.3%
4. Gephyromantis ceratophrys 6.1-6.5% 6.0-6.7% 6.9-8.29% 0.0%
5. Gephyromantis asper 3.3-4.5% 3.9-5.9% 6.1-8.6% 7.1-7.8% 0.0-1.4%
6. Gephyromantis spinifer 4.9-6.7% 5.3-7.5% 7.9-9.4% 7.6-7.8% 5.2-7.3% 0.6-3.1%
7. Gephyromantis ambohitra 6.7-8.5% 7.4-93% |11.5-14.8%|11.0-11.3% | 9.6-11.7% | 9.7-11.8% | 0.0-7.1%

sizes. This is typical of some Asperomantis species how-
ever, and a similar lack of morphological difference is to
be found between G. asper and G. ceratophrys (Vences
et al. 2017).

In summary, evidence from mitochondrial DNA, bi-
oacoustics, and morphology currently suggests a weak
degree of differentiation between these two populations,
with the greatest differences being in sound and structure
of the advertisement calls. It may thus be possible that
both of these forms represent separate species. We there-
fore assign the populations from Andranonafindra and
Bealanana-Antsohihy a new candidate species number,
Gephyromantis sp. Ca29, and consider it an Unconfirmed
Candidate Species sensu Vieites et al. (2009). It is appar-
ent however that specimens from Antsahan’i Ledy and
Ampotsidy, representing G. sp. Ca28 in the original sense
(Perl et al. 2014), are distinct from all currently described
Gephyromantis species. We therefore describe this form
as a new species in the following. Whether G. sp. Ca29 in-
deed represents an independent evolutionary lineage also
meriting formal description, or if it is better seen as deep
conspecific lineage of the new species described here, can
only be decided with further genetic and field data.

Gephyromantis (Asperomantis) angano sp. n.

http://zoobank.org/BIDA196D-21E4-4A45-9D4A-B6ESDBF912F6
Figures 1, 3-7, Suppl. material 1, 2, 5

Gephyromantis sp. Ca28 — Perl et al. (2014)

Holotype. ZSM 68/2016 (MSZC 0172), an adult male,
collected at 22h40 on 8" January 2016 in Ampotsidy
(14.41949°S, 48.71938°E, 1340 m a.s.l.), roughly 15 km
north of Bealanana in the Bealanana District, Sofia Re-
gion, northern Madagascar, by Mark D. Scherz, James
Borrell, Lawrence Ball, Thomas Starnes, Elidiot Razafi-
mandimby, Denise Herizo Nomenjanahary, and Jeanne-
ney Rabearivony.

Paratypes. ZSM 67/2016 (MSZC 0112) adult female,
collected at night on 30" December 2015 in Ampotsidy
(14.41734°S, 48.71858°E, 1363 m a.s.l.); ZSM 69/2016
(MSZC 0021) adult male, collected at 22h00 on 19" De-
cember 2015 in Ampotsidy (14.41956°S, 48.71946°E,
1357 m a.s.l.); UADBA-A uncatalogued (MSZC 0032)
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adult male, collected in the late morning on the 21 De-
cember 2015 in Ampotsidy (14.41435°S, 48.71155°E,
1431 m a.s.l.); UADBA-A uncatalogued (MSZC 0053)
subadult, collected at 20h43 on 22" December 2015 in
Ampotsidy (14.41382°S, 48.71178°E, 1443 m a.s.l.);
UADBA-A uncatalogued (MSZC 0091), an adult female
collected at night on 30" December 2015 in Ampotsidy
(14.41208°S, 48.71609°E, 1513 m a.s.1.); all collected by
Mark D. Scherz, James Borrell, Lawrence Ball, Thomas
Starnes, Elidiot Razafimandimby, Denise Herizo Nomen-
janahary, and Jeanneney Rabearivony. ZSM 1731/2010
(ZCMV 12303), adult female, collected on 9" June 2010
on the Tsaratanana massif, in the forest near camp 0 (Ant-
sahan’i Ledy; 14.2332°S, 48.9800°E, 1207 m a.s.l.) by
Miguel Vences, David R. Vieites, Roger-Daniel Randri-
aniaina, Fanomezana Ratsoavina, Solohery Rasamison,
Andolalao Rakotoarison, Emile Rajeriarison, and Theo
Rajoafiarison.

Diagnosis. A Gephyromantis species assigned to the sub-
genus Asperomantis based on the presence of small dermal
spines on the elbow and heel, presence of inner and out-
er dorsal ridges as defined by Vences and Glaw (2001),
Type 2 femoral glands sensu Glaw et al. (2000)Glaw et al.
(2000), moderately enlarged finger and toe tips, absence
of webbing between fingers, moderate webbing between
toes, presence of paired blackish sub-gular vocal sacs in
males, and a distinct whitish spot in the middle of the tym-
panic field (Vences et al. 2017). DNA sequence data from a
fragment of the /65 gene supports this assignment. Gephy-
romantis angano sp. 1. is characterized by the following
suite of morphological characters: (1) adult SVL 29.1-30.5
mm, (2) TD/ED 0.61-0.71, (3) small supraocular spines,
(4) large femoral glands consisting of numerous small
granules, (5) moderately raised dorsal ridges, (6) granular
dorsal skin, (7) relatively short hindlimbs (HIL/SVL 1.73—
1.81 in males), and (7) its unique call (see above).

Within the subgenus Asperomantis, Gephyromantis
angano sp. n. can be distinguished from G. ambohitra, G.
spinifer, and G. tahotra by its smaller size (male SVL <
30 mm, vs. >31 mm, female SVL up to 30.5 mm vs. >32
mm); from G. spinifer by its less granular dorsal skin and
smaller supraocular spines; from G. asper and G. cerato-
phrys by its generally shorter hindlimbs in males (HIL/
SVL 1.73-1.81 vs. 1.77-2.11); and from G. ceratophrys
by more granules per femoral gland (26-69 vs. 14-20).
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Figure 5. The holotype of Gephyromantis angano sp. n., ZSM 68/2016 (MSZC 0172) in life in (a) dorsal, (b) ventral, and (c) lateral

view. Scale bars indicate 10 mm.

Bioacoustically, it is distinguished from all of these spe-
cies by its call duration (41-98 ms vs. 544 ms in G. as-
per and G. ceratophrys, and 98-274 ms in G. ambohitra
and G. tahotra), unpulsed calls (vs. pulsed in G. ambohi-
tra and G. tahotra), calls repeated faster than in G. cer-
atophrys, and dominant frequency (3703-3875 Hz vs.
1435-3366 Hz in G. ambohitra, and G. tahotra).

Description of the holotype. A specimen in a good state
of preservation, the left thigh cut for DNA tissue sample
and to expose the inner face of the femoral gland. Snout-
vent length 29.6 mm. For other measurements see Table 1.
Body rather rounded; head longer than wide, as wide as the
body; snout acuminate in dorsal view, truncate in lateral

view; nostrils directed laterally, slightly protuberant, much
nearer to tip of snout than to eye; canthus rostralis distinct,
concave; loreal region concave and moderately oblique;
tympanum distinct, round, its diameter 71% of eye diame-
ter; supratympanic fold distinct, curving ventrally; tongue
ovoid, distinctly bifid posteriorly; vomerine teeth distinct,
in two small aggregations, positioned posteromedially to
choanae; choanae rounded. Dark dermal fold (the inflata-
ble parts of the vocal sacs) running along each lower jaw
from commissure of mouth to middle of lower jaw. Arms
slender, subarticular tubercles single; outer metacarpal
tubercle very poorly developed and inner metacarpal tu-
bercle relatively well developed; fingers without webbing;
relative length of fingers 1 <2 <4 <3, second finger dis-
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Figure 6. Variation in Gephyromantis angano sp. n. (a) UADBA-A uncatalogued (MSZC 0032), adult male (FGG = 69/56),
(b) UADBA-A uncatalogued (MSZC 0053), juvenile, (¢) ZSM 67/2016 (MSZC 0021), adult male (FGG = 30/26), (d) UADBA-A
uncatalogued (MSZC 0091), adult male (FGG = 57/55), (e) Université d’ Antsiranana uncatalogued (MSZC 0088), adult female (not
in the type series), (f) ZSM 69/2016 (MSZC 0112), adult female. Insets show specimens in ventral view. Not to scale.

tinctly shorter than fourth; finger discs distinctly enlarged,
nuptial pads absent. Hindlimbs slender; tibiotarsal articula-
tion reaching beyond snout tip when hindlimb is adpressed
along body; lateral metatarsals separated by webbing; in-
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ner metatarsal tubercle distinct, outer metatarsal tubercle
very faint but present; webbing formula of foot according
to Blommers-Schlosser (1979) 1(1), 2i(1.5), 2e(1), 3i(2),
3e(1), 4i(2.5), 4e(2), 5(0.5); relative toe length 1 <2 <5
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< 3 < 4; toe discs distinctly enlarged. Skin dorsally gran-
ular; ridges bordering mid-dorsal band elevated, starting
approximately 1 mm behind eyes (starting off bifurcated
and converging toward the mid-line) and gradually becom-
ing less distinct posteriorly; additional, interrupted and less
distinct ridges are present posterior to the suprascapular
region; two dark inter-ocular ridges are present either side
of a fine cream-coloured vertebral band; supraocular tu-
bercles are weakly enlarged, and do not form strong spines
above the eyes; a modest dermal tarsal spine is present.
Ventral skin smooth on throat and limbs, granular in pos-
terior portion of abdomen. Femoral glands well delimited
externally, consisting of 36 small granules on the left side
and 44 small granules on the right side.

Dorsal colouration after one and a half years in pre-
servative sepia, becoming increasingly grey posteriorly,
mottled with almost black and brownish markings; dor-
sal folds are blackened over the suprascapular region but
are otherwise brown; the tympanum is darker brown than
the surrounding area; the lateral head has a cream stripe
before the eye, immediately followed by a black stripe
roughly 1 mm wide, and then mottled dark and light un-
til the tympanum; bottom lip has alternating brown and
cream annulations; dorsal forelimbs mottled blackish
and Mikado brown reticulated with cream; dorsal hind-
limbs brown with burnt umber crossbands on the thigh
(three), shank (four), and foot (four); the cloacal region
has a trapezoid of burnt umber around it; flank coloura-
tion fades from the sepia dorsal colouration through grey
to the cream of the venter; ventrally the chin is medium
fawn with a cream mid-ventral stripe and blackish vocal
sacs, becoming blotched fawn among cream posteriorly
to fully cream on the abdomen; the ventral legs are cream
with brown and black areas toward the knees and on the
anteroventral edge of the shank, including the femoral
glands, which are distinct only in their texture and shape,
and not in colour; the ventral foot is dark brown.

Colouration in life was as in preservative but more vi-
brant; see Figure 5.

Variation. For a summary of measurement variation, see
Table 1. All morphologically examined paratypes strong-
ly resemble the holotype in morphology. Ridges between
the eyes vary somewhat in shape, and in some specimens
are black but in others do not have a distinct colouration
from the surrounding head surface. The dorsal ridges
vary from strongly to weakly pronounced, but are always
present. There is no sexual dimorphism in inner metacar-
pal tubercle size. Snout shape in lateral view varies from
rounded to square. The superciliary spines of all specimens
are fairly low and indistinct. The femoral glands are re-
markably variable, ranging from 26 granules in the right
gland of ZSM 69/2016 to 69 granules in the left gland of
MSZC 0032 (Fig. 6). Variation in colouration is as variable
as is typical for members of this subgenus. A thin verte-
bral line can be present. The arms are always reticulated
with whitish to light brown colouration. The head of ZSM
69/2016 (Fig. 6f) has a diamond-shaped lighter colouration

covering its dorsal surface. The ventral colouration of this
specimen is remarkably similar to that of all males, except
that the blackish vocal sacs are absent. A juvenile, MSZC
0032, also had this diamond-shaped brown marking on its
head (Fig. 6b).

Etymology. Angano is a Malagasy word meaning ‘fable’.
The new material for this species was collected on Expedi-
tion Angano, a research expedition to the Bealanana Dis-
trict of northern Madagascar to assess the impacts of forest
fragmentation on the reptiles and amphibians. The epithet is
used as an invariable noun in apposition to the genus name.

Call. See the description provided above.

Natural history and distribution. One specimen of this
species has been collected in Antsahan’i Ledy, and numer-
ous specimens of this species were encountered during
fieldwork on the Ampotsidy mountains (Fig. 7). Calling
males were generally found in association with slow flow-
ing water, in the case of the holotype at the source of a
spring, in close syntopy with Boophis madagascariensis
and a Mantidactylus (Brygoomantis) species. Males called
up to 1 m above the ground from fern fronds and other low
foliage. Females were found both near to and away from
water, during the day and at night, but were less common-
ly encountered. No eggs were observed, but highly ovi-
gerous females were found in January (e.g. Fig. 6¢). The
call of the species is loud and carries over long distances,
so that it can be heard alongside the calls of Boophis mad-
agascariensis from well outside of some small forest frag-
ments in the vicinity of Ampotsidy. In a small forest frag-
ment where vouchers of Gephyromantis (Asperomantis)
tahotra were collected (14.41689°S, 048.71435°E, 1368
ma.s.l.), G. angano sp. n. could also be heard; this appears
to be the first ever record of any two Asperomantis species
occurring in close syntopy (Vences et al. 2017).

Discussion

Gephyromantis is one of the most diverse genera of frogs
in Madagascar. Since the first major barcoding study of all
of Madagascar’s amphibians in 2009 (Vieites et al. 2009),
five species of Gephyromantis have been described (Crot-
tini et al. 2011, Glaw et al. 2011, Glaw and Vences 2011,
Vieites et al. 2012, Wollenberg et al. 2012), two have been
resurrected (Wollenberg et al. 2012, Vences et al. 2017),
and numerous undescribed species remain, including two
that are in description (Scherz et al. in press; submitted).
During our fieldwork in the Bealanana District of northern
Madagascar, we encountered a total of six Gephyromantis
species verified by DNA barcoding (Suppl. material 5),
including three in the subgenus Asperomantis (G. anga-
no sp. n., G. sp. Ca29 [new; Fig. 8] and G. tahotra, Fig.
4), one in the subgenus Laurentomantis (identified as G.
horridus, but separated from other G. horridus by 3% 16S
divergence and requiring closer investigation), one in the
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Y Type locality
. G. ambohitra

‘ G. angano sp. n.
. G. sp. Ca29

A G. tahotra

Figure 7. Map of northern Madagascar indicating the known distribution of Asperomantis species. Colours correspond to species in

Fig. 4. Three arc second SRTM basemap from Jarvis et al. (2008).

subgenus Duboimantis (a new candidate species close to
G. tandroka, here dubbed G. sp. Ca30), and one in the
subgenus Phylacomantis (a new candidate species close
to G. azzurrae, here dubbed G. sp. Ca31) (see Suppl. ma-
terial 5). Of these, only two (G. tahotra and G. horridus)
are already described, and Ampotsidy represents a new lo-
cality for both of them. The new Unconfirmed Candidate
Species of Duboimantis and Phylacomantis are numbered
and rationalised following Vieites et al. (2009). In summa-
ry, although recent advances have brought major improve-
ments to the supraspecific taxonomy of Gephyromantis
(Kaffenberger et al. 2012, Vences et al. 2017), work on the
species-level taxonomy of the genus is far from finished.
Several hypotheses may be put forward to explain the
differences between G. angano sp. n. and its bioacousti-
cally divergent but genetically and morphologically sim-
ilar sister lineage G. sp. Ca29 (shown in Fig. 8): (1) these
represent two call types for the same species, as is known
from the closely related G. fahotra, and also Boophis
tampoka, a tree frog from Madagascar that also has two
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call types that are not genetically assortative and change
by locality or temporally (Vences et al. 2011) (considered
unlikely, as the calls were heard within five days of one
another at the two sites, and neither call was ever heard
at both sites despite numerous calling individuals being
observed, and over three weeks of observations from one
of the sites), (2) the calls form two ends of a continuum of
variation over the distribution of a single species (seem-
ingly unlikely, given they are correlated with genetic dif-
ferences and are rather important, affecting several call
variables), (3) the calls represent local dialects caused by
a slight structural modification of the vocal apparatus, (4)
the two populations are undergoing incipient speciation
or (5) they are two distinct, recently diverged species. In
frogs, advertisement calls play a strong role in sexual se-
lection and mate recognition (Hoskin et al. 2005, K&hler
et al. 2017), and call differences may function as drivers
and/or reinforcers of divergence (Hoskin et al. 2005). In
either case, they can evolve exceptionally quickly, in a
way that can greatly exceed signals of typical drift-based
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Figure 8. Gephyromantis sp. Ca29 from Andranonafindra in life. Photos show (a—c¢) ZSM 59/2016 (MSZC 0203), adult male (FGG
=48/47), and (e-g) ZSM 58/2016 (MSZC 0196), adult male (FGG = 42/49). Scale bars indicate 10 mm.

divergence, which can lead to cases where signals from
mitochondrial genes simply have not yet caught up, but
are likely to do so. With greater sampling and sequencing
of nuclear genes, we may be able to reveal which of these
hypotheses is most credible, but at present data are in-
sufficient to draw convincing conclusions on this matter.
Denser sampling across a greater area of the Bealanana
basin to identify possible contact or hybrid zones will
also be critical in understanding the divergence pattern
and phylogeography of these frogs, but such work will
undoubtedly be challenging, given the extreme fragmen-
tation of forests in this area, and how difficult it is for
research teams to access its more remote reaches.

The new species Gephyromantis angano sp. n. is re-
stricted to primary and secondary mid-altitude rainforest

(Fig. 7). These forests are disappearing rapidly in the
Bealanana District, becoming increasingly fragmented,
with fragments decreasing in size. Based on bioacoustic
surveys while crossing between large forest fragments, it
seems that G. angano sp. n. is able to survive in even tiny
forest remnants, but a degree of connectivity is doubt-
less required in order to facilitate gene flow. At present
the two known localities make up an area of just 90 km?,
most of which is devoid of forest. As such, the species
could warrant treatment as Critically Endangered. How-
ever, due to its relative abundance, and because we sus-
pect that it is more widespread, we recommend that it
instead be assessed as Data Deficient for the [IUCN Red
List until better sampling in the Bealanana District can be
carried out.
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Supplementary material 1

Recording 1

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: FLAC File (.flac)

Explanation note: Call recording of Gephyromantis anga-
no sp. n. ZSM 68/2016. Call recorded at 22h40 on the
8™ of January, 2016, 50 cm above the ground on a fern
above a muddy spring in primary rainforest, calling
as part of a small chorus, at 14.41949°S, 48.71938°E,
1340 m a.s.l., at an estimated air temperature between
15 and 20°C. Animal Sound Archive: http://www.tier-
stimmenarchiv.de/webinterface/contents/showdetails.
php?edit=-1&unique id=TSA:Gephyromantis anga-
no Scherz 1 1 0

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zs¢.93.14906.suppl |

Supplementary material 2

Recording 2

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: WAV File (.wav)

Explanation note: Call recordings of Gephyromantis an-
gano sp. n. uncollected specimens. Call recorded at ca.
03h30 on the 8" of January, 2016 near a muddy spring
in primary rainforest, at 14.41949°S, 48.71938°E,

1340 m a.s.l. Animal Sound Archive: http://www.tier-
stimmenarchiv.de/webinterface/contents/showdetails.
php?edit=-1&unique id=TSA:Gephyromantis_anga-
no Scherz 1 2 0

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.93.14906.suppl2

Supplementary material 3

Recording 3

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: WAV File (.wav)

Explanation note: Call recording of Gephyromantis sp.
Ca29 ZSM 58/2016. Call recorded at 18h40 on the
14" of January, 2016 on a broad fleshy leaf 4 m from
a slow stream in degraded primary rainforest, calling
as part of a large chorus, at 14.73600°S, 48.54831°E,
1180 m a.s.l., at an estimated air temperature of 17—
23°C. Animal Sound Archive: http://www.tierstim-
menarchiv.de/webinterface/contents/showdetails.
php?edit=-1&unique id=TSA:Gephyromantis_sp
Ca 29 Scherz 1 3 0

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.93.14906.suppl3

Supplementary material 4

Recording 4

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: WAV File (.wav)

Explanation note: Call recording of Gephyromantis sp.
Ca29 ZSM 59/2016. Call recorded at 18h25 on the 14®
of January, 2016 on a leaf 50 cm above ground sever-
al metres from a slow stream in degraded primary rain-
forest, calling as part of a large chorus, at 14.73600°S,
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48.54831°E, 1180 m a.s.l., at an estimated air tempera-
ture of 17-23°C. Animal Sound Archive: http:/www.
tierstimmenarchiv.de/webinterface/contents/showdetails.
php?edit=-1&unique_id=TSA:Gephyromantis_sp
Ca 29 Scherz 1 4 0

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.93.14906.suppl4

Supplementary material 5

Figure S1

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: Encapsulated PostScript (.eps)

Explanation note: Phylogeny of Gephyromantis based on
the BI consensus tree reconstructed by Bayesian Infer-
ence analysis of a fragment of the mitochondrial 16S
rRNA gene. Numbers above nodes denote Bayesian
Posterior Probability (PP); numbers below nodes in-
dicate bootstrap support (%). PP lower than 0.9 and
bootstrap support lower than 70% are not shown.

Numbers before taxon names are GenBank numbers;
numbers after taxon names are field numbers.
Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.
Link: https://doi.org/10.3897/zse.93.14906.suppl5
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Table S1

Authors: Mark D. Scherz, Miguel Vences, James Borrell,
Lawrence Ball, Denise Herizo Nomenjanahary, Dun-
can Parker, Marius Rakotondratsima, Elidiot Razafi-
mandimby, Thomas Starnes, Jeanneney Rabearivony,
Frank Glaw

Data type: Microsoft Excel 97-2003 Worksheet (.xIs)

Explanation note: Average uncorrected pairwise-distances
in a fragment of the 16S rRNA gene among Gephyro-
mantis species.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
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Results

Chapter 3. PAPER: A distinctive new frog species (Anura, Mantellidae) supports the biogeo-
graphic linkage of the montane rainforest massifs of northern Madagascar

In this chapter, I present the description of a new species of Gephyromantis from the subgenus
Vatomantis that was first discovered on an expedition to Sorata in 2012, and then also found by
my colleagues and me in Marojejy, and by another set of colleagues in Andravory in 2016. This
species, Gephyromantis (Vatomantis) lomorina, occurs between 1150 and 1400 m a.s.l. across all
three areas. There is a small mitochondrial differentiation between populations from Marojejy and
Sorata, but the difference amounts only to intraspecific variation. We suggest that the presence
of the species, which only occurs above 1150 m a.s.l., across all three mountain massifs, implies
historical or on-going biogeographic connection between these areas around these elevations. This
chapter thus establishes that the Marojejy massif is not only connected to the Bealanana District as
demonstrated in chapter 2, but also to the Sorata massif and nearby Andravory.

Scherz, M.D., Hawlitschek, O., Razafindraibe, J.H., Megson, S., Ratsoavina, F.M., Rakotoarison,
A., Bletz, M.C., Glaw, F. & Vences, M. (2018) A distinctive new frog species (Anura, Man-
tellidae) supports the biogeographic linkage of the montane rainforest massifs of northern
Madagascar. Zoosystematics and Evolution, 94(2):247-261. DOI: 10.3897/zse.94.21037

Post-publication comments and errata:

Page 258. It is stated that connection between Marojejy, Sorata, and Manongarivo reaches ‘up to
1400 m’. This connection in fact limited to ca. 1120 m a.s.l. This point is emphasised in the Dis-
cussion, as it has paleoclimatic and biogeographic implications.

Digital Supplementary Materials on appended CD:

Supplementary Material 1 — Recording 1
Supplementary Material 2 — Recording 2
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Abstract

We describe a new species of the genus Gephyromantis, subgenus Vatomantis (Mantelli-
dae, Mantellinae), from moderately high elevation (1164—1394 m a.s.l.) on the Marojejy,
Sorata, and Andravory Massifs in northern Madagascar. The new species, Gephyromantis
(Vatomantis) lomorina sp. n. is highly distinct from all other species, and was immedi-
ately recognisable as an undescribed taxon upon its discovery. It is characterised by a
granular, mottled black and green skin, reddish eyes, paired subgular vocal sacs of partly
white colour, bulbous femoral glands present only in males and consisting of three large
granules, white ventral spotting, and a unique, amplitude-modulated advertisement call
consisting of a series of 24-29 rapid, quiet notes at a dominant frequency of 5124-5512
Hz. Genetically the species is also strongly distinct from its congeners, with uncorrected
pairwise distances >10 % in a fragment of the mitochondrial 16S rRNA gene to all other
nominal Gephyromantis species. A molecular phylogeny based on 16S sequences places
it in a clade with species of the subgenera Laurentomantis and Vatomantis, and we assign
it to the latter subgenus based on its morphological resemblance to members of Vatoman-
tis. We discuss the biogeography of reptiles and amphibians across the massifs of northern
Madagascar, the evidence for a strong link between Marojejy and Sorata, and the role of
elevation in determining community sharing across this landscape.

Introduction

be confirmed whether or not they constitute new species
(e.g. Vieites et al. 2012). Differing from this general pat-

In recent decades, the number of frog species that have
been discovered in Madagascar, while steadily increasing
(Kohler et al. 2005), often included species that were not
immediately recognizable as new to science, though with
occasional exceptions, e.g. Boophis lichenoides (Vallan
etal. 1998), Scaphiophryne boribory (Vences et al. 2003),
and Tsingymantis antitra (Glaw et al. 2006). The major-
ity of newly discovered taxa are assignable to existing
complexes and must be investigated closely before it can

tern, on a 2012 expedition to the Sorata massif in north-
ern Madagascar, we discovered a small green frog of the
genus Gephyromantis that was immediately recognisable
as a new species. It was not given a candidate species
number at the time, and no sequences of this species were
included in the barcoding assessment of Perl et al. (2014).
In a 2016 survey in Andravory, near Sorata, and a 2016
survey of Marojejy National Park in northeastern Mada-
gascar, we encountered the same species.

Copyright Mark D. Scherz et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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At present, 44 species of Gephyromantis are rec-
ognized and assigned to six subgenera (Asperomantis,
Duboimantis, Gephyromantis, Laurentomantis, Phylac-
omantis, and Vatomantis) based on molecular and mor-
phological criteria (Glaw and Vences 2006, Vences et al.
2017). This classification is largely in agreement with the
molecular multi-gene phylogeny of Kaffenberger et al.
(2012). However, this phylogenetic study revealed that
the subgenera Laurentomantis and Vatomantis are closely
related, and that Gephyromantis klemmeri Guibé, 1974,
morphologically similar to other species of the subgenus
Gephyromantis, is sister to the Laurentomantis clade,
suggesting the need for an improved classification. We
here provide a description of the new species, which has
potential implications for the supraspecific taxonomy of
Gephyromantis, and the biogeographical linkage of the
rainforest massifs of northern Madagascar.

Materials and methods

Specimen collection and morphological measurement

Specimens were collected at night using head torches
along montane streams, euthanized using MS222 anaes-
thesia and subsequent overdose, fixed in 96 % ethanol,
and deposited in 75 % ethanol for long-term storage.
Tissue samples were stored in 96 % ethanol. Field num-
bers refer to the zoological collections of Miguel Venc-
es (ZCMV), Frank Glaw (FGZC), and Steven Megson
(SM). Specimens were deposited in the amphibian collec-
tions of the Mention Zoologie et Biodiversité Animale,
Université d’Antananarivo (UADBA-A) and the Zoolo-
gische Staatssammlung Miinchen (ZSM).

Morphological measurements were taken to the
nearest 0.1 mm using a digital calliper. Measurement
schemes followed generally previous work on the genus
(e.g. Vences et al. 2017) with modifications to decrease
the risk of damaging the fragile limbs of the specimens
when ascertaining limb lengths: snout—vent length (SVL),
maximum head width (HW), head length from posterior
edge of tympanum to snout tip (HL), horizontal eye diam-
eter (ED), horizontal tympanum diameter (TD), distance
from eye to nostril (END), distance from nostril to snout
tip (NSD), distance between nostrils (NND), upper arm
length from the articulation of the arm with the trunk to
the elbow (UAL), lower arm length from the elbow to
the base of the hand (LAL), hand length from the base
of the hand to the tip of the longest finger (HAL), fore-
limb length (FORL*, given by the sum of UAL, LAL, and
HAL), forearm length (FARL, given by the sum of LAL
and HAL), thigh length from cloaca to knee (THIL), tibia
length from knee to heel (TIBL), tarsus length from heel
to base of foot (TARL), foot length from base of foot to
tip of longest toe (FOL), hindlimb length (HIL*, given by
the sum of THIL, TIBL, TARL and FOL), and length and
width of femoral gland (FGL, FGW). Asterisks in this list
indicate measurements that have the same abbreviation
as the analogous single-measurement of previous studies

zse.pensoft.net

(e.g. Vences et al. 2017) but are cumulative here and there-
fore not necessarily equivalent; comparison of such values
must be done cautiously.

Sequencing and analysis of DNA sequences

DNA was extracted from tissue samples using a Qiagen
DNeasy blood & tissue kit (Qiagen, Hilden, Germany), or
standard salt extraction protocols. For two samples from
Sorata and one sample from Marojejy (ZCMV 15269), we
amplified a fragment of the mitochondrial 16S rRNA gene
(hereafter 16S) in 25 pl polymerase chain reactions with
the primers 16Sra-L and 16Sb-H (Palumbi et al. 1991),
1 pl of template DNA, and the following steps: initial de-
naturation for 3 min at 94 °C, followed by denaturation
with 35 cycles of 30 sec each at 94 °C, 30 sec of annealing
at 55°C and 60 sec of elongation at 72 °C, and a final elon-
gation step of 10 min at 72 °C. Sequencing was conduct-
ed using the BigDye Terminator v1.1 Cycle Sequencing
Kit on ABI 3730 and ABI 3130xl capillary sequencers.
Newly determined sequences were deposited in GenBank
(accession numbers MG926811-MG926823). For an ad-
ditional nine specimens from Marojejy, we sequenced a
shorter, highly variable stretch of 250 bp of the same 16S
region by an Illumina amplicon approach (Vences et al.
2016) to confirm their identification (data not shown).

For an exploratory analysis, we aligned the new se-
quences with 16S sequences used by Kaffenberger et al.
(2012) for all nominal species of Gephyromantis. Because
the obtained tree (not shown) confirmed the new species
to be related to the Laurentomantis/Vatomantis clade as
also strongly suggested by morphology, we focused our
analysis on this subgroup, i.e., all nominal species of the
subgenera Laurentomantis and Vatomantis, and G. klem-
meri which is known to be related to these subgenera
(Kaffenberger et al. 2012), as well as G. granulatus (sub-
genus Duboimantis) as outgroup.

We aligned sequences in MEGA 7 (Kumar et al. 2016),
yielding an alignment of 532 positions of the sequenced
stretch of the 16S rRNA gene. As only a few indels were
found in this alignment, we did not exclude any positions
for further analysis. We used the Bayesian Information
Criterion in jModelTest 2.1.4 (Darriba et al. 2012) to
determine a SYM+G substitution model as best-fitting
our data. We implemented this model in MrBayes 3.2
(Ronquist et al. 2012) and computed a Bayesian infer-
ence phylogenetic analysis, with two independent runs
of 20 million generations, each comprising four Markov
Chains (three heated and one cold), sampling every 1000
generations. Chain mixing and stationarity were assessed
by examining the standard deviation of split frequencies
and by plotting the -InL per generation using Tracer 1.5
software (Rambaut and Drummond 2007). Results were
combined to obtain a 50 %-majority rule consensus tree
and the respective posterior probabilities of nodes, after
discarding 25 % of the generations as burn-in (all compat-
ible nodes with probabilities <0.5 kept). In addition, we
computed a Maximum Likelihood (ML) tree in MEGA 7,
with a GTR+G model (as the SYM model is not available
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in this program), SPR level 5 branch swapping, and 500
nonparametric bootstrap replicates. Genetic distances
(uncorrected pairwise p-distances) were also calculated
in MEGA 7.

Bioacoustic analyses

Recordings from Marojejy were made on a Marantz
PMD661 MKII with a Sennheiser ME66/K6 supercardi-
oid microphone, at a bandwidth of 44.1 kHz. Recordings
from Sorata were made on an Edirol R-09 with its inter-
nal microphone. Call analysis was conducted in Cooledit
2.0 (Syntrillium Corp.). To obtain frequency information,
the recording was transformed with Fast Fourier Trans-
formation (FFT; width 1024 points). Spectrograms were
created with a Hanning window of 512 or 256 bands.
Measurements are given as mean + one standard devi-
ation, with range in parentheses. Terminology follows
the recently-published recommendations of Kohler et al.
(2017) with a note-centred approach. This definition is
different from that of Vences et al. (2002) for Laurento-
mantis and Sabino-Pinto et al. (2014) for Vatomantis; the
‘pulses’ of those studies are here treated as notes, because
each of these units in the new species described herein are
distinctly pulsed, and therefore are treated as individual
notes following Kohler et al. (2017). Recordings are de-
posited in the Animal Sound Archive of the Museum fiir
Naturkunde, Berlin (DOI: 10.7479/nmx8-aq7v), and are
available as Suppl. materials 1-2.

Taxonomic work

The electronic version of this article in Portable Docu-
ment Format (PDF) will represent a published work ac-
cording to the International Commission on Zoological
Nomenclature (ICZN), and hence the new names con-
tained in the electronic version are effectively published
under that Code from the electronic edition alone. This
published work and the nomenclatural act it contains
have been registered in ZooBank, the online registration
system for the ICZN. The ZooBank LSIDs (Life Science
Identifiers) can be resolved and the associated information
viewed through any standard web browser by appending
the LSID to the prefix http://zoobank.org/. The LSID for
this publication is urn:lsid:zoobank.org:pub:8A83DES8-
A2EE-494F-A03C-820DC836CDDF. The online version
of this work will be archived and made available from the
following digital repositories: CLOCKSS and Zenodo.

Results

Based on 16S sequences, the newly collected specimens
represent an undescribed and hitherto unknown species
of Gephyromantis that is highly distinct from all others
(=10 % p-distance). Exploratory phylogenetic analyses
including all species of Gephyromantis clearly suggested
their relationships with the subgenera Laurentomantis
and JVatomantis, which also is strongly supported by
morphological affinities, in particular by the greenish dorsal

colour, granular skin, riparian habits, and paired subgular
vocal sacs of partly white colour in males (see Diagnosis
below for more details). A phylogenetic analysis of 16S
sequences (total alignment length 532 bp) for all described
species of Laurentomantis and Vatomantis as well as G.
klemmeri, which was related to these subgenera in the
multi-gene analysis of Kaffenberger et al. (2012), places
the newly collected specimens sister to a clade with all
described species of Vatomantis. Gephyromantis klemmeri
is placed sister to Laurentomantis, although these basal
nodes did not receive relevant support from ML bootstrap
values or Bayesian posterior probabilities (Fig. 1). Genetic
distances of the new specimens to all other species were
high: 10.9-15.4 % to the three described species of
Vatomantis, 10.0-13.2 % to species of Laurentomantis,
and 12.2-12.5 % to G. klemmeri. The newly collected
specimens from Sorata and Marojejy differed by 2.9 %,
while no sequence differences were detected within each
of these two localities, except for two mutations observed
in one Marojejy specimen (ZCMV 15219).

Phenotypically the new specimens bear resemblance
to both Laurentomantis and Vatomantis. Their advertise-
ment call is more similar to Laurentomantis, but their
morphological resemblance to Vatomantis is greater (see
the diagnosis below). We here tentatively assign them to
Vatomantis due to their morphological affinities and pre-
liminary phylogenetic relationships. Given their very high
genetic divergence to all other Gephyromantis, isolated
phylogenetic position (not placed as close sister group to
any other species), and morphological and bioacoustic
differences, there is no doubt that these specimens belong
to a new species, which we describe below.

Gephyromantis (Vatomantis) lomorina sp. n.

http://zoobank.org/5D2109C8-AD0A-434D-816F-51722FE7DCD7
Figs 1-4, Table 1, Suppl. materials 1-2

Holotype. ZSM 419/2016 (ZCMV 15221), adult male,
collected at 21h20 on 18 November 2016 near Camp
Simpona (ca. 14.4366°S, ca. 49.7434°E, ca. 1325 m
a.s.l.) in Marojejy National Park, Sava Region, northeast-
ern Madagascar, by M. D. Scherz, J. H. Razafindraibe,
M. C. Bletz, A. Rakotoarison, A. Razafimanantsoa, and
M. Vences (Fig. 2).

Paratypes. ZSM 418/2016 (ZCMV 15220), female, and
ZSM 420-421/2016 (ZCMV 15222 and 15271), two
males, collected between 17 and 19 November 2016 from
the same locality and by the same collectors as the ho-
lotype; UADBA-A 60294-60299 (ZCMV 15219, 15223,
15247, 15270, 15272, and 15273), one male, three females,
a subadult and an unsexed adult, collected between 17 and
19 November 2016 from the same locality and by the same
collectors as the holotype; ZSM 1549/2012 (FGZC 3714),
adult male, collected on 30 November 2012 in a creek near
the campsite on the Sorata massif (13.6829°S, 49.4403°E,
1325 m a.s.l), Sava Region, northeastern Madagascar,
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G. lomorina Marojejy ZCMV 15222 MG926814
G. lomorina Marojejy ZCMV 15223 MG926815
G. lomorina Marojejy ZCMV 15221 (HT) MG926813
G. lomorina Marojejy ZCMV 15269 MG926811
96 | G. lomorina Marojejy ZCMV 15273 MG926820

— G. lomorina Marojejy ZCMV 15219 MG926812 \@
G. lomorina Marojejy ZCMV 15247 MG926816 G. lomorina
97 G. lomorina Marojejy ZCMV 15270 MG926817
1.0 G. lomorina Marojejy ZCMV 15271 MG926818
G. lomorina Marojejy ZCMV 15272 MG926819 M
Vatomantis G. lomorina Sorata FGZC 3716 MG926821 St
® 19% G. lomorina Sorata FGZC 3714 MG926822 G webb 5%
1 G. lomorina Sorata FGZC 3734 MG926823 G. Tvicola
68 G. webbi FJ559201 \©_@/
Y G. rivicola DQ901390 G. silvanus t ﬁ
1.0l G. silvanus FJ559179
G. klemmeri FJ559168 M
97 — G. horridus FJ559167
10 L — G ranjomavo FJ559188 G. horridus O
Laurentomantis G. striatus AJ314796 \/ G. ranjomavo
0.96 77 G. malagasius AY848353 W
1.0l G. ventrimaculatus FJ559200 G. striatus M

Substitutions per site

0.050

G. malagasius

G. granulatus FJ559166
e

G. ventrimaculatus

Figure 1. Preliminary phylogenetic tree of Gephyromantis (Vatomantis) lomorina sp. n., based on Maximum Likelihood analysis of a

532 bp fragment of the mitochondrial 16S rRNA gene. Numbers at nodes indicate bootstrap values in percent (500 replicates, above)

and posterior probabilities from a Bayesian Inference analysis (20 million generations, below), shown only if >50 % (bootstrap) or >90

% (posterior probabilities). Each specimen/species is followed by the corresponding GenBank accession number used in the alignment.

Schematic drawings of femoral glands of all species in the subgenera Laurentomantis and Vatomantis as well as of G. klemmeri are shown

to the right of the phylogeny, and coloured according to the subgenus to which they are assigned.

by O. Hawlitschek, F. Glaw, A. Rakotoarison, F. M. Rat-
soavina, T. Rajoafiarison, and A. Razafimanantsoa; ZSM
1545-1547/2012 (FGZC 3716, 3734, and 3664), adult
males, and ZSM 1548/2012 (FGZC 3721), adult female,
collected between 28 and 30 November 2012 from a creek
below a bamboo forest on the Sorata massif (13.6772°S,
49.4413°E, 1394 m above sea level), Sava Region, north-
eastern Madagascar, by O. Hawlitschek, F. Glaw, A. Ra-
kotoarison, F. M. Ratsoavina, T. Rajoafiarison, and A.
Razafimanantsoa; ZSM 318/2016 (SM AEA 063), adult
female, and UADBA-A uncatalogued (SM AEA 062), un-
sexed adult, collected between 18h45 and 18h50 on 30
May 2016 in Andravory (13.7385-13.7388°S, 49.5310°E,
1164-1179 m a.s.l.), Sava Region, Antsiranana Province,
northeastern Madagascar, by S. Megson, R. Walker, W.-Y.
Crawley, and T. H. Rafeliarisoa (Figs 3—4).

Diagnosis. A species assigned to the genus Gephyro-
mantis on the basis of its granular skin, moderately en-

zse.pensoft.net

larged finger tips, small femoral glands consisting of a
small number of large granules and present in males only
(thus of type 2 as defined by Glaw et al. 2000), and bi-
fid tongue. Within the genus Gephyromantis, assigned to
the subgenus Vatomantis on the basis of its small size,
connected lateral metatarsalia, absence of an outer meta-
tarsal tubercle, paired subgular vocal sacs of partly whit-
ish colour, greenish skin colouration, and riparian ecol-
ogy. Gephyromantis lomorina sp. n. is characterized by
the possession of the following suite of morphological
characters: (1) granular skin, (2) reddish eyes, (3) mot-
tled green and black skin, (4) males with paired subgular
vocal sacs of partly white colour, (5) males with bulbous
type 2 femoral glands consisting of a small number (2-3)
of large granules, (6) white spots on the venter, (7) SVL
20.2-25.5 mm, and (8) fourth finger much longer than
second. Furthermore, the species is characterised by dis-
tinctive, 1681-1827 ms advertisement calls of relatively
low intensity, consisting of 24—30 individual pulsed notes,
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Figure 2. The holotype of Gephyromantis lomorina sp. n., ZSM 419/2016 (ZCMV 15221) in life. (a) Dorsal; (b) ventral; and

(c) dorsolateral view. Scale bars indicate 5 mm.

with 2—4 pulses per note, an inter-note interval of 41-75
ms, and a dominant frequency of 5124-5555 Hz. DNA
sequence data from the 16S gene fragment supports the
high divergence of this taxon to all other Gephyromantis,
and is in agreement with its subgeneric assignment, albeit
without statistical support (Fig. 1).

Within the genus Gephyromantis, G. lomorina sp.n. can
be distinguished from all subgenera except Laurentomantis
and Vatomantis on the basis of the combination of femoral
glands composed of few large granules (vs. composed
of many, small granules; note that G. klemmeri is here
treated separately from all other subgenera, below, due
to its unclear assignment), SVL < 26 mm (vs. > 27 mm

in all other subgenera except Gephyromantis), absence of
a white stripe along the upper lip (vs. general presence
in subgenus Gephyromantis), and absence of distinctly
enlarged supraocular spines (vs. presence in Asperomantis
and some Duboimantis). It may be distinguished from
all members of the subgenus Laurentomantis (G.
ventrimaculatus (Angel), G. malagasius (Methuen &
Hewitt), G. striatus (Vences, Glaw, Andreone, Jesu &
Schimmenti), G. horridus (Boettger), and G. ranjomavo
Glaw & Vences) by paired subgular vocal sacs (vs. single),
absence of outer metatarsal tubercles (vs. presence), and
at least partly greenish dorsal skin (vs. mostly yellowish
to brown to reddish), and from several of these by the
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Table 1. Morphological data on specimens of Gephyromantis lomorina sp. n. Abbreviations: m = male, f = female, sa = subadult; for
measurement abbreviations, see the Materials and methods. The holotype is bolded. Additive measurements (FARL, FORL, and HIL)

are not explicitly shown but can be deduced from these data.

Catalogue

(it ey | Sex | SVL| HW | HL | TD | ED |END NSD NND UAL| LAL | HAL THIL TIBL TARL| FOL | FGL | FGW
(Z;év'mfllfs/zzgf)e m 2337285 21|40 22|14 |22|60|73 82 13.4/13.9| 7.4 |12.1 2.8 | 2.0
(ZZSCMM‘¢2115/22§’11)6 m 222/ 66|82 19|34 |21|15|22|48 60|80 122|128 7.0 106| 2.2 1.8
(ZZSCMMi‘/Zlos/ZZngf m 2307391193019 15|21 |51 |68 |82|11.5/13.3| 70 |11.8/ 2.2 | 1.5
(ZZSCMM‘\‘/lfgzZ%f f 2557791 |20|41|24|14|21|52|77|84|136/148| 6.7 |12.6| n/a | n/a
EJZACDNIB\//*{*SE(;%?‘L m 221 65|80 27|34 |15| 14|19 |49 61|72 108|123 64 11.0| 26 | 1.6
(UzAchv?\//*gg%?g f |246|76|90 (20|38 22|14 |21|64|64)|83|121(135| 7.3 |12.4| n/a| n/a
UADBA-A 60296 sa |202]57|78|16|31|19|1.6|1.9|48|59]|76|11.1/120| 6.6 | 9.5 | n/a | n/a

(ZCMV 15223)

UADBA-A 60297

oM 150959 f 246/ 80|87 |21|35|24|13|22|57|61|86|124|147| 7.3 |12.0| n/a | n/a
EJZACD,\%'{*;;?Z;B f 232/ 68|85 20|36 |20 14|20 56|69 |81|126/149| 7.6 |11.6| n/a | n/a
EJZACDIVIBVA'IASE(Z)LZ;)B f 220/ 70|81 |21|35|23|15|20|50/60|75|104|12.4| 7.0 |11.6| n/a | n/a
(ZFS'G’VZ'C153‘;§;/42)012 m 23380 |83 |23(33 |26 15|19|58/|67|88|11.1/13.2| 6.7 |12.6] 3.0 | 2.1
(stGh/Z|é534;51%2)012 m 228 7.1 |80 22|30 |28| 15|21 606981 |11.9/131| 6.7 |132| 29| 2.1
(ZFS’G’VZ'Clg‘;%f)Olz m |246] 80|97 |22[33|28 | 16|23|70/|75]|93|131|145 6.6 |134| 3.4 | 2.5
(Z[__S’G’\’Z'é%‘ééﬁlz;()lz m 239/ 81|91 22|34 |26|16|22|64|70]|95|121|142| 65 |136| 2.5 | 2.1
(ZFSG'VZ'ég‘;SZ/f)OlZ f |241]77 9222|2828 14|22|55)|66|93|125/14.0| 6.5 |13.8| n/a | n/a
(ZSS,\’)"/fElfg%%;‘s f 2527994 21|26|30|20|24|71|64)|89|136|14.2| 7.2 |136| n/a | n/a
absence of tibial glands in males (vs. typical presence). notes in all species except G. ventrimaculatus),

Within the subgenus Vatomantis, G. lomorina sp. n.
may be distinguished from all species by its more
granular dorsal skin (vs. granular but not rough) and
venter spotted with white (vs. generally without whitish
spotting except on the chin and over the sternum); from
G. rivicola (Vences, Glaw & Andreone) and G. webbi
(Grandison) by its reddish iris colouration (vs. copper and
greenish, respectively); from G. silvanus (Vences, Glaw
& Andreone) by its smaller size (SVL 20.5-25.5 mm vs.
31 mm) and partly whitish vocal sacs (vs. yellowish);
from G. webbi by femoral glands composed of few large
granules (vs. composed of many, small granules) and
large inner metatarsal tubercle (vs. small). Gephyromantis
lomorina sp. n. may be distinguished from G. klemmeri
by its roughly granular dorsal skin (vs. smooth to
shagreened), greenish skin colour (vs. brownish), reddish
iris (vs. gold), and strongly protruding inner metatarsal
tubercle (vs. small and not protruding).

The call of G. lomorina sp. n. may be distinguished
from all Vatomantis and Laurentomantis species in
having notes that are clearly pulsed (vs. unpulsed
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Gephyromantis ventrimaculatus has a higher number
of pulses per note notes than G. lomorina sp. n. (ca. 6
pulses per note vs. 2—4 in G. lomorina sp. n.). The call
of G. lomorina sp. n. is somewhat similar to that of G.
klemmeri, especially in having pulsed notes, but the
call duration is much longer (1681-1827 ms vs. 626—
982 ms), the call has a more distinct amplitude decay
(vs. complex amplitude modulation, see Vences et al.
1997), the notes of the call are more homogeneous (vs.
distinct components of the call), and it lacks frequency
modulation (vs. frequency modulated toward the end of
the call).

Description of the holotype. A specimen in a good state
of preservation, a piece of tissue taken from the left thigh.
SVL 23.3 mm; for other body measurements see Table
1. Body slender. Widest part of head marginally wider
than widest part of body. Snout rounded in dorsal and
lateral view, protruding slightly over upper jaw in lat-
eral view. Nostrils not distinctly protruding, with lateral
openings. Canthus rostralis distinct, concave. Loreal re-



Figure 3. Morphological and chromatic variation among paratypes of Gephyromantis (Vatomantis) lomorina sp. n. from Marojejy in
life. (a—b) ZSM 420/2016; (c—d) UADBA-A 60296; (e-f) UADBA-A 60295; and (g-h) ZSM 418/2016. Scale bars indicate 2 mm.

gion concave, vertical. Tympanum distinct, fairly small,
53% of eye diameter. Supraocular spines absent. Weakly
distinct supratympanic fold running from the eye over
the tympanum to above the insertion of the arm. Fore-

limbs and hindlimbs slender. Inner and outer metacarpal
tubercle present, both indistinct. Finger discs enlarged,
round. Subarticular tubercles distinct, dark in colour. No
webbing between fingers. Comparative finger lengths
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Figure 4. Photographs of Gephyromantis (Vatomantis) lomorina sp. n. and its habitat in Sorata. (a,d) ZSM 1545/2012; (b,e) ZSM
1547/2012; and (c,f) ZSM 1549/2012, not to scale; (g) habitat where several specimens were found in Sorata, showing (h,i) the appearance

of the species in situ whilst calling at night.

1 <2 <4 <3, fourth finger much longer than second fin-
ger. Toe discs slightly enlarged, smaller than finger discs.
Traces of webbing between toes. Comparative toe length
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1 <2 <3 =15 <4. Inner metatarsal tubercle rather large
(length about 1.3 mm), protruding strongly distally to
resemble a toe. Outer metatarsal tubercle absent. Lateral
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Figure 5. Spectrogram (above) and waveform (below) of a call of the holotype of Gephyromantis (Vatomantis) lomorina sp. n., ZSM
419/2016, from Marojejy. (a) A full call (spectrogram shown using FFT of 512 points to visualise call structure); and (b) a 250 ms
section from the middle of a call, showing the degree of pulsation of each note (spectrogram shown using FFT of 128 points to visual-

ise note structure).

metatarsalia connected. Dorsal skin granular, with nu-
merous small tubercles arranged in mostly parallel lines
running posteriorly over the dorsum, with convergent
lines of tubercles on the posterior head, and weak rows of
tubercles on the hindlimbs and forelimbs. Femoral glands
round, consisting of three large granules with an inden-
tation in their middle (similar to type 2 sensu Glaw et
al. 2000). Vomerine teeth absent. Maxillary teeth present.
Choanae small and lateral. Subgular vocal sacs whitish
in distensible portion, blackish on the jaw, fairly small.
Tongue bifid, free posteriorly.

Colouration in life (Fig. 2) dorsally mottled with
greens, browns, blacks, and yellows. Particularly green
over the eyes. Raised ridges on the back were mostly yel-
lowish, but some also with an orange hint. Flanks and lat-
eral head as dorsum. Legs dark brown with yellow-green
cross-bands, three on the thigh, three on the shank, and
two on the tarsus. The tarsus and dorsal foot were a more
ruddy brown than the rest of the body, mottled with a tan
orange on the toes and on the heel. A few tubercles on
the legs were red. A whitish annulus was present before
the terminal disc of each toe and finger. The forelimbs
were as the shanks and foot, ruddy brown mottled with
yellow-green and dark brown, with a few red tubercles.
Whitish spots were present in the inguinal region and the
ventral portion of the flank, and also two cream stripes
were present below the eye that continued on the bottom
lip. The tympanum was distinctly brownish. The venter
was umber in base colour with more reddish portions of
translucent skin on the ventral side of the arms. The chin
had white portions along the lip and especially on the vo-
cal sacs, but the jaw itself was blackish. The venter had
distinct white spots. The ventral hindlimbs were umber
with irregular pale olive and yellow patches on the ven-
tral thigh and shank. The ventral tarsus, foot, and hand
were umber. The femoral glands were fleshy in colour,
and the area ventral to the cloaca was pinkish. The iris
was copper above and below, and rusty anteriorly and

posteriorly, with blackish reticulations and a blackish line
above and below the centre of the pupil.

After six months in preservative, the colouration of the
holotype has faded to become more uniformly brownish,
and areas that were greenish in life have become cream.
White areas of the venter are still immaculately white.

Variation. All paratypes resemble the holotype in gross
morphology; see Table 1 for morphological variation.
Tympanum diameter ranges from 4779 % of eye, without
strong sexual dimorphism in tympanum size. Females are
marginally but not significantly larger than males (z-test, t
=-1.9215, df = 13, p = 0.07687). Several paratypes have
smaller femoral glands than the holotype. Femoral glands
are composed of 2 or 3 large granules (mean 2.875 + 0.35,
n = §; all but one of eight examined specimens with 3
granules). Females have miniscule raised bumps in the
femoral area. There is considerable variation in coloura-
tion of the specimens, with some individuals being much
darker, and others being more green (Figs 3—4). The chin
of females is more solidly dark than that of males, and
they lack most white spots. A pair of cream stripes below
the eye that continue on the lower lip is present in all
specimens. Two specimens (UADBA-A 60299, and ZSM
1545/2012, Fig. 4) have a bright vertebral stripe.

Bioacoustics. Call recordings were made in Marojejy
from the holotype ZSM 419/2016 at its collection locali-
ty at a distance of 0.5 m during light rain (Suppl. material
1, DOI: 10.7479/nmx8-aq7v). The call is interpreted as
an advertisement call as it resembles the advertisement
calls of the subgenus Laurentomantis, and was emitted
without close proximity to other individuals, and while
the frog was otherwise inactive (Kdhler et al. 2017). Air
temperature was not recorded. A strict FFT bandwidth
filter was applied to the dataset to remove all sound be-
low 400 Hz in order to remove wind artefacts. Two calls
were recorded from the holotype, but numerous calls
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were heard whilst searching for this species along the
river where it was found. Calls consisted of a rapid series
of 24-29 extremely short notes (note duration 6.3 = 1.9
ms, range 2—10 ms, n = 53; Fig. 5a), each of which had
2.6 = 0.6 pulses (2—4 pulses, n = 50), the peak amplitudes
of which were separated by 2.7 + 0.6 ms (1-4 ms, n = 53;
Fig. 5b). Notes were separated by silent inter-note inter-
vals of 64.6 £ 5.5 ms (47-75 ms, n = 51). The call was
amplitude modulated, increasing in amplitude quick-
ly and slowly decaying toward the end of the call. Call
duration was 1769—1827 ms (n = 2), with one inter-call
interval recorded of 2399 ms. Generally, however, the
calls appeared to be emitted rather irregularly. Dominant
frequency was 5124-5512 Hz, and the 90 % bandwidth
was from 2723-2759 to 6391-6462 Hz.

Similar calls were recorded in Sorata from ZSM
1549/2012 at its collection locality (Suppl. material 2,
DOI: 10.7479/nmx8-aq7v). Air temperature was not re-
corded. The calls strongly resembled those recorded from
the holotype. Three calls were recorded, but one was cut
off and another had loud calls of Gephyromantis (Dubo-
imantis) sp. in the background, so only one was analysed.
The call consisted of a rapid series of 31 extremely short
notes (note duration 6.9 = 0.8 ms, range 6—10 ms, n =27
analysed), each of which had 2.0 + 0.2 pulses (23 puls-
es, n = 27), the peak amplitudes of which were separated
by 3.0 + 0.4 ms (24 ms, n = 27). Notes were separated
by silent inter-note intervals of 46.3 + 3.8 ms (41-55 ms,
n = 27). The call was amplitude modulated in the same
way as that of ZSM 419/2016. Call duration was 1681
ms, and one inter-call interval was ca. 1900 ms. In gener-
al however calling was irregular. The dominant frequen-
cy was 5555 Hz, and the 90 % bandwidth was from 4979
to 6003 Hz. The call with a loud Gephyromantis (Dubo-
imantis) sp. in the background was considerably shorter,
and consisted of just 11 notes over a duration of 515 ms,
but we suppose this call may have been disturbed as it
lacked amplitude reduction toward its end.

Distribution. The new species is known from three local-
ities in northeastern Madagascar: (1) Marojejy National
Park (type locality), (2) Sorata massif, and (3) Andravory
massif (Fig. 6). All specimens were collected between
1164 and 1394 m a.s.1.

Natural history. Specimens were collected near mountain
streams in pristine montane riparian rainforest (Fig. 4g). In
Marojejy National Park they were encountered during and
after light rain, sitting in inconspicuous locations, especial-
ly on the fronds of tree ferns, but also on other low vege-
tation, between a few centimetres and up to 2 m above the
ground. Specimens in Sorata were found in similar posi-
tions during dry weather, in the days just before the begin-
ning of the rainy season. Males called irregularly and soft-
ly (see the call description above). Population density in
Marojejy was remarkably high, with around three or four
individuals being found along a 10 m stretch of stream.
The observed density in Sorata was lower, possibly due
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to the absence of rain during the observation period. The
species occurred in close sympatry with a number of other
mantellids, but only few of these (especially Mantidactylus
aff. femoralis) were found in the same microhabitat. Sev-
eral specimens from Marojejy had pinkish mites (probably
of the genus Endotrombicula; see Wohltmann et al. 2007)
embedded within translucent whitish pustules on the skin
of their fingers, toes, and bodies. Nothing is known about
the reproduction of this species, but the calling sites sug-
gest an association with lotic water.

Available names. There are no other, earlier names cur-
rently available (e.g., junior synonyms) that are assign-
able to the subgenera Vatomantis or Laurentomantis and
that could apply to the new species.

Etymology. The specific epithet is the Malagasy word
lomorina, meaning ‘covered in moss’, in reference to the
green, mossy appearance of the species in life. It is used
as an invariable noun in apposition to the genus name.

Conservation. The species occurs in two regions with
very different conservation situations: the highly protect-
ed forests of Marojejy National Park, and the unprotect-
ed, isolated, and highly threatened forests of Sorata and
Andravory. Maminirina et al. (2008) report a study site in
the rainforest of Sorata at 970 m a.s.l., but in our surveys
in 2012, we detected larger patches of forest only at el-
evations of ca. 1270 m and above. The new species was
collected at lower elevation in Andravory (1164-1179 m
a.s.l.), where forest persists. Higher elevation levels of
Sorata are covered by high-clevation forests different
to those where G. lomorina sp. n. was found, and these
therefore may not support this species. In this area, the
species is therefore directly threatened by the loss of the
only forests in which it has been detected.

By contrast in Marojejy, forest extends down to rough-
ly 200 m a.s.l., is highly protected, and the high elevation
forest where this species occurs does not seem to be fac-
ing any immediate threats. Although the tourist load to
Marojejy is relatively high, and the area upslope from the
collection locality of the holotype and several paratypes
is somewhat polluted with refuse from the nearby tourist
camp, the species was abundant around this stream during
our survey there in 2016, and presumably inhabits other
streams around the same elevation across the massif.

Accommodating this spread of risk is a challenge
for the TUCN Red List status. However, G. (V)
lomorina sp. n. is not the first species to have almost
exactly this distribution. Rhombophryne vaventy Scherz,
Ruthensteiner, Vences & Glaw was recently recovered
from Sorata (Peloso et al. 2016, Scherz et al. 2016,
Lambert et al. 2017) after initially having been described
from the same type locality as G. lomorina sp. n. (Scherz
et al. 2014). In the case of this species, Scherz et al.
(2017a) argued for a classification of Endangered under
TUCN criterion Blab(iii), i.e. an extent of occurrence
under 5000 km? (B1), known from fewer than five
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Figure 6. Distribution of Gephyromantis (Vatomantis) lomorina sp. n. in northern Madagascar. Areas with diagonal lines are official
protected areas. The dotted outline indicates the proposed area with the scope of the WWF protection plan for this part of Madagas-
car (Biodev Madagascar Consulting 2014, WWF Madagascar 2015). Three arc second SRTM data from Jarvis et al. (2008).

threat-defined locations (a), and an observed, estimated,
inferred, or projected decline (b) in the area, extent, and/
or quality of habitat (iii). Given the similar situation in
G. lomorina sp. n., i.e., very similar, limited distribution
and ongoing reduction and threat to a substantial part of
its habitat (i.e., the forests of Sorata and Andravory), we
propose that the same threat status and justification be
given for this species.

Discussion

Gephyromantis (Vatomantis) lomorina sp. n. is a distinc-
tive species, mostly due to its granular, greenish skin,
which is rougher than in all other members of the sub-
genus Vatomantis, but not as rugose as in many species
of the subgenus Laurentomantis. Indeed, it is in several
aspects intermediate between these subgenera, having a
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call that sounds similar to both (Vences et al. 2006). Its
phylogenetic position is at present basically unresolved
between these two subgenera. However, its morphology
is clearly more similar to Vatomantis than to Laurento-
mantis, as it lacks an outer metatarsal tubercle (present
in Laurentomantis), has a distinct brown tympanum (less
distinct in Laurentomantis), lacks a broadened head (usu-
ally distinctly broadened in Laurentomantis) and has
paired subgular vocal sacs (single in Laurentomantis)
(Glaw and Vences 2006).

Gephyromantis (Vatomantis) rivicola, G. (V) silvanus,
G. (V) lomorina sp. n., and most Laurentomantis species
share a unique femoral gland morphology with glands be-
ing composed of a small number of large, round granules
(each granule representing a single gland within the fem-
oral macrogland; Vences et al. 2007; Fig. 1). Glaw et al.
(2000) interpreted these unusual glands as possible inter-
mediate steps between Type 2 glands (sharply delimited
groups of numerous granules of up to 0.9 mm diameter)
toward Type 3 and 4 glands (a rounded structure composed
of few, large granules and an external central depression).
The position of G. (V) lomorina sp. n. appears to make
this situation more complicated; formerly, it seemed that
granule size had increased and number decreased in G. (V)
rivicola and G. (V) silvanus while G. (V) webbi had re-
tained Type 2 glands typical of most other Gephyromantis
species (Glaw et al. 2000, Vences et al. 2007). However,
given the split of G. (V) lomorina from a more basal node
in that clade (Fig. 1), and given the ubiquity of these un-
usual glands in the sister subgenus Laurentomantis (Glaw
et al. 2000, Kaffenberger et al. 2012), it seems that Type 2
femoral glands may have independently originated one or
more times in this clade. A better resolved phylogeny of
the clade will be necessary to better understand the evolu-
tion of their femoral gland morphology.

The apparently highly divergent G. (V) lomorina sp. n.
sheds some light on questions regarding the relationships
of G. klemmeri. Formerly, G. klemmeri was considered
a member of the subgenus Gephyromantis, but Kaffen-
berger et al. (2012) showed that it has affinities between
Laurentomantis and Vatomantis. They forestalled action
on transferring it to one of these subgenera until more
data become available, as single genes disagreed as to its
position. Gephyromantis klemmeri shares femoral gland
morphology with both Laurentomantis and Vatomantis,
having large glands with a small number of large gran-
ules. This lends credence both to its phylogenetic position
being close to these subgenera, and also to the hypothe-
sis that smaller numbers of larger granules in the femoral
glands may be ancestral in this clade.

Kaffenberger et al. (2012) suggested three possible
alternatives to dealing with the phylogenetic affinities of
G. klemmeri: (a) including G. klemmeri in Laurentoman-
tis (its position sister to Laurentomantis was supported
with 94 % bootstrap support from maximum likelihood
and >0.99 posterior probability, but was not supported in
maximum parsimony analysis), (b) erecting a new mono-
typic subgenus, or (c) redefining a more inclusive subge-
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nus Laurentomantis that besides G. klemmeri would also
include Vatomantis as a junior synonym (the clade con-
taining Laurentomantis, Vatomantis, and G. klemmeri was
supported with 100 % bootstrap support from maximum
likelihood, >0.99 posterior probability, and 86 % bootstrap
support from maximum parsimony). Determining the best
course of taxonomic action will in part depend on the res-
olution of the phylogenetic relationships of G. klemmeri
and of G. (V) lomorina sp. n., in the framework of a more
comprehensive revision of Laurentomantis and Vatoman-
tis, as these subgenera still contain further candidate spe-
cies requiring in-depth analysis (Vieites et al. 2009).

Gephyromantis (Vatomantis) lomorina sp. n. also sheds
light on the biogeography of northern Madagascar, pro-
viding yet more evidence for a strong link between Sorata
and Marojejy. The environmental conditions of these two
regions are similar (Brown et al. 2016), and various spe-
cies originally described from one of the two areas have
subsequently been discovered in the other, e.g. Rhombo-
phryne vaventy (Peloso et al. 2016, Scherz et al. 2016,
2017a, Lambert et al. 2017), Gephyromantis (Asperoman-
tis) tahotra (Glaw et al. 2011, Vences et al. 2017), and G.
(D.) schilfi (Glaw and Vences 2000, Scherz et al. 2017b).
These similarities are generally limited to species found
above 1200 m, probably because forest below 1200 m in
Sorata has been mostly eradicated.

We predict that similarities between faunal composi-
tions of the mountainous massifs of northern Madagas-
car are limited by elevational connectivity. For instance,
there is continued connectivity between regions of ele-
vation up to 1400 m from Sorata to Marojejy and indeed
roughly to the Manongarivo massif as well. There is no
connectivity above this elevation however; areas of over
1400 m across the different massifs are separated by low-
er elevations, leading to island-like isolation of peak ar-
eas. Therefore, we predict that species occurring above
1400 m will show a greater degree of microendemism,
and those below this elevation will have a greater prob-
ability of occurring more widely; the higher a species’
centre of elevational distribution is located, the greater its
chance of being microendemic. No absolute threshold of
turnover is expected, because major climate fluctuations
in the past will likely have blurred elevational boundaries
over time.

So far, evidence appears to support this hypothesis; as
already stated, several species from around 1300 m are
shared between Marojejy and Sorata (and Andravory,
though at present only limited and generally unpublished
data are available from this forest), and some species
known from higher elevations are so far thought to be
microendemic to either region, e.g. Rhombophryne lon-
gicrus (Scherz et al. 2015), Gephyromantis (Duboiman-
tis) tohatra (Scherz et al. 2017b), Calumma jejy, and C.
peyrierasi. Assuming this hypothesis is correct, it raises
questions about species that are microendemic at low-
er elevations, but opportunities to study and understand
these taxa are increasingly limited by the fact that forest
at lower elevations is disappearing outside of protected
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areas. Conservation efforts must be redoubled to ensure
that these study systems may remain long enough to be
investigated and understood.
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Supplementary material 1

Advertisement call of Gephyromantis lomorina
sp. n.

Authors: Mark D. Scherz, Oliver Hawlitschek, Jary H.
Razafindraibe, Steven Megson, Fanomezana Mihaja
Ratsoavina, Andolalao Rakotoarison, Molly C. Bletz,
Frank Glaw, Miguel Vences

Data type: WAV File (.wav)

Explanation note: Call recording of Gephyromantis (Va-
tomantis) lomorina sp. n. ZSM 419/2016 (ZCMV
15221). Calls recorded at 21h20 on 18 November 2016
near Camp Simpona (ca. 14.4366°S, ca. 49.7434°E,
ca. 1325 m a.s.l.) in Marojejy National Park, Sava Re-
gion, Antsiranana Province, northeastern Madagascar,
by M. D. Scherz. Frog was ca. 1 m above the ground
on a fern near a small river, calling occasionally during
light rain. Air temperature was not taken. Recording
distance was 0.5 m. Animal Sound Archive: https://
doi.org/10.7479/nmx8-aq7v.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.94.21037.suppl1

Supplementary material 2

Advertisement call of Gephyromantis lomorina
sp. n.

Authors: Mark D. Scherz, Oliver Hawlitschek, Jary H.
Razafindraibe, Steven Megson, Fanomezana Mihaja
Ratsoavina, Andolalao Rakotoarison, Molly C. Bletz,
Frank Glaw, Miguel Vences

Data type: WAV File (.wav)

Explanation note: Call recording of Gephyromantis (Va-
tomantis) lomorina sp. n. ZSM 1549/2012 (FGZC
3714). Calls recorded at night on 30 November 2012
on the Sorata massif (creek near campsite, 13.6829°S,
49.4403°E, 1325 m a.s.l.), Sava Region, Antsir-
anana Province, northeastern Madagascar, by O.
Hawlitschek. Ecological data not available. Air tem-
perature and recording distance were not noted. An-
imal Sound Archive: https://doi.org/10.7479/nmx8-
aq7v.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacom-
mons.org/licenses/odbl/1.0/). The Open Database
License (ODDbL) is a license agreement intended to
allow users to freely share, modify, and use this Data-
set while maintaining this same freedom for others,
provided that the original source and author(s) are
credited.

Link: https://doi.org/10.3897/zse.94.21037.suppl2
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Results

Chapter 4. PAPER: Yet another small brown frog from high altitude on the Marojejy Massif,
northeastern Madagascar (Anura: Mantellidae)

In this chapter, I present the description of a new species of Gephyromantis from the subgenus
Duboimantis that my colleagues and I discovered on an expedition to the Marojejy massifin 2016.
The new species, Gephyromantis (Duboimantis) tohatra, is a high-elevation endemic, occurring at
elevations over 1700 m a.s.l. It is sister to another species from lower on Marojejy, G. (D.) schilfi
(1250-1800 m a.s.l.), which we show also occurs on the Sorata massif. This corroborates the con-
nection between these massifs around the same elevation reported in chapter 3. The contrast of the
higher elevation endemic (G. (D.) tohatra) with the species that ranges into lower elevations and
has a broader distribution (G. (D.) schilfi), suggests elevation-limited distribution potential of spe-
cies. Yet, we show also that there is strong genetic differentiation between G. (D.) tandroka from
Marojejy and a sister lineage from Sorata around this same elevation, suggesting a more complex
pattern (illuminated in chapter 5).
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Abstract

Madagascar hosts a high diversity of small brown frogs. In this paper, we add another one by describing Gephyromantis
(Duboimantis) tohatra sp. nov. The new species is a small brown mantellid frog discovered on a recent expedition to Ma-
rojejy National Park in northeastern Madagascar. It is characterised, among other things, by its small size (snout-vent length
~33 mm), an orange to yellowish belly, two dorsolateral ridges, and a distinctive call composed of 7—10 pulsed notes. The
new species occurs sympatrically with other members of the subgenus Duboimantis at high altitude (~1700 m above sea lev-
el), including its sister species G schilfi from which it radically differs by advertisement call and by a substantial genetic di-
vergence of 4.3% uncorrected pairwise distance in the mitochondrial 16S rRNA gene. It thus joins the diverse assemblage of
Gephyromantis species known from high altitudes on the mountain massifs of northern Madagascar.

Key words: Amphibia, Anura, Mantellidae, Gephyromantis, Gephyromantis tohatra sp. nov., Gephyromantis schilfi, Ge-
phyromantis tandroka

Introduction

Marojejy National Park is a reserve protecting rainforest and high-altitude vegetation of the Marojejy Massif in
northeastern Madagascar. The amphibian diversity of this national park currently consists of roughly 56 described
frog species (Raselimanana et al. 2000), but at least 25 additional candidate species are currently known from this
area (Vieites et al. 2009). Recent descriptions have included several microhylids (Glaw & Vences 2007; Glaw et al.
2012; Scherz et al. 2014, 2016), and mantellids (Glaw & Vences 2000, 2001, 2011; Glaw et al. 2011), with
especially large numbers of species described in the genus Gephyromantis (G tahotra, G. tandroka, G. ranjomavo,
G rivicola, G striatus, G. schilfi); currently 12 Gephyromantis species are known from the Marojejy massif, most
of which are restricted to narrow altitudinal ranges. A remarkable diversity is found between 1000 and 2000 m
a.s.l., with five species currently described: G klemmeri, G. ranjomavo, G. schilfi, G. tahotra, and G tandroka. A
sixth species is in description elsewhere by M.D. Scherz and collaborators.

Gephyromantis currently contains 42 species (Frost 2017), which are divided into six subgenera: Asperomantis,
Duboimantis, Gephyromantis, Laurentomantis, Phylacomantis, and Vatomantis (Glaw & Vences 2006; Vences et al.
2017). The species found between 1000 and 2000 m a.s.1. on the Marojejy Massif belong to the subgenera Asperomantis,
Duboimantis, Gephyromantis, Laurentomantis, and Vatomantis (a member of the latter being in description). That so
many species of relatively closely related frogs can be found in close sympatry speaks to the significant niche
differentiation among these subgenera. Each is represented by a single species, with the exception of Duboimantis, which
at present has two named species in this high altitudinal zone in Marojejy (G tandroka and G schilfi).

Vences et al. (2017) transferred a series of species to the new subgenus Asperomantis, leaving the subgenus
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Duboimantis with 10 medium- to large-sized species of scansorial frogs largely confined to rainforest, and with a
centre of diversity in northern Madagascar (Kaffenberger ef al. 2012). Six species assigned to the latter subgenus
are currently known from Marojejy: G granulatus, G. sp. Cal7, G cf. moseri, G redimitus, G schilfi, and G
tandroka. In this paper, we describe a third species of Duboimantis from high altitude on Marojejy, which
represents the seventh species of Duboimantis from Marojejy National Park. Species status of this new taxon is
justified by its radically different advertisement calls and genetic divergence compared to its sympatric sister
species, G schilfi. We also briefly discuss the possible reasons behind the relatively high diversity of Duboimantis
compared to other subgenera of Gephyromantis that occur at high altitudes in northern Madagascar.

Materials and methods

Specimens were located at night by following their distinctive advertisement calls. After being photographed, they
were euthanized with MS222, fixed in 95% ethanol, and thereafter deposited in 75% ethanol for long-term storage.
Field numbers refer to the zoological collections of Miguel Vences (ZCMV) and Frank Glaw (FGZC). Specimens
were deposited in the Zoologische Staatssammlung Miinchen (ZSM) and the Université d’ Antananarivo, Zoologie
et Biodiversité Animale (UADBA).

Morphological measurements were taken using a digital calliper to 0.1 mm by AR. The measurement scheme
followed previous work on this genus, e.g. Vences ef al. (2017), modified to deal with the relatively strong fixation
of the measured specimens; measurements that required straightening of limbs were replaced with piece-by-piece
measurements: snout-vent length (SVL), maximum head width (HW), head length from posterior maxillary
commissure to snout tip (HL), horizontal eye diameter (ED), horizontal tympanum diameter (TD), distance from
eye to nostril (END), distance from nostril to snout tip (NSD), distance between nostrils (NND), foot length (FOL),
tarsus length (TARL), tibia length (TIBL), thigh length from cloaca to knee (THIL), upper arm length from the
insertion of the arm to the elbow (UAL), lower arm length from the elbow to the base of the hand (LAL), hand
length from the base of the hand to the length of the longest finger (HAL), and length and width of femoral gland
(FGL, FGW). Webbing formulae follow Blommers-Schldsser (1979); femoral gland terminology follows Glaw et
al. (2000), and dorsolateral ridges are named following Vences & Glaw (2001).

DNA sequences were obtained using previously established protocols described elsewhere (e.g. Vences et al.
2003, 2017). In brief, DNA was extracted using a standard salt extraction protocol from samples of muscle tissue
preserved in 99% ethanol in the field. Polymerase Chain Reaction carried out with universal primers to amplify
fragments of the mitochondrial genes for 16S rRNA (/6S) and 12S rRNA (/2S5), and these amplicons were directly
sequenced on an automated capillary DNA sequencer (ABI 3130xl1). All new DNA sequences were submitted to
GenBank (accession numbers MF683128-MF683165). We used MEGA7 (Kumar et al. 2016) to align sequences to
reference sequences of other Gephyromantis from previous studies. We then used the Bayesian Information
Criterion in jModeltest (Darriba et al. 2012) to determine the best-suited substitution model for the sequences (a
HKY+G model), and implemented it in Maximum Likelihood (ML) and Bayesian Inference (BI) reconstructions of
phylogeny. ML was run in MEGA7 and node support assessed with 2000 non-parametric ML bootstraps. BI was
run in MrBayes 3.2 (Ronquist et al. 2012), running two parallel runs for 20 million generations, sampling every
1000th tree, and discarding 25% of the sampled trees as burn-in. Chain mixing and stationarity were assessed by
examining the standard deviation of split frequencies and by plotting the -InL per generation using Tracer 1.5
software (Rambaut & Drummond 2007). In addition, we conducted non-parametric bootstrapping under Maximum
Parsimony (MP) in MEGA?7. To quantify genetic divergences we calculated uncorrected pairwise distances among
the sequences (p-distances). The fragment typically used for DNA barcoding of Madagascar's amphibians (a 3'-
terminal stretch of /6S; e.g., Vieites ef al. 2009) could not be reliably sequenced for G schilfi due to a long C-repeat
within this sequence. Therefore, divergences reported herein refer to the 5'-terminal stretch of the /6S gene which,
in general, yields sequence divergence values comparable to those of the 3'-terminal portion of the gene.

Calls of two specimens were recorded with different recording equipment (Tascam DRO5 and DRO07, digital
recorders with built-in microphones). We analysed calls in the software Cooledit 2.0 (Syntrillium Corp.).
Frequency information was obtained through Fast Fourier Transformation (FFT, width 1024 points). The
spectrogram was obtained using the Hanning window function with 256 bands resolution. Terminology of call
descriptions follows Kohler et al. (2017); in order to facilitate comparisons with previous call descriptions of
Gephyromantis, we followed a note-centred terminology of call subunits as defined in Kéhler ez al. (2017).
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Exploratory comparisons with DNA sequences of all species of Gephyromantis (not shown) suggested close
relationships of the newly collected, bioacoustically divergent specimens from Marojejy with species of the
subgenus Duboimantis, and more specifically with a subclade that, according to Kaffenberger er al. (2011),
contains G salegy, G schilfi, and G tandroka. We therefore analysed in more depth the DNA sequences of the new
material along with all samples of these species available to us. All methods of phylogenetic inference used (BI,
ML, MP) recovered the same topology (Fig. 1) and identified five main lineages: (1) G salegy, which was placed
sister to a clade of the other four lineages; (2) G tandroka; (3) its deeply divergent sister lineage; (4) G schilfi; and
(5) a lineage containing the two bioacoustically divergent specimens from Marojejy, placed as sister group to G
schilfi. The placement of this new lineage sister to G schilfi received maximum support from BI posterior
probabilities (PP=1.0) but was only very weakly supported by ML and MP bootstrap proportions (36% and 45%,
respectively). Their distinct position in the mitochondrial phylogeny, high genetic divergence to all Gephyromantis
(see diagnosis below), and strong bioacoustic differences to all Gephyromantis except the larger-sized G salegy
indicate that the newly collected individuals from Marojejy represent a new species described in the following.

Gephyromantis tandroka (FGZC 3585, Sorata)
Gephyromantis tandroka (FGZC 3599, Sorata)
Gephyromantis tandroka (FGZC 3624, Sorata)
Gephyromantis tandroka (FGZC 3690, Sorata)
Gephyromantis tandroka (FGZC 3693, Sorata)
Gephyromantis tandroka (FGZC 3583, Sorata)
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Bl
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100/1.0/65
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Gephyromantis tandroka (ZCMV 2006, Marojejy)
i 44 97/1.0/99 | Gephyromantis tohatra (ZCMV 15245, Marojejy) .
£ Gephyromantis tohatra (ZCMV 15236, Marojejy) T, .,
Gephyromantis schilfi (FGZC 3670, Sorata)
Gephyromantis schilfi (FGZC 3645, Sorata)
Gephyromantis schilfi (FGZC 3654, Sorata)
Gephyromantis schilfi (FGZC 3644, Sorata)
Gephyromantis schilfi (FGZC 3673, Sorata)
Gephyromantis schilfi (ZCMV 15229, Marojejy)
Gephyromantis schilfi ZCMV 15246, Marojejy)
Gephyromantis schilfi (FGZC 2900, Marojejy)
23/0.7/188 | Gephyromantis schilfi (FGZC 2819, Marojejy)
Gephyromantis schilfi (FGZC 2810, Marojejy)
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G. tohatra sp. nov.
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FIGURE 1. Maximum Likelihood tree based on 1106 bp of the mitochondrial /2S and 76S rRNA genes, showing relationships
of G tohatra sp. nov. to three other related Gephyromantis species and one candidate species from northern Madagascar.
Support at nodes are ML likelihood bootstrap values, BI posterior probabilities, and MP bootstrap values. Gephyromantis
granulatus was used as the outgroup. Inset map shows the four localities from which these species are known (with jitter to
reveal overlapping species). Inset photos show representative individuals of the four target species, size of the pictures roughly
proportional to body size differences among the species.
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Gephyromantis tohatra sp. nov.
(Figs. 2-3)

Holotype. ZSM 422/2016 (ZCMV 15245), adult male, collected at a site along the main trail leading from Camp
Simpona to the summit of the Marojejy Massif, Sava Region, northeastern Madagascar, at geographical
coordinates 14.44400°S, 49.73791°E and an elevation of 1758 m above sea level (Fig. 2, 3a-b) by M. D. Scherz,
M. Vences, J. H. Razafindraibe, and M. Bletz, in the evening of the 19™ of November 2016.

Paratype. UADBA uncatalogued (ZCMV 15236), adult male, with the same collection data as the holotype.

Diagnosis. The new species is assigned to the genus Gephyromantis and subgenus Duboimantis on the basis of
its mostly connected lateral metatarsalia, moderately enlarged finger tips, type 2 femoral glands (Glaw et al. 2000),
inner and outer dorsolateral ridges sensu Vences & Glaw (2001), presence of webbing between the toes, absence of
a distinct white spot in the centre of the tympanum, and presence of small supraocular spines. It is characterised by
the following unique suite of characters: (1) SVL at least up to 33 mm, (2) orange to yellowish ventral colouration
in males, (3) type 2 femoral glands with 10-21 small granules, (4) strongly distinct inner and outer dorsolateral
ridges sensu Vences & Glaw (2001), (5) a pale loreal region and broad pale marking covering most of the anterior
edge of the tympanum, (6) second finger much shorter than fourth, (7) third toe much shorter than fifth, and (8) 7—
10 distinct pulsed notes per call.

Gephyromantis tohatra sp. nov. differs from the majority of Duboimantis species by smaller body size: adult
male SVL 33 vs. >35 mm in G granulatus, G cornutus, G. redimitus, G. tschenki, G salegy, G tandroka, G. luteus,
G sculpturatus, G. plicifer, and G. zavona. It can also be distinguished from all other species of Duboimantis by its
orange to yellowish venter (typically whitish in all other species). Additionally, the presence of distinct inner and
outer dorsolateral ridges distinguishes the new species in particular from G granulatus, G. redimitus, and G zavona
in which these folds (in particular the inner dorsolateral ridges) are absent or very weakly expressed.
Gephyromantis luteus, G plicifer, and G sculpturatus have dark concave markings in the suprascapular region
(absent in the new species) and much more extensive webbing on the feet. Gephyromantis cornutus, G tschenki,
and G tandroka have strongly expressed interocular tubercles (absent in the new species).

Three species of Duboimantis overlap with the new species in body size. Gephyromantis leucomaculatus is
typically larger (adult male SVL 32-41 mm) and differs by absence of inner dorsolateral ridges and straight outer
dorsolateral ridges (vs. anteriorly curved). Gephyromantis moseri (adult male SVL 27-40 mm) has a granular
dorsum without or with interrupted dorsolateral ridges (vs. smooth or reticulated dorsum and continuous
dorsolateral ridges in the new species) and interocular tubercles (vs. absence). Gephyromantis schilfi (adult male
SVL 27-30 mm) occurs in close syntopy with the new species but differs from it by the absence of distinct inner
and outer dorsolateral ridges (vs. presence in the new species).

Bioacoustically, the new species differs from all species in Duboimantis by advertisement call structure. Most
species in this subgenus emit regularly repeated calls, each of which consists of a single, typically pulsed or
pulsatile note (G granulatus, G. cornutus, G. leucomaculatus, G. moseri, G redimitus, G schilfi, G tschenki, G
tandroka, G. plicifer, G. zavona). In many of these species, notes can also be more irregularly arranged in short
series, but calls do not consist of a regular number of 7-10 short and rapidly repeated notes as in G tohatra sp. nov.
This characteristic is particularly helpful in its distinction from the sympatrically occurring and morphologically
similar G schilfi, which emits a single, densely pulsed note. Gephyromantis sculpturatus and G luteus emit a fast
series of squeaking, unpulsed notes that are very distinct from the call of G tohatra. The only other Duboimantis
with a surprisingly similar call structure to the new species is G salegy, which however differs by a substantially
larger body size of 45—48 mm in adult males and by a larger number of granules in femoral glands (36-38 vs. 10—
21).

G tohatra sp. nov. differs from its probable sister species G schilfi (Fig. 1) by a substantial genetic
differentiation of 4.3% uncorrected pairwise distance (p-distance) in the /6S gene, and from all other species of
Duboimantis by a 168 p-distance >6%. The bioacoustically similar G salegy differs by 6.8% 16S p-distance and is
not the sister taxon of the new species.

Holotype description. A specimen in a good state of preservation, the right thigh muscle taken for DNA tissue
samples. SVL 32.7 mm. For other measurements see below. Body gracile; head longer than wide, wider than body;
snout pointed in dorsal and lateral view; nostrils directed laterally, protruding slightly, much nearer to tip of snout
than to eye; canthus rostralis distinct, straight; loreal region concave and weakly oblique; tympanum indistinct,
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oval, its horizontal diameter 42% of eye diameter; supratympanic fold distinct, straight, following the line of the
eyelid to above the insertion of the arm; tongue fairly narrow, posteriorly bifid; vomerine teeth clearly distinct,
arranged in two small aggregations on either side of the midline of the palate at the level of the anterior edge of the
eye, posteromedial to choanae; choanae small and rounded and laterally displaced. Dark, translucent dermal fold
below each jaw starting at the level of the mid-eye. Arms slender, subarticular tubercles single, highly distinct;
outer metacarpal tubercle small and indistinct and inner metacarpal tubercle relatively well developed; fingers
without webbing; relative length of fingers 1 <2 <4 < 3, second finger much shorter than fourth; finger discs
distinctly enlarged, round, nuptial pads absent. Hindlimbs slender; lateral metatarsals slightly separated distally
with webbing; inner metatarsal tubercle distinct, anteriorly oriented, outer metatarsal tubercle absent; webbing
formula of foot according to the scheme of Blommers-Schldsser (1979) 1(1), 2i(1.75), 2e(1), 3i(2.25), 3e(1.5),
4i(2.5), 4e(2.5), 5(1.25); relative toe length 1 <2 <3 <5 <4, third toe much shorter than fifth; toe discs distinctly
enlarged. Skin dorsally smooth, with reticulated fine ridges, and two sets of distinct dorsolateral ridges on the
dorsum, one pair from the posterior eye running medially to over the suprascapular region, the other pair running
dorsolaterally from the suprascapular region to the hip; no ridges or bumps are present on the dorsal head;
diminutive supraocular spines present; a diminutive dermal flap is present on the heel; ventral skin smooth on chin
and limbs, but highly granular on the abdomen. Femoral glands type 2 sensu Glaw et al. (2000), consisting of
roughly 16 granules on the right thigh and 21 on the left thigh.

FIGURE 2. Preserved holotype of G tohatra sp. nov. (ZSM 422/2016, field number ZCMV 15245, SVL 32.7 mm), in dorsal
and ventral view. Scale bar corresponds to 5 mm.

Measurements, all in mm: SVL, 32.7; HW, 9.5; HL, 12.0; TD, 1.9; ED, 4.5; END, 3.3; NSD, 2.7; NND, 3.8;
UAL, 6.7; LAL, 8.0; HAL, 11.0; THIL, 17.7; TIBL, 19.4; TARL, 9.5; FOL, 18.2.

In life (Fig. 3a,b), the dorsum was a medium brown with the external dorsolateral ridges distinctly tan, the
internal ridges less distinct but also light in colour. The dorsal surface of head was not distinct from the dorsum,
with a slightly darker brown band between the eyes. The flank fades to a more grey-brown ventrally. The dorsal
surfaces of hindlimbs were as the flank in colour, with three dark brown crossbands on the thigh, three on the
shank, and no crossbands on the foot. The dorsal surface of forelimb was similar to the lower leg in colour. No light
annulus was present before the tip of each toe or finger. The lateral head was distinctly differentiated from the
dorsal head, being almost black along the canthus rostralis, from the nostril to the tip of the snout, over the dorsal
portion of the tympanic region beneath the supratympanic fold, and beneath the eye. An immaculate white spot was
present anterior to the eye, with a more faded spot posterior to the eye over part of the tympanum. The iris was
whitish above, and dark brown below the pupil. The lower lip was yellowish. Ventrally, the hands, forearms, tarsus
and feet were all burnt umber in colour, with pale yellowish subarticular tubercles on the fingers, the subarticular
tubercles of the toes being more orange in colour. The ventral chin and throat were burnt umber, especially on the
jaw, making a distinct line anterior to the pectoral girdle, posterior to which the abdomen was orange with a few
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dark brown flecks anteriorly. The ventral thighs were also orange. The femoral glands were a creamy orange. The
ventral humerus was semi-translucent.

After six months in preservative, the coloration has faded. Dorsally, areas that were brown have become grey
to silver, with light grey dorsolateral ridges. The head colouration is mostly retained. The ventral colouration has
lost its orange hue, and is now a yellow-cream. All elements of the colour pattern are however retained.

G. tohatra sp. nov.

G. schilfi

FIGURE 3. Adult male specimens of Gephyromantis tohatra sp. nov. and syntopic G schilfi from Marojejy National Park in
life, in dorsolateral and ventral views. (a,b) Holotype of G tohatra (ZSM 422/2016, field number ZCMV 15245, SVL 32.7
mm); (c,d) paratype of G tohatra (UADBA uncatologued, field number ZCMV 15236, SVL unknown). (e,f) call voucher of G
schilfi (ZSM 415/2016, field number ZCMV 15246, SVL 29.8 mm).

Variation. The paratype was not available for measurements but was of similar size as assessed in the field. Its
colour in life (Fig. 3¢c,d) was generally similar to the holotype, but it lacked the bright whitish marking anterior to
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the eye, had only one dark brown marking below the eye (two in the holotype), had slightly broader crossbands on
the legs, and its outer dorsolateral ridges were less distinctly coloured than those of the holotype. Ventrally it was
also similar to the holotype but its abdomen was more yellowish, with yellow-cream patches posterior to the
pectoral girdle.

Etymology. The specific name is a noun in apposition, derived from the Malagasy word ‘tohatra,” meaning
‘stairs,” in reference to the difficulty of hiking up Marojejy on very steep trails with stair-like stretches between
Camp Marojejia and Camp Simpona, and especially from Camp Simpona to the summit, necessary to discover this
species.

Natural history. Calling males were heard at night at a site between Camp 3 (= Camp Simpona) and the
summit of the Marojejy Massif, within montane rainforest of rather low canopy height and in an area of very steep
slopes. Most specimens were calling in a dry headwater area of a small stream, in between very dense bushy
undergrowth, at perch heights of 0.5-1 m above the ground from leaves and branches. In some areas the call could
be heard from far outside the fores.

—~ ==
N
I 4
L
=, o=
O —
c
(O]

0
23
§ é_ M
0 500 1000
Time (ms)

FIGURE 4. Audiospectrogram (above) and oscillogram (below) of a call of the holotype of Gephyromantis tohatra sp. nov.
(ZSM 422/2016), recorded on 19 November 2016 on the Marojejy Massif in the North East of Madagascar. This call is here
interpreted as consisting of eight notes, each with a distinct pulsed structure, and the last note containing more pulses than the
preceding notes. Calls were filtered with a high pass filter to remove frequencies below 400 Hz in order to reduce wind
artefacts.

Advertisement calls. Call recordings were made in an area where several (>5) males were calling relatively
close to one another, and were obtained from the holotype and the paratype. The calls are considered advertisement
calls because they were loud, stereotyped calls emitted by males without any sign of conflict with conspecifics.
Calls consist of 7-10 pulsed notes (Fig. 4). Calls are separated by long and rather irregular intervals. In the
holotype, call duration was 547-640 ms (594 + 38 ms; n = 9), inter—call interval 1258-2306 ms (1622 + 398 ms; n
= 8), dominant frequency 3014-3273 Hz, and approximate prevalent band width 2000-5000 Hz. Each note had
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three to four recognizable pulses, with the last note of the call having more pulses (about 8). Characteristics of
notes were measured in two calls. Pulses were not separated by distinct silent intervals. Intensity of each note was
highest in the first pulse of each note. Note and interval duration are only tentatively presented, as there remains a
weak background sound energy during these periods. Call 1: Note duration 34-78 ms (53 = 14 ms, n = 7), inter-
note interval duration 19—40 ms (30 + 8 ms, n = 6), pulses per note 3-8 (4 + 2, n = 7). Call 2: Note duration 45-77
ms (57 = 11 ms, n = 7), inter-note interval duration 7-36 ms (26 + 12 ms, n = 6), pulses per note 3-9 (4 =2, n = 8).

Calls of the paratype were similar in most parameters but differed in that the pulses in notes were neither distinct
nor clearly distinguishable; clear silent intervals between notes were not present, possibly due to background noise,
and a weak frequency modulation was apparent in each note. Call duration was 502—798 ms (698 + 117 ms, n =5),
inter-call interval duration 1458—1461 (n = 2), notes per call 7-10 (9 £ 1 ms, n = 5), dominant frequency of first
three notes in a call 2454-2713 Hz (2637 + 124 Hz, n = 4), dominant frequency of last 2-3 notes in a call 3014—
3229 Hz (3122 + 124 Hz, n = 4), time between start of one note and subsequent note 73—86 ms (82 + 4, n = 17 notes
from 2 calls).
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FIGURE 5. Audiospectrogram (above) and oscillogram (below) of a call of a specimen of G schilfi (ZSM 415/2016 = ZCMV
15246), recorded on 19 November 2016 in proximity of the G tohatra type locality on the Marojejy Massif. Calls were filtered
with a high pass filter to remove frequencies below 1000 Hz in order to reduce wind artefacts.

Comparative data for syntopic G schilfi. A few individuals of G schilfi were heard emitting advertisement
calls very close to the site in which G tohatra sp. nov. individuals were heard and collected, on the same day and
ca. 15 minutes after collecting G tohatra sp. nov. One adult calling male was recorded and collected (voucher
ZSM 415/2016, field number ZCMV 15246) from dense vegetation at a perch height of ca. 1 m above the ground,
in a rainforest area on a steep mountain slope. Measurements: SVL, 29.8; HW, 9.5 ; HL, 11.6; TD, 1.9; ED, 4.6;
END, 2.9; NSD, 2.5; NND, 2.6; UAL, 4.8; LAL, 7.5; HAL, 9.3; THIL, 15.6; TIBL, 18.3; TARL, 9.2; FOL, 16.5.
As previously described (Glaw & Vences 2000), the call is a single pulsed note emitted after long and rather
irregular silent intervals (Fig. 5). Call duration is 483—-538 ms (518 + 25 ms; n = 4), inter-call interval duration is
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2917-5121 ms (3672 + 1255 ms, n = 3), one note consists of ca. 73-89 pulses (80 + 7; n = 5). Pulses were not
clearly separated by silent intervals and in some cases not unambiguously distinguishable from each other. The
intervals between pulse intensity maxima were somewhat irregular, becoming longer towards the end of the call,
with a duration of about 5 ms at the beginning of the call and 7-12 ms at the end of the call. Dominant frequency
was 3402-3445 Hz and approximate prevalent bandwidth was between 2000-4000 Hz.

Range extension for G schilfi and G tandroka. The goal of this study is not a comprehensive reassessment of
the phylogeny within the subgenus Duboimantis and molecular analyses were thus limited to a subset of taxa. In
exploratory analyses, the new species clustered with G salegy, G schilfi, and G. tandroka, three species that formed
a highly supported subclade of Duboimantis in the analyses of Wollenberg er al. (2011) and Kaffenberger et al.
(2012). For our analysis we thus expanded the sampling for these three species with additional individuals. We
found molecular evidence for new populations of G schilfi and G tandroka, both of which were so far known only
from Marojejy. Both these species were now also found on the Sorata Massif north of Marojejy, and had different
degrees of genetic differentiation. While the populations of G schilfi (Sorata vs. Marojejy) differed by only 0.6—
0.8% uncorrected 16S p-distance, those of G tandroka had a higher divergence of 5.4% which suggests their
taxonomic status requires revision and we therefore here flag the Sorata population as new Unconfirmed Candidate
Species, Gephyromantis sp. Ca32, rationalised following Vieites et al. (2009). Another candidate species of
Duboimantis (G sp. Ca30 from the Bealanana district of northern Madagascar) that was also recently identified
(Scherz ef al. in press) was not included in our analysis here, but we have confirmed that it is not conspecific with
G. sp. Ca32 (data not shown).

Discussion

This study adds one additional Gephyromantis of the subgenus Duboimantis to the ever-growing inventory of
inconspicuous and morphologically similar brown-coloured frogs inhabiting Madagascar’s rainforests. It is worth
emphasizing that this species had not been included in previous DNA barcoding assessments of Madagascar’s
undescribed amphibian diversity (Vieites er al. 2009; Perl et al. 2014) but was a genuine new discovery during
fieldwork in 2016. The congruence between molecular, bioacoustic and morphological characters unambiguously
supports it as a new species, but its relationships require further investigation.

The available data suggest that G tohatra is the sister species of the sympatric G schilfi. Yet, its advertisement
calls are remarkably similar to those of G salegy from Ambolokopatrika described by Andreone et al. (2003), as
shown by a comparison of the main temporal characteristics (values for G tohatra in parentheses): Call duration
695-698 ms (502—798 ms), notes per call 811 (7-10), note duration 34—53 ms (34—78 ms), duration of inter-note
intervals 42-50 ms (7-40 ms). A notable difference in dominant frequency is present, as calls of G salegy have a
dominant frequency of around 2600 Hz, whereas the calls of G tohatra have a higher dominant frequency around
3000 Hz as expected by its smaller body size. Also, notes of G salegy calls are not as clearly pulsed as those of G
tohatra and as a further weak difference, inter-note intervals were more distinct and more clearly silent in G salegy.
While the differentiation between G tohatra and G salegy is obvious by the drastic size differences (adult male
SVL 33 mm in G tohatra versus 46-48 mm in G salegy) and the genetic divergence, their extreme bioacoustic
similarity flags the calls of G salegy as in need of confirmation. In fact, these calls were described without
assigning them to a specific G salegy specimen (Andreone et al. 2003). As G tohatra at first glance looks like a
small G salegy, it is conceivable (although highly unlikely) that this species occurs syntopically with G salegy in
Ambolokopatrika, the type locality of the latter species, and that the two species were confused when call
recordings were made.

Gephyromantis tohatra is currently known from only two male specimens, and nothing is known of its
reproduction. Since the encountered individuals were calling along a dried headwater of a small rainforest stream,
it is probable that their habits are similar to other species in the subgenus Duboimantis and they reproduce by
endotrophic (non-feeding) tadpoles that complete their metamorphosis in slow-moving headwater stretches of such
streams.

Biogeographically, most Duboimantis are known from northern Madagascar, and this remains true after the
erection of the subgenus Asperomantis for several species previously included in Duboimantis (Vences et al. 2017).
Of the described species in the subgenus, currently six species are restricted to a small portion of Madagascar north
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of ca. 15.5°S (G granulatus, G salegy, G. schilfi, G tandroka, G. tohatra, G. zavona), while only four species (G
cornutus, G. tschenki, G plicifer and G sculpturatus) are restricted to south of this line, and another four species G
leucomaculatus, G. luteus, G. moseri, and G redimitus occur both north and south of 15.5°S. The majority of
species also remain north of 15.5°S when all known candidate species of this subgenus are also taken into account
(G spp. Cal6 [Masoala], Cal7 [Marojejy], Ca20 [Sahavontsira, south of 15.5°S], Ca2l [Antoetra, south of
15.5°S], Ca22 [Mahasoa, south of 15.5°S], Ca30 [Bealanana district], and the newly identified Ca32 [Sorata]),
although three of these are known only from south of this line. This confirms this area as a centre of endemism and
diversity for Duboimantis, as is also the case for numerous other groups of amphibians and reptiles (Brown et al.
2016).

The diversity of Gephyromantis, and in particular Duboimantis, at high altitudes on the Marojejy massif is
remarkable. At present seven species including the newly described G tohatra are known from above 1000 m a.s.l.
in this area, three of which belong to Duboimantis: G tandroka, G. schilfi, and G. tohatra. These species, which
probably have endotrophic tadpoles (Randrianiaina et al. 2011), may be especially well suited to reproduction in
forested upper reaches of mountains where flowing water is scarce and temporary. Given the apparent sister-group
relationship between G schilfi and G tohatra, and their sympatric occurrence (individuals of both species captured
within 50 metres of one another), it seems possible that these taxa may have diverged in sympatry. The question of
how their ecology and mating habits differ, however, will require further study.
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Chapter 5. PAPER: Two new Madagascan frog species of the Gephyromantis (Duboimantis)
tandroka complex from northern Madagascar

In this chapter we describe the genetically isolated lineage sister to G. (Duboimantis) tandroka,
identified in chapter 4, as G. (D.) grosjeani, and a further species that I discovered in the Beala-
nana District in 2015-2016, as G. (D.) saturnini (first identified and given a candidate number in
chapter 2), which falls sister to G. (D.) schilfi, which occurs in both Marojejy and Sorata (shown
in chapter 4). The level of divergence among taxa occurring in Marojejy and Sorata thus varies
from conspecific levels to species-level differences, suggesting that connection between these ar-
eas may have been of considerable duration, or that their ability to maintain gene flow over large
distances and complex topologies differs. This paper thus illuminates the pattern of connectedness
among the massifs of Marojejy, Soratat+Andravory, and the Bealanana District.

Scherz, M.D., Rakotoarison, A., Ratsoavina, F.M., Hawlitschek, O., Vences, M. & Glaw, F. (2018)
Two new Madagascan frog species of the Gephyromantis (Duboimantis) tandroka complex
from northern Madagascar. Alytes, 36:130—158.
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We describe two new frog species of the Madagascar-
endemic genus Gephyromantis, belonging to the G. tandroka
complex in the subgenus Duboimantis. Gephyromantis
(Duboimantis) saturnini sp. nov. is known from specimens
collected at Ampotsidy, in the District de Bealanana of the
Région Sofia of northern Madagascar. It is a large and
genetically distinct species with small interocular tubercles and
indistinct femoral glands that emits calls in series composed of
couplets and triplets. Morphologically and bioacoustically, it is
most similar to G. tandroka, but genetically it was recovered
as sister to G. schilfi, from which it is separated by an
uncorrected p-distance of 5.1 % in the mitochondrial 16S rRNA
gene. Gephyromantis (Duboimantis) grosjeani sp. nov. was
collected on the Sorata massif, in the District de Vohemar of
the Région Sava of northern Madagascar. It is a medium-sized
species with large and distinct femoral glands, which are a
distinctive characteristic from other members of this complex.
Genetically, it is distinguished from all other Gephyromantis
species by uncorrected p-distances of at least 5.1 % in the 16S
rRNA gene.

urn:1sid:zoobank.org:pub:2A5B3873-3512-4088-B992-B1D69CA9EBEB
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INTRODUCTION

The Madagascar-endemic mantellid frog genus Gephyromantis is currently
divided into six subgenera: Asperomantis Vences, Kohler, Pabijan, Bletz, Gehring,
Hawlitschek, Rakotoarison, Ratsoavina, Andreone, Crottini & Glaw, 2017,
Duboimantis Glaw & Vences, 2006, Gephyromantis Methuen, 1920, Laurentomantis
Dubois, 1980, Phylacomantis Glaw & Vences, 1994, and Vatomantis Glaw & Vences,
2006. The most diverse of these subgenera is Duboimantis, with 14 described species
(Scherz et al. 2017b). Duboimantis has its centre of diversity in northeastern
Madagascar (Kaffenberger ef al. 2012), and in some areas, as many as seven species can
occur in sympatry — and up to three species in close syntopy (e.g. Marojejy:
Raselimanana et al. 2000; Glaw & Vences 2007; Scherz et al. 2017a). Duboimantis
frogs typically inhabit primary rainforest, with only few representatives (e.g., G.
granulatus) sometimes occurring in degraded areas and secondary forest. Adult males
range in size from snout-vent lengths of 27 mm to 53 mm (Glaw & Vences 2007). They
are scansorial, often found during the day in the leaf litter on the forest floor, and at
night perching in the vegetation whence the males emit their advertisement calls (Glaw
& Vences 2000, 2001, 2007; Vences & Glaw 2001). As far as known, these frogs have
endotrophic (non-feeding) tadpoles that probably hatch in terrestrial nests and at least
sometimes are washed into streams where they complete metamorphosis (Randrianiaina
et al. 2011). Species of Duboimantis tend to be difficult to distinguish morphologically,
and although they are rather vocal and their loud calls are easily heard, in some of the
species groups even bioacoustic differences require specific experience to tell apart.

During fieldwork on the Sorata massif in the District de Vohemar of the Région
Sava of northern Madagascar in 2012, we encountered numerous specimens of a large
Duboimantis species, which resembles G. (D.) tandroka (Glaw & Vences 2001).
Analysis of a fragment of the 16S rRNA mitochondrial barcode gene region showed
that these specimens are genetically separated from that species, and the clade they
formed was designated as a new candidate species, G. (D.) sp. Ca32 (Scherz et al.
2017a). On a separate expedition to Ampotsidy, an area of mountains north of
Beandrarezona in the District de Bealanana of the Région Sofia of northern Madagascar
in 2015-2016, we collected three specimens of another large Duboimantis species
which represent another undescribed candidate species dubbed G. (D.) sp. Ca30, which
also has affinities to G. (D.) tandroka (Scherz et al. 2017b). Herein, we address the
taxonomy of these two candidate species.

METHODS

Specimens were located in the field by following their calls or opportunistically
found on nocturnal transects. When possible, specimens were photographed in situ and
recorded calling prior to capture. Specimens were anaesthetized with aqueous MS 222
solution and subsequently killed with an MS 222 overdose, fixed with 90 % ethanol,
and then transferred to 70 % ethanol for long-term storage. Tissue samples taken prior
to fixation were deposited in 99 % ethanol for molecular study. Field numbers MSZC,
FGZC and ZCMV refer to the zoological collections of Mark D. Scherz, Frank Glaw
and Miguel Vences, respectively. Specimens were deposited in the Zoologische
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Staatssammlung Miinchen (ZSM) and the amphibian collections of the Université
d’Antananarivo, Mention Zoologie et Biodiversit¢é Animale (UADBA-A). Additional
institutional abbreviations used are MNHN (Muséum National d’Histoire Naturelle,
Paris), MRSN (Museo Regionale di Scienze Naturali di Torino) and ZFMK
(Zoologisches Forschungsmuseum Alexander Koenig, Bonn).

Research was conducted under permit No. 224/15/MEEMF/SG/DGF/DAPT/
SCBT, 215/16/MEEF/SG/DGF/DSAP/SCB.Re and 265/12/MEF/SG/DGF/DCB.SAP/
SCB provided by the Direction Générale des Foréts at the Ministére de I’Environement,
de I’Ecologie et des Foréts (MEEF) of Madagascar. Specimens were exported under
permit No. 030N-EA01/MG16, 010N-EA01/MG17 and 163N-EA12/MG12.

Measurements were taken by MV to the nearest 0.1 mm using the standard
scheme employed in other recent Gephyromantis species descriptions (Scherz et al.
2017a, b; Vences et al. 2017), provided here again for better comparability: snout-vent
length (SVL), maximum head width (HW), head length from posterior maxillary
commissure to snout tip (HL), horizontal eye diameter (ED), horizontal tympanum
diameter (TD), distance from eye to nostril (END), distance from nostril to snout tip
(NSD), distance between nostrils (NND), foot length (FOL), foot length including
tarsus (FOTL), hindlimb length from cloaca to tip of longest toe (HIL), forelimb length
from axilla to tip of longest finger (FORL), hand length from the base of the hand to the
length of the longest finger (HAL) and femoral gland granule number (FGG). Webbing
formulae follow Blommers-Schlosser (1979); femoral gland terminology follows Glaw
et al. (2000); skin ridge and tubercle terminology follows Vences & Glaw (2001).

Previous analyses (Scherz et al. 2017a, b) had attributed the two target candidate
species to the G. salegy subclade recovered in the multigene analysis of Kaffenberger et
al. (2012). We therefore added sequences of the mitochondrial 16S rRNA gene (16S)
from Scherz et al. (2017b) for Gephyromantis sp. Ca30 to the alignment of Scherz et al.
(2017a) which included all described species of this subclade, and complemented this
dataset with newly obtained sequences of a second 16S rRNA fragment, and of a
fragment of the 12S rRNA gene (125) for this candidate species. We extracted DNA
using a standard salt extraction protocol from samples of muscle tissue preserved in 99
% ethanol in the field, used polymerase chain reaction to amplify and sequence the
target fragments, and sequenced these directly on an automated capillary DNA
sequencer. Primers and amplification protocols used were as follows (Vences et al.
2003): 128, primer 12SAL (AAACTGGGATTAGATACCCCACTAT), and 12SBH
(GAGGGTGACGGGCGGTGTGT), 35 cycles of 94°C (45 s), 50°C (60 s), 74°C
(120 s). 16S, primer 16SL3 (AGCAAAGAHYWWACCTCGTACCTTTTGCAT and
16SAH (ATGTTTTTGATAAACAGGCG), 94°C (90 s) followed by 33 cycles of 94°C
(45 s), 55°C (45 s), 72°C (90 s). All new DNA sequences were submitted to GenBank
(accession numbers MH307657-MH307659 and MH307662-MH307664).

For phylogenetic analysis based on model selection under the Bayesian
Information Criterion in jModeltest 2 (Darriba et al. 2012), we implemented a HKY+G
substitution model in Maximum Likelihood (ML) and Bayesian Inference (BI) analyses.
ML was run in MEGA7 (Kumar et al. 2016) and node support assessed with 2000 non-
parametric ML bootstraps. BI was run in MrBayes 3.2 (Ronquist ef al. 2012), with two
parallel runs for 50 million generations, sampling every 1000th tree, and discarding 25
% of the sampled trees as burn-in. Chain mixing and stationarity were assessed by
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examining the standard deviation of split frequencies and by plotting the -InL per
generation using Tracer 1.5 software (Rambaut & Drummond 2007). Genetic
divergences are quantified as uncorrected pairwise distances (p-distances).

Call recordings from Ampotsidy (District de Bealanana, Région Sofia,
Madagascar) and Marojejy (District d’Andapa, Région Sava, Madagascar) were made
on a Marantz PMD661 MKII with a Sennheiser ME66/K6 supercardioid microphone, at
44.1 kHz. Recordings from Sorata (District de Vohemar, Région Sava, Madagascar)
were made on an Edirol R-09 with its internal microphone. Bioacoustic analysis was
performed in Cooledit Pro 2.0 (Syntrillium Corp.). Air temperatures were measured to
the nearest 0.1°C after recording using an infrared thermometer pointed in the general
direction of the calling specimen when possible. Terminology of call descriptions
follows Kohler et al. (2017).

RESULTS

Phylogenetic analysis of three segments of the mitochondrial 16S and 12S genes
(fig. 1) produced a tree with relatively high Bayesian posterior probability values (PP)
at most nodes, but moderate to low Maximum Likelihood bootstrap support (BS).
Gephyromantis sp. Ca30 was recovered as sister to G. (D.) schilfi (Glaw & Vences
2000) with fairly high support (PP 1.0, BS 84 %) from which it is separated by an
uncorrected p-distance of 5.1 % in the region of the 16S gene fragment typically used
for the molecular taxonomic identification (barcoding) of Madagascan frogs (e.g.
Vieites et al. 2009). Gephyromantis (Duboimantis) sp. Ca32 was recovered as sister to
G. tandroka with high support (PP 1.0, BS 92 %), from which it is also separated by an
uncorrected p-distance of 5.1 %. The recently described G. (D.) tohatra Scherz,
Razafindraibe, Rakotoarison, Dixit, Bletz, Glaw & Vences, 2017 was recovered without
support as sister to the clade containing G. (D.) sp. Ca30 and G. (D.) schilfi. Two clades
were formed within G. (D.) schilfi corresponding to the two localities (Marojejy and
Sorata) whence this species is known, but the genetic differences between these two
clades were much lower (0.6-0.8 %; see Scherz et al. 2017a).

We compared the morphology of G. (D.) sp. Ca30 and G. (D.) sp. Ca32 to other
members of the subgenus Duboimantis, and to G. (D.) tandroka and G. (D.) schilfi in
particular as these were found to be their respective sister species. We found G. (D.) sp.
Ca30 (SVL 39-43 mm in adult males) to be larger than G. (D.) tandroka (36—40 mm in
adult males). Otherwise these two species are highly similar—far more so than G. (D.)
sp. Ca30 to its sister species (as suggested by mitochondrial DNA) G. (D.) schilfi,
which is much smaller (27-30 mm in adult males). Males of Gephyromantis (D.) sp.
Ca32 are morphologically quite distinctive as they are characterised by large, distinct
femoral glands, which are indistinct in most other members of the G. (D.) tandroka
complex. We investigated the bioacoustics of the two candidate species in comparison
to other members of the G. tandroka complex in the subgenus Duboimantis (fig. 2-3).
To facilitate this comparison, we provide a new description of calls of G. (D.) tandroka
recorded in 2005 (Vences et al. 2006) and 2016 (deposited in the Tierstimmenarchiv,
DOI: 10.7479/vd5c-3waj).

Calls of one male G. (D.) tandroka (ZSM 417/2016; fig. 2-3) were recorded on
17 November 2016 at 19 h 15 at an estimated air temperature of 17°C, at the type
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locality, Camp 3 in Marojejy, ca. 1300 m a.s.l. A call consists of a single pulsatile note,
with a call (or note) duration of 77-94 ms (88 + 5 ms; N = 10), repeated for long periods
with regular inter-call intervals of 15422034 ms (1721 + 128 ms; N = 10). Each call (or
note) consists of approximately 21-24 indistinct pulses (22.5 + 1.4; N = 10), without
silent interval between them. Pulse intensity decreases towards the end of the call. The
dominant frequency is between 2885-3100 Hz (3048 + 81 Hz; N = 10). The
approximate prevalent bandwidth is between 1100-5900 Hz, with relevant energy bands
also between 6000-9000 Hz.

G. schilfi FGZC 2810 Marojejy
49/0.87 | G. schilfi FGZC 2819 Marojejy
G. schilfi FGZC 2900 Marojejy
G. schilfi ZCMV 15246 Marojejy
8210 | 'G. schilfizCMV 15229 Marojejy
G. schilfi FGZC 3645 Sorata
G. schilfi FGZC 3670 Sorata
84/1.0 79/0.96 G. schilfi FGZC 3644 Sorata

G. schilfi FGZC 3654 Sorata

G. schilfi FGZC 3673 Sorata

45/0.65 | G. saturnini MSZC 123 Ampotsidy
M{ G. saturnini MSZC 153 Ampotsidy A ‘H* 5 -
G. saturnini MSZC 164 Ampotsidy §2it, % 5 G, saturnini sp. nov.
| . tohatra ZCMV 15245 Marojey ! (=G. sp. Ca30)
99/1.0 ' G. tohatra ZCMV 15236 Marojejy =N
G. tandroka FGZC 2812 Marojejy _ G. tohatra

44/0.72

57/0.80 | G. tandroka ZCMV 2006 Marojejy
G. tandroka ZCMV 2010 Marojejy
G. tandroka FGZC 2816 Marojejy
G. tandroka FGZC 2741 Marojejy
60/0.86 ' G. tandroka ZCMV 15165 Marojejy
92/1.0 G. grosjeani FGZC 3624 Sorata
. grosjeani FGZC 3749 Sorata
. grosjeani FGZC 3690 Sorata
. grosjeani FGZC 3693 Sorata
. grosjeani FGZC 3583 Sorata
. grosjeani FGZC 3584 Sorata il ; G. grosjeani sp. nov.
. grosjeani FGZC 3598 Sorata (=G. sp. Ca32)

. grosjeani FGZC 3585 Sorata

. grosjeani FGZC 3599 Sorata

99/1.0

100/1.0

OO OHO 6000

G. salegy FA m56 Ambolokopatrika

Figure 1. Maximum Likelihood tree based on 1106 bp of the mitochondrial 12S and 16S rRNA gene
fragments, showing phylogenetic relationships of the two new species to their closest relatives among
Gephyromantis. Support values at nodes are ML likelihood bootstrap values and BI posterior
probabilities. Gephyromantis granulatus was used as outgroup (removed for better graphical
representation). Inset photos show representative individuals of the target species, size of the pictures
roughly to scale.
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Additional calls were recorded on 16 February 2005 at the same site, at an air
temperature of ca. 21°C (fig. 2-3). This recording, available in Vences et al. (2006), is
of poorer quality and was done with a tape recorder. Calls are in general similar to those
recorded in 2016, but the calls of various males in a chorus all have longer call
durations, caused by a noisy ‘tail’ at the end which might be artefactual. The calls are
pulsatile, but single pulses cannot be reliably recognized. Temporal and spectral
measurements of one male (N = 10 calls) are as follows: call duration 113—-152 ms (123
+ 14 ms), inter-call interval duration 1877-2447 ms (2226 + 207 ms), dominant
frequency 2842-3186 Hz (3082 £+ 116 Hz), approximate prevalent bandwidth 1200—
5500 Hz. In very large and persistent choruses, heard over numerous nights in 2005 and
2016, we do not recall hearing multi-note calls from G. tandroka.

Calls recorded from two individuals of G. (D.) sp. Ca30 (ZSM 61/2016 and
62/2016; fig. 2-3) were highly similar to one another, and, although similar note-for-
note to the calls of G. (D.) tandroka, differ strongly in call structure, being typically
composed of pairs or triplets of notes except the first few calls, compared to the single-
note calls of that species. In this respect they resemble more closely the calls of G.
zavona and G. leucomaculatus (Vences et al. 2006). They bear little similarity to the
calls of G. (D.) schilfi, which are long, highly pulsed single-note calls (Glaw & Vences
2000; Vences et al. 2006). Calls from a single individual of G. (D.) sp. Ca32 were more
similar to G. (D.) tandroka in call structure, being also composed of single calls (fig. 2—
3), but differed in other call parameters, especially in call and inter-call interval
duration; for details see below.

In light of their strong genetic differentiation together with morphological and
bioacoustic differences from all described species of the G. tandroka complex in the
subgenus Duboimantis, we describe G. (D.) sp. Ca30 and G. (D.) sp. Ca32 as new
species:

Gephyromantis (Duboimantis) saturnini sp. nov.
(fig. 1-7, Table 1)

LSID: urn:1sid:zoobank.org:act:8CD78532-677C-4352-AEE8-C291B0715A11

Gephyromantis (Duboimantis) sp. Ca30 — (Scherz et al. 2017a, b)

Specimens allocated to new species
Holotype

ZSM 61/2016 (MSZC 0123), an adult male collected in the eastern parcel of the
Ampotsidy mountains (14.4133°S, 48.7175°E, 1450 m a.s.l.), District de Bealanana,
Région Sofia, northern Madagascar, at 18 h 30 on 31 December 2015 by M. D. Scherz,
J. Borrell, L. Ball, T. Starnes, E. Razafimandimby, D. H. Nomenjanahary and J.
Rabearivony.
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Paratypes

UADBA-A 61674 (ex-ZSM 66/2016, MSZC 0164), an adult male collected
between 20 h 30 and 21 h 55 on 7 January 2016 in the western parcel of the Ampotsidy
mountains (14.4123°S, 48.7118°E, 1481 m a.s.l.), and ZSM 62/2016 (MSZC 0153), an
adult male collected at 23 h 50 on 6 January 2016 in the eastern parcel of the Ampotsidy
mountains (14.4134°S, 48.7173°E, 1476 m a.s.l.), District de Bealanana, Région Sofia,
northern Madagascar, by M. D. Scherz, J. Borrell, L. Ball, T. Starnes, E.
Razafimandimby, D. H. Nomenjanahary and J. Rabearivony.

G. saturnini sp. nov. (Ampotsidy: ZSM 61/2016)

l
(

G. saturnini sp. nov. (Ampotsidy: ZSM 62/2016)

G. tandroka (Marojejy: ZSM 417/2016)

S S o
BHEEERERR

G. tandroka (Marojejy: Vences et al. 2006)

— H—+
b+
G. grosjeani sp. nov. (Sorata)
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Figure 2. Comparative oscillograms of parts of call series of some representative of the G. tandroka
complex in the subgenus Duboimantis. The figure shows the typical pattern of multi-note calls in
Gephyromantis (Duboimantis) saturnini sp. nov. vs. G. (D.) tandroka and G. (D.) grosjeani sp. nov. The
recording of G. tandroka from 2005 (taken from Vences et al. 2006) is of a chorus of multiple specimens;
for visualization, the amplitude of calls of other specimens was strongly reduced to highlight the calls of
the specimens closest to the microphone.
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Diagnosis

A Gephyromantis species assigned to the subgenus Duboimantis on the basis of
its fairly smooth skin, interocular tubercles, large body size and presence of inner and
outer dorsolateral folds. Gephyromantis saturnini is characterised by the following
unique suite of characters: (1) large body size (SVL 39.4-42.8 mm in adult males), (2)
paired subgular vocal sacs, (3) HIL/SVL 1.79-1.87, (4) TD/ED 0.48-0.56, (5) presence
of inner and outer dorsolateral folds, (6) reticulated low ridges on the dorsum, (7)
distinct interocular tubercles, (8) indistinct femoral glands consisting of 9-16 faint
granules. It is furthermore characterised by advertisement calls consisting of 1-3
pulsatile notes, emitted in series of 7-8 calls.

G. saturnini sp. nov. (Ampotsidy: ZSM 61/2016) G. saturnini sp. nov. (Ampotsidy: ZSM 62/2016)
10 Q
7] §s
f: 6: b v ?‘6
§ 4 i ke 84
E 21 ! ! £ 2
c- 0
wE - 5=
2E ¢E
0 i 500 ) 1000 0 ) 500 ) 1000
Time (ms) Time (ms)
G. tandroka (Marojejy: ZSM 417/2016) G. grosjeani sp. nov. (Sorata)
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Figure 3. Comparative spectrograms and oscillograms of calls of some representatives of the G. tandroka
complex in the subgenus Duboimantis.
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Comparisons

Within the genus Gephyromantis, G. saturnini may be distinguished from all
members of the subgenus Gephyromantis on the basis of much larger body size (SVL
39.4-42.8 mm vs. 20-33 mm); from all members of the subgenus Asperomantis on the
basis of generally larger body size (SVL 39.4-42.8 mm vs. 26.640.7 mm); from all
members of the subgenus Phylacomantis on the basis of the presence of distinct
dorsolateral ridges (vs. absent or discontinuous), indistinct femoral glands (vs. distinct),
more slender body shape and absence of outer metatarsal tubercle (vs. presence); from
all members of the subgenus Laurentomantis on the basis of much larger body size
(SVL 39.4-42.8 mm vs. 20-34 mm), smooth skin (vs. highly granular to rugose); and
from all members of the subgenus Vatomantis on the basis of much larger body size
(SVL 39.4-42.8 mm vs. 23-31 mm), lack of greenish skin colouration (vs. presence)
and less slender limbs. Within the subgenus Duboimantis, it may be distinguished from
G. (D.) cornutus (Glaw & Vences, 1992) and G. (D.) redimitus (Boulenger, 1889) by
the possession of paired subgular vocal sacs (vs. single); from G. (D.) luteus (Methuen
& Hewitt, 1913), G. (D.) sculpturatus (Ahl, 1929) and G. (D.) plicifer (Boulenger,
1882) by less webbed toes, lack of concave black suprascapular markings (vs. usually
present) and presence of only diminutive heel spines (vs. distinct heel spines); from G.
(D.) moseri (Glaw & Vences, 2002) by the much less rugose dorsum and smaller
supraocular tubercles; from G. (D.) salegy (Andreone, Aprea, Vences & Odierna, 2003)
and G. (D.) redimitus by considerably smaller body size (SVL 39.4-42.8 mm vs. 4653
mm); from G. (D.) schilfi, G. (D.) tschenki (Glaw & Vences, 2001) and G. (D). tohatra
by much larger body size (SVL 39.4-42.8 mm vs. 27-36 mm); from G. (D.) zavona
(Vences, Andreone, Glaw & Randrianirina, 2003), G. (D.) leucomaculatus (Guibé,
1975) and G. (D.) granulatus (Boettger, 1881) by the presence of distinct interocular
tubercles (vs. absence). From the most similar species, G. (D.) tandroka, G. (D.)
saturnini may be distinguished by generally larger adult male size (SVL 39.4-42.8 mm
vs. 35.6-40.1 mm; see Table 1).

Bioacoustically, G. (D.) saturnini most strongly resembles G. (D.) tandroka to
the human ear, but differs consistently in call series structure (1-3 notes per call vs.
always single-note calls). Its call series structure resembles more strongly G. (D.)
leucomaculatus and G. (D.) zavona in this respect, but it differs from G. (D.) zavona in
having a maximum of three notes per call (vs. up to five) and a lower dominant
frequency (2497-2670 Hz vs. 3171-3785 Hz); and from G. (D.) leucomaculatus in
having a longer inter-note interval within two-note calls (150-237 ms vs. 83—116 ms)
and a lower dominant frequency (2497-2670 Hz vs. 2917-3168 Hz). To compare the
calls by ear to other members of the subgenus Duboimantis, the reader is referred to our
deposited calls and those available from Vences et al. (2006), which are also available
online at www.fonozoo.com.

Genetically, the species is distinguished from all other species of Gephyromantis
by uncorrected p-distances of at least 5.1 % in the analysed 16S rRNA gene fragment.
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Description of holotype ZSM 61/2016, adult male

Specimen in a good state of preservation, a tissue sample taken from the left
thigh. SVL 39.4 mm. For other measurements see Table 1. Body somewhat gracile;
head longer than wide, not as wide as body (body is somewhat inflated in preservative);
snout pointed in dorsal and lateral view; nostrils directed laterally, protruding slightly,
much nearer to tip of snout than to eye; canthus rostralis distinct, straight; loreal region
concave and weakly oblique; tympanum distinct, oval, its horizontal diameter 56 % of
eye diameter; supratympanic fold distinct, weakly curved, from the posterior corner of
the eye to above the insertion of the arm; tongue fairly broad, posteriorly bifid;
vomerine teeth clearly distinct, arranged in two small aggregations on either side of the
midline of the palate at the level of the anterior edge of the eye, posteromedial to
choanae; choanae small and rounded and laterally displaced. Dark, translucent dermal
fold below each jaw starting at the level of the anterior edge of the eye. Arms slender,
subarticular tubercles single, highly distinct; outer metacarpal tubercle small and oval
and inner metacarpal tubercle small; fingers without webbing; relative length of fingers
1 <2 <4 <3, second finger distinctly shorter than fourth; finger discs distinctly
enlarged, round, nuptial pads absent. Hindlimbs slender; lateral metatarsalia slightly
separated distally with webbing; subarticular tubercles highly distinct; inner metatarsal
tubercle distinct, anteriorly oriented, outer metatarsal tubercle absent; webbing formula
of foot according to the scheme of Blommers-Schlosser (1979) 1(1), 2i(1.5), 2e(1),
3i(2), 3e(1.25), 4i(2.5), 4e(2.25), 5(1); relative toe length 1 <2 <3 <5 < 4, third toe
much shorter than fifth; toe discs distinctly enlarged. Skin dorsally granular, with two
pairs of distinct dorsolateral ridges, corresponding to the inner and outer ridges of
Vences & Glaw (2001), one pair running from the posterior of the eye to the
suprascapular region, and the other pair along the dorsolateral ridge of the body;
between these ridges over the dorsum posterior to the head is a reticulated pattern of
fine ridges; a small pair of interocular spines is present, and each eye is adorned with
two small supraocular spines; a diminutive dermal flap is present on the heel; ventral
skin smooth on chin and forelimbs, but highly granular on the abdomen and ventral
thighs. Femoral glands indistinguishable in the fixed specimen, but visible from images
of the specimen in life (fig. 4): type 2 sensu Glaw et al. (2000), 4.6 mm long, 2.2 mm
wide (measured in internal view), consisting of 16 granules on the right thigh and 15 on
the left thigh.

In life (fig. 4) the dorsum was a light mocha, with rust markings on the upper
flanks, in a W-shaped marking on the mid-dorsum, on the lateral head and posterior
surface of the eyes, and in an oblong patch over the hips. The light colouration of the
dorsal surface of the head continued as a medial rostral stripe visible in ventral and
anterior view. The inner and outer dorsolateral folds were not remarkably coloured. A
mottled dark line was present between the eyes, with black around the interocular
tubercles. The larger of the two supraocular spines was also surrounded in black. A thin
black stripe was present from the nostril to the eye along the canthus rostralis, and the
lower edge of the supratympanic fold and the tympanum itself were dark brown. A
further dark brown marking was present on the upper lip below the eye. The limbs
exhibited extensive crossbanding: the forelimb had one faint crossband on the upper
arm, and three crossbands on the lower arm, each of the rust colour of the dorsum, with
black on the inner surface; the fingers lacked crossbands but had black flecks, without
any distinctive colouration of the distal discs. The hindlimbs had five crossbands of
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dark brown tinged with rust and black on the thigh, six on the shank, three on the
tibiotarsus, and two on the foot. The chin was mottled translucent and light yellow
ventrally, only slightly darker on the vocal sacs, becoming translucent over the pectoral
region, and then cream over the abdomen, in turn fading to egg-yolk yellow near the hip
and over the surface of the thighs. The thighs were distally flecked with brown, the
lower legs mottled yellow, beige and brown. The foot was mocha brown ventrally with
tinges of rust on the subarticular tubercles. The hand was also brown ventrally, but its
tubercles were cream in colour.

After roughly two years in preservative, the colour pattern is unchanged, but the
colour itself has faded (fig. 5). Dorsally, areas that were light mocha have become grey
to silver, with light grey dorsolateral ridges, while areas that were rust in life are now
mauve. Both the chin and the pectoral region have lost their translucence and the
colouration on the chin has become darker, and the W-shaped marking on the mid-
dorsum has faded but is still visible. All traces of yellow in the ventral colouration has
been replaced by a dirty cream.

Dorsolateral Dorsal Ventral

ZSM 61/2016

ZSM 62/2016

UADBA-A61674

Figure 4. Type series of Gephyromantis saturnini sp. nov. in dorsolateral, dorsal and ventral view. Scale
bars indicate 5 mm. Femoral gland granules (FGG): ZSM 61/2016, 15 left/16 right, ZSM 62/2016, 10/9,
UADBA-A 61674, 13/10.
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Morphological and chromatic variation

In morphology, the paratypes strongly resemble the holotype; for variation in
measurements, see Table 1. Webbing formula varies in 3e (1 in the paratypes vs. 1.25 in
the holotype) and 51 (0.75—1 in the paratypes). The femoral glands are equally poorly
distinguishable in all specimens, but can be identified with strong magnification (fig 6);
the number of granules varies from 9-16, but they are always indistinct.

Although they are consistently brown in overall colour, the colour patterns of the
type specimens are highly varied (fig. 4), and only a few characteristics are consistent:
the dark canthal stripe is consistently present in the type series, though much thicker in
UADBA-A 61674 than the other paratypes. Crossbands are always present on the limbs,
but the number is variable. The ventral abdomen is consistently cream in colour, and the
mottling of the thighs distally is also fairly consistent among the specimens. The rostral
stripe is present in all of the type series.

Gephyromantis (Duboimantis) saturnini sp. nov.
ZSM 61/2016

Gephyromantis (Duboimantis) grosjeani sp. nov.
ZSM 1554/2012

Figure 5. Holotypes of Gephyromantis (Duboimantis) saturnini sp. nov. (ZSM 61/2016) and G. (D.)
grosjeani sp. nov. (ZSM 1554/2012) in dorsal (left) and ventral (right) view.
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Bioacoustics

The calls of two recorded individuals consisted of pulsatile notes, which were
arranged in note groups of 1-3 notes, and these note groups emitted in a finite series of
7-8 note groups. We here define each note group as a call. In this definition, calls are
thus arranged in call series consisting of 7-8 calls, and each call consists of 1-3 notes.
In the holotype ZSM 61/2016 (recorded on 31 December 2015 at 18 h 30, air
temperature unknown), two call series contained calls with 1-2 notes, and lasted 22.7 s
(7 calls) and 27.3 s (8 calls). Note duration was 56—78 ms (63 = 6 ms; N = 10), and each
note consisted of 12—18 very poorly distinguishable pulses (16 + 2; N = 10), without
silent intervals between them. Inter-call interval duration was 2054—8436 ms (3912 +
2246 ms; N = 10) and decreased toward the end of the call series, i.e., calls were
repeated faster and contained more notes towards the end of a call series. Within two-
note calls, the interval duration between notes was 150—181 ms (165 £ 12 ms; N = 8).
Dominant frequency was between 3057-3227 Hz (3100 + 57 Hz; N = 10), approximate
prevalent bandwidth is between 1000—4500 Hz.

The calls of paratype ZSM 62/2016 (recorded on 6 January 2016 at 23 h 45 at an
air temperature of 15.9°C) were very similar; one call series of 7 calls was available for
analysis. Of these, the first two calls had 1 note, the third and fourth call had two notes
and the last three calls had three notes each. As in the holotype, inter-call interval
duration decreased toward the end of the call series. Temporal and spectral
measurements were as follows: Note duration 87-100 ms (91 + 5 ms; N = 12), inter-call
interval duration 2158-5944 ms (3500 £ 1385 ms; N = 6), inter-note interval within one
call 199-237 ms (209 £ 13 ms; N = 8), dominant frequency 2497-2670 Hz (2583 + 45
Hz; N = 10), approximate prevalent bandwidth 1000-5000 Hz.

Natural history and conservation status

Very little is known of the ecology of this species. Male specimens were
collected at night, sitting on leaves in primary rainforest at 1.1-3 m above the ground.
ZSM 61/2016 was collected 20 m from a small stream on a steep slope. The confirmed
elevational range of the collected specimens is 1450-1481 m a.s.l. and we did not
encounter them below 1400 m a.s.l. Our survey work above 1500 m a.s.l. was
insufficient to be conclusive as to the upper ranges of the distribution of this species, but
the Ampotsidy mountains have a maximum elevation of ca. 1860 m a.s.l.

At present this species is known from just three collected specimens, though
several others were heard in the vicinity of the collected individuals at low density
(MDS pers. obs.). It is known from one area of fragmented forests, which are in an
active state of decline due to ongoing slash-and-burn agriculture, cattle grazing and
logging. However, like other species collected in Ampotsidy (e.g. Gephyromantis
[Asperomantis] angano, Scherz et al. 2017b; Calumma gehringi, Protzel et al. 2017,
Uroplatus fotsivava, Ratsoavina et al. 2017), we suspect that the species will occur
more broadly within the poorly surveyed District de Bealanana. As such, any evaluation
of its conservation status based on current knowledge is liable to dramatically
overestimate its threat status: at present it qualifies as Critically Endangered under
IUCN (2012) criterion Blab(iii) due to its range of below 100 km® (B1) from one
threat-defined location (a) undergoing active decline in extent and quality of its habitat
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(b[iii]). To avoid being inflationary, we recommend that the species be considered Data
Deficient until further survey work has been conducted in the District de Bealanana.

Etymology

We dedicate this species of Duboimantis to Saturnin Pojarski, a pseudonym of
Alain Dubois during his time as a late-night radio presenter on Radio Carbone 14, a
‘pirate’ station that was part of the free radio movement in France in the 1980s. Saturnin
also makes an appearance in a children's book (Dubois & Ohler 2010) as a grandfather
transmitting the enthusiasm for and knowledge of amphibian biology to his grandson,
Augustin.

Figure 6. Femoral glands of male specimens of Gephyromantis tandroka ZSM 321/2005 (FGZC 2812),
femoral gland granules (FGQG) 24 left/21 right (above), G. saturnini sp. nov. Holotype ZSM 61/2016
(MSZC 123), FGG 16/15 (middle) and G. grosjeani sp. nov. (unidentified UADBA specimen), FGG,
41/34 (below). Note the much more distinct glands in the latter species.
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Gephyromantis (Duboimantis) grosjeani sp. nov.

(fig. 1-3, 5-9, Table 1)
LSID: urn:1sid:zoobank.org:act:2D5B8810-A9CD-4363-A960-3F8AA6C61D41

Gephyromantis (Duboimantis) sp. Ca32 — (Scherz et al. 2017a)

Specimens allocated to new species
Holotype

ZSM 1554/2012 (FGZC 3584), an adult male collected at high elevation on the
Sorata massif (13.67-13.69°S, 49.43-49.44°E, ca. 1400-1500 m a.s.l.), District de
Vohemar, Région Sava, northern Madagascar, at night on 26 November 2012 by F.
Glaw, O. Hawlitschek, T. Rajoafiarison, A. Rakotoarison, F. M. Ratsoavina and A.
Razafimanantsoa.

Z5M 321/2005 ZSM 417/2016 ZSM 322/2005

Gephyromantis (Duboimantis) tandroka

féd Ao

ZSM 61/2016 ZSM 62/2016 UADBA-A61674 ZSM 1554/2012 ZSM 1553/2012
Gephyromantis (Duboimantis) Gephyromantis (Duboimantis)
saturnini sp. nov. grosjeani sp. nov.

Figure 7. Heads of Gephyromantis (Duboimantis) saturnini sp. nov. and G. (D.) grosjeani sp. nov. in
dorsal view compared to G. (D.) tandroka. Arrows indicate the interocular tubercles, which appear less
expressed especially in G. (D.) saturnini sp. nov. than in G. (D.) tandroka.
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Paratypes

ZSM 1555/2012 (FGZC 3585) and UADBA uncatalogued (FGZC 3583), two
adult females and UADBA uncatalogued (FGZC 3599), an adult male with the same
collection data as the holotype. ZSM 1553/2012 (FGZC 3749), a male, ZSM 1552/2012
(FGZC 3693), a female and UADBA uncatalogued (FGZC 3690), an unsexed
individual, collected in bamboo forest above the campsite in Sorata (ca. 13.6752°S, ca.
49.4410°E, ca. 1485 m a.s.l.), District de Vohemar, Région Sava, northern Madagascar,
at night between 28-30 November 2012 by F. Glaw, O. Hawlitschek, T. Rajoafiarison,
A. Rakotoarison, F. M. Ratsoavina and A. Razafimanantsoa. UADBA uncatalogued
(FGZC 3598), an adult male collected above the campsite in Sorata (13.6829°S,
49.4419°E, 1312 m a.s.l.), District de Vohemar, Région Sava, northern Madagascar, at
night on 26 November 2012 by F. Glaw, O. Hawlitschek, T. Rajoafiarison, A.
Rakotoarison, F. M. Ratsoavina and A. Razafimanantsoa.

Diagnosis

A Gephyromantis species assigned to the subgenus Duboimantis on the basis of
its fairly smooth skin, interocular tubercles generally present, moderately large body
size and presence of inner and outer dorsolateral folds. Gephyromantis grosjeani is
characterised by the following unique suite of characters: (1) large body size (36.1-38.4
mm in adult males, 40.8—41.0 mm in adult females), (2) paired subgular vocal sacs, (3)
HIL/SVL 1.84-2.03, (4) TD/ED 0.53-0.59, (5) presence of inner and outer dorsolateral
folds, with the inner folds being generally weak, (6) reticulated low ridges on the
dorsum, (7) large, distinct femoral glands in males consisting of 25—41 granules. It is
furthermore characterised by advertisement calls consisting of pulsatile single-note calls
arranged in undefined series.

Comparisons

Within the genus Gephyromantis, G. grosjeani may be distinguished from all
members of the subgenus Gephyromantis on the basis of larger body size (SVL 36.1-
41.0 mm vs. 20-33 mm); from all members of the subgenus Asperomantis by less rough
dorsal skin, less distinct inner dorsolateral ridges, less pronounced supraocular spines
and absence of a pale spot in the middle of the tympanum; from all members of the
subgenus Phylacomantis on the basis of the presence of distinct dorsolateral ridges (vs.
absent or discontinuous), more slender body shape and absence of outer metatarsal
tubercle (vs. presence); from all members of the subgenus Laurentomantis on the basis
of larger body size (SVL 36.1-41.0 mm vs. 20-34 mm), smooth skin (vs. highly
granular to rugose); and from all members of the subgenus Vatomantis on the basis of
much larger body size (SVL 36.1-41.0 mm vs. 23-31 mm), lack of greenish skin
colouration (vs. presence) and less slender limbs. Within the subgenus Duboimantis, it
may be distinguished from all species except G. (D.) salegy, G. (D.) redimitus, G. (D.)
plicifer and G. (D.) moseri by larger and/or more distinct femoral glands in males.
Additionally, it may be distinguished from G. (D.) cornutus and G. (D.) redimitus by
the possession of paired subgular vocal sacs (vs. single); from G. (D.) luteus, G. (D.)
sculpturatus and G. (D.) plicifer by less webbed toes, lack of concave black
suprascapular markings (vs. usually present) and presence of only diminutive heel
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spines (vs. distinct heel spines); from G. (D.) moseri by the much less rugose dorsum
and smaller supraocular tubercles; from G. (D.) salegy and G. (D.) redimitus by much
smaller body size (SVL 36.1-41.0 mm vs. 46-53 mm); from G. (D.) saturnini by
smaller adult male body size (36.1-38.4 mm vs. 39.4-42.8 mm) and less distinct inner
dorsolateral folds; from G. (D.) schilfi, G. (D.) tschenki and G. (D). tohatra by larger
body size (SVL 36.1-41.0 mm vs. 27-36 mm); from G. (D.) zavona, G. (D.)
leucomaculatus and G. (D.) granulatus by the general presence of interocular tubercles
(vs. absence). From the highly similar G. (D.) tandroka, it may be distinguished most
reliably by the distinct femoral glands in males (fig. 6) and provisionally (due to low
sample sizes) males may differ by slightly longer relative foot length (FOL/SVL 0.58-
0.59 vs. 0.51-0.57) and females may differ by slightly longer relative forelimb length
(FORL/SVL 0.62—0.63 vs. 0.64—69). The interocular spines of this species appear to be
smaller and less distinct than those of G. tandroka, even when they are present (fig. 7).

Genetically, the species is distinguished from all other species of Gephyromantis
by uncorrected p-distances of at least 5.1 % in the analysed 16S rRNA gene fragment.

The calls of G. (D.) grosjeani strongly resemble those of G. (D.) tandroka, but
differ slightly in call duration (119-128 ms vs. 77-94 ms) and inter-call interval
duration (1977-2720 ms vs. 1524-2034 ms), but the assessment of the diagnostic value
of these differences requires additional data.

Description of holotype ZSM 1554/2012, adult male

Specimen in a good state of preservation, a tissue sample taken from the left
thigh. SVL 38.4 mm. For other measurements see Table 1. Body somewhat gracile;
head longer than wide, not as wide as body (body is somewhat inflated in preservative);
snout pointed in dorsal view, rounded in lateral view; nostrils directed laterally,
protruding slightly, much nearer to tip of snout than to eye; canthus rostralis distinct,
straight; loreal region concave and weakly oblique; tympanum indistinct, oval, its
horizontal diameter 58 % of eye diameter; supratympanic fold distinct, curved, from the
posterior corner of the eye to above the insertion of the arm; tongue fairly narrow,
posteriorly bifid; vomerine teeth clearly distinct, arranged in two small aggregations on
either side of the midline of the palate at the level of the anterior edge of the eye,
posteromedial to choanae; choanae small and rounded and laterally displaced.
Pigmented translucent dermal fold below each jaw starting at the level of the anterior
edge of the eye. Arms quite stocky, subarticular tubercles single, highly distinct; outer
metacarpal tubercle small and oval and inner metacarpal tubercle relatively well
developed; fingers without webbing; relative length of fingers 1 <2 <4 < 3, second
finger distinctly shorter than fourth; finger discs distinctly enlarged, round, nuptial pads
absent. Hindlimbs slender; lateral metatarsalia separated distally with webbing;
subarticular tubercles highly distinct; inner metatarsal tubercle distinct, anteriorly
oriented, outer metatarsal tubercle absent; webbing formula of foot according to the
scheme of Blommers-Schlosser (1979) 1(1), 2i(1.5), 2e(1), 3i(2), 3e(1.5), 4i(2.75),
4e(2.5), 5(1); relative toe length 1 <2 <3 =5 <4, third toe equal in length to fifth; toe
discs distinctly enlarged. Skin dorsally smooth, with one pair of distinct dorsolateral
ridges running from the suprascapular region to the hip, and weak suggestion of a pair
of inner dorsolateral ridges as termed by Vences & Glaw (2001) only over the
suprascapular region; interocular spines absent; two diminutive supraocular spines
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present; a diminutive dermal flap is present on the heel; skin smooth on chin, forelimbs
and hindlimbs ventrally, but highly granular on the abdomen and lower flanks. Femoral
glands distinct, large, type 2 sensu Glaw ef al. (2000), 8.1 mm long, 3.6 mm wide
(measured in external view), consisting of 37 granules on the right thigh and 31 on the
left thigh (counted in internal view).

The colouration in life is unknown. After six years in preservative (fig. 5), the
dorsum is grey-beige fading through salmon laterally onto grey flanks; the outer
dorsolateral folds are cream. The lateral head is distinctly different in colour from the
dorsum, with burnt umber patches over the tympanum, under the eye, along the canthus
rostralis and around the nostril, separated by cream patches. The forelimb is cream in
base-colour with thin blackish markings along the posterior edge of the upper forelimb,
with salmon-grey crossbands with blackish internal markings from the hand to the
elbow. The dorsal surface of the hand is externally the same salmon-grey colour, and
internally cream. The dorsal hindlimb is light salmon in base colour with numerous
mauve crossbands dorsally that darken to nearly black on the leading and trailing edges;
there are roughly seven crossbands on the thigh, four or five on the shank and five
becoming more indistinct on the foot; the toes lack crossbands. The hidden surfaces of
the posterior thigh are a coffee brown towards the knee, becoming dappled with cream
toward the cloaca, with a poorly-defined dark brown trapezoid below the cloaca. The
ventral base colour is cream, immaculate over the abdomen and ventral surfaces of the
forelimbs, but dappled with dark brown on the chin. The ventral surfaces of the hands
and feet are a muddy grey. The thighs are cream with irregular small light brown spots
all over except on the femoral glands ventrally, which are cream.

Morphological and chromatic variation

In morphology, the paratypes strongly resemble the holotype; for variation in
measurements, see Table 1. Females are apparently larger than males (40.8—41.0 mm
vs. 36.1-38.4 mm in males), but no other sexual dimorphisms are visible except the
absence of the distinct femoral glands in females. Males have clearly bilobed subgular
vocal sacs (fig. 8) The distinctiveness of the inner dorsolateral folds is variable, being
distinct in ZSM 1552/2012, but weak or almost absent in the other specimens examined.
Interocular tubercle presence is variable: present in ZSM 1552/2012 and 1553/2012, but
absent in the holotype and ZSM 1555/2012 (fig. 7). The strength of the supraocular
tubercles is slightly less variable, being small in all specimens, but exceptionally so in
ZSM 1555/2012. Femoral glands vary in the number of granules (25—41) and the shape
of the gland (fig. 6 & 9); the glands of ZSM 1553/2012 measure 5.4 mm long by 2.7
mm wide.

The dorsal colouration of this species is highly variable (fig. 9), while the ventral
colouration is largely consistent, even between males and females except that the
females lack the different colouration of the vocal sacs present in males. Dorsal base-
colour ranges from the beige to salmon of the holotype to dark brown in preservative.
The outer dorsolateral folds can be distinctly cream as in the holotype, or indistinct in
colour as in ZSM 1552/2012. ZSM 1555/2012 differs dramatically in body colouration
in having a strong colour border on the whole body between the dark brown dorsum and
the light cream flanks. Laterally, the head can be solid black above with a white lip (e.g.
ZSM 1553/2012) or wholly cream with only dark brown on the tympanum (ZSM
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1555/2012). The number of crossbands on the limbs is wholly variable. When present,
interocular tubercles are surrounded with blackish circles.

Bioacoustics

The advertisement call, recorded on 29 November 2012 at 20 h 30 at an
elevation of ca. 1400 m a.s.l. in moderately disturbed primary montane forest (air
temperature not recorded), consists of a single pulsatile note, with a call (= note)
duration of 119-128 ms (121 + 4 ms; N = 10 calls of one male), repeated for long
periods with regular inter-call intervals of a duration of 1977-2720 ms (2363 + 226 ms;
N = 10). Each call (or note) consists of approximately 23-25 indistinct pulses (23.9 +
0.7; N = 10), without clear silent interval between them. Pulse intensity decreases
towards the end of the call, and pulses appear longer and more densely packed in the
beginning of the call, becoming more distinct and more widely spaced toward the end.
Dominant frequency is between 2713-3186 Hz (2936 + 120 Hz; N = 10). Approximate
prevalent bandwidth is between 1200-5800 Hz.

Figure 8. A calling male specimen of Gephyromantis (Duboimantis) grosjeani sp. nov. (specimen
unidentified). Note the clearly bilobed subgular vocal sacs.
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Figure 9. Photos in life of four specimens of Gephyromantis (Duboimantis) grosjeani sp. nov. from
Sorata. (a—f) unidentified males (UADBA-A specimens) with femoral gland granule (FGG) numbers of
(b) 41 left/34 right, (d) 31/34 and (f) 25/27; (g-h) female ZSM 1552/2012 (FGZC 3693).
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Natural history and conservation status

Numerous male individuals were heard calling at night at the end of November,
sitting on branches and leaves, especially of ferns, in disturbed primary rainforest and
bamboo forest, ca. 1-3 m above the ground at an elevation of ca. 1300-1500 m a.s.l.,
but we suspect that the species will be distributed more widely in the poorly surveyed
Sorata and Andravory regions and perhaps other high-altitude rainforests in northern
Madagascar. Similarly to G. saturnini sp. nov. described above, an evaluation of the
conservation status of G. grosjeani sp. nov. based on current knowledge is liable to
dramatically overestimate its threat status: at present it qualifies as Critically
Endangered under IUCN (2012) criterion Blab(iii) due to its range of below 100 km?
(B1) from essentially one threat-defined location (a) undergoing relative dramatic
decline in extent and quality of its habitats (b[iii]). To avoid being inflationary, we
recommend that the species be considered Data Deficient until further survey work has
been conducted in surrounding rainforest areas.

Etymology

We dedicate this species to Stéphane Grosjean, who completed his PhD studies
under the mentorship of Alain Dubois, in recognition of his valuable contributions to
the knowledge of Madagascan frog larvae (e.g. Grosjean et al. 2007, 2011a, b).

DISCUSSION

The mitochondrial data on Gephyromantis (Duboimantis) saturnini suggests
close affinities to G. (D.) schilfi, both in terms of uncorrected p-distance (5.1 %) and
phylogenetic relationships (fig. 1). These two species however bear little resemblance to
one another; G. (D.) saturnini is much more similar in appearance to G. (D.) tandroka
(compare fig. 4 with fig. 10) and G. (D.) grosjeani, in terms of size, overall morphology
and bioacoustics. Although it is at present poorly resolved, the position of G. (D.)
tohatra outside of this clade is surprising, because that species is morphologically more
similar to G. (D.) schilfi than is G. (D.) saturnini. These relationships suggest
discordance between overall phenotype and mitochondrial sequence data, and therefore
require further testing with sequences of nuclear genes. The observed discordance could
be the result of one or more recent or ancient hybridisation events, which could be
revealed by mitochondrial-nuclear gene tree discordance.

If our phylogeny is correct in representing relationships, the biogeography of
this complex of frogs is interesting (fig. 11). The type localities of the two new species
are separated by a mere ca. 112 km in a straight line, and the elevations of 1312—1500 m
a.s.l. for G. (D.) grosjeani and 1450-1481 m a.s.l. for G. (D.) saturnini overlap, yet
these two species are each more closely related to taxa in Marojejy (G. [D.] grosjeani to
G. [D.] tandroka) and Marojejy plus Sorata (G. (D.) saturnini to G. [D.] schilfi),
respectively. Marojejy is almost equally distant from both localities (90-120 km; see
fig. 11). This suggests greater connectivity between Marojejy and Sorata, and Marojejy
and the Bealanana area, than between Sorata and the Bealanana area. In other
amphibian taxa we have found a similar level of isolation between species from Sorata
and the Bealanana side of the Tsaratanana massif (Scherz ef al. 2015; 2017¢), and at
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present very few species are known to occur both in the Bealanana area and Sorata.
Those that do occur at these two sites can also be found in Marojejy (e.g. G.
[Asperomantis] tahotra Glaw, Kohler & Vences, 2011). Indeed, Sorata shares several
species with Marojejy (Cramer et al. 2008; Scherz et al. 2017¢, 2018; Protzel et al.
2018). The emerging pattern suggests that the Tsaratanana massif, probably due to its
great elevation, is acting as a barrier to gene flow between areas to its North-East and
South-West, at least to species that occur at sufficiently low elevations to not have ring-
shaped ranges including both sides of the massif. Gene flow along either side of the
massif is less inhibited, resulting in the connectivity we see between Sorata and
Marojejy and, to a lesser degree, the Bealanana area and Marojejy.

With the description of these two new species, we bring the subgenus
Duboimantis to 16 described species. The centre of diversity of this subgenus is
unquestionably northeastern Madagascar (Kaffenberger et al. 2012), although some
members are more widespread throughout the east of the island (Glaw & Vences 2007).
The new species described here conform to this pattern. Although all members of the G.
(D.) tandroka complex are relatively high-elevation species, they are not as ecologically
conserved as this might suggest. Forests above 1300 m a.s.l. in Marojejy (type localities
of G. [D.] schilfi, G. [D.] tohatra and G. [D.] tandroka) are montane high-elevation
forest with a low canopy and dense epiphyte coverage. The type locality of G. (D.)
grosjeani is similar in these regards, but it occurs also in bamboo forest, which was not
seen at this elevation in Marojejy. The forests of Ampotsidy from 1400-1600 m a.s.l.
(type locality of G. [D.] saturnini) are rather humid forests, with little understory, a
high canopy and relatively few epiphytes. This habitat is somewhat different from those
of the other members of this complex, and its ecology may differ accordingly. More
data are needed on its reproductive habits before we can draw conclusions to this effect
however.

Finally, we are pleased to note that the type localities of both of the new species,
as well as most members of the G. (D.) tandroka complex, are within the network of
protected areas that have recently been expanding in northern Madagascar (Gardner et
al. 2018, fig. 11). Although these protected areas are in relatively early states of
establishment and as such the habitat within them is still liable to decline through
anthropogenic activity, the future outlook is a positive one.
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Figure 10. Photos in life of four specimens of Gephyromantis (Duboimantis) tandroka from Marojejy.
(a,b) an uncollected male specimen photographed in 2016, femoral gland granules 10 left/8 right, (c,d)
ZSM 321/2005 (FGZC 2812), FGG 23/21, (e,f) ZSM 937/2000, (g—i) ZSM 417/2016 (ZCMV 15165),
FGG 18/12.
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Figure 11. Map of current distribution records of the Gephyromantis (Duboimantis) tandroka species
complex, with reference to the network of protected areas in northern Madagascar. Isolines indicate 200
m.
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Section 3: Ecomorphological evolution through the lens of systematics

In this section, I present a series of papers pertaining to the Madagascar-endemic subfamily Co-
phylinae. These include the descriptions of nine new species and two new genera of frogs, as well
as two studies with a greater focus on the phylogeny and evolutionary history of the group. Partic-
ular emphasis is placed on the evidence for body size and ecological transitions that is becoming
obvious from the increasing clarity given to these groups by systematic treatments.

Chapter 6. PAPER: Two new species of terrestrial microhylid frogs (Microhylidae: Co-
phylinae: Rhombophryne) from northeastern Madagascar

In this chapter I present the description of two new species of Rhombophryne, moderately small,
partially fossorial narrow-mouthed frogs from northeastern Madagascar. Rhombophryne savaka is
a fairly small species related to R. mangabensis, while R. botabota is a medium-sized species relat-
ed to R. laevipes. The fully developed clavicles of R. savaka, compared to the absence of clavicles
in R. mangabensis, suggests a more dynamic history of clavicle loss in Rhombophryne than hither-
to thought. This paper sheds light on the usefulness of osteological data in the field of systematics,
using micro-CT scan data to examine skeletal morphology in a non-destructive manner.

Scherz, M.D., Glaw, F., Vences, M., Andreone, F. & Crottini, A. (2016) Two new species of terres-
trial microhylid frogs (Microhylidae: Cophylinae: Rhombophryne) from northeastern Mada-
gascar. Salamandra, 52(2):91-106.

Digital Supplementary Materials on appended CD:

Supplementary Material — PDF-embedded 3D models of skeletal anatomy of R. botabota and R.
savaka
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Abstract. We describe two new microhylid frog species of the genus Rhombophryne from the humid forests of northeast-
ern Madagascar: Rhombophryne botabota sp. n. and R. savaka sp. n. The former is a medium-sized species, characterised
by darkened lateral sides of the head (present in only one other congener, R. laevipes) and a unique combination of mor-
phological, osteological, and molecular characters. The latter is a rather small species, characterised by medially undivided
vomerine teeth with two large lateral diastemata, and presence of inguinal spots. Rhombophryne savaka sp. n. is the first
species of the genus known from Makira Natural Park, and is reported also from Marojejy National Park and Amboloko-
patrika (Betaolana Forest). Although its distribution range is relatively large compared to those of congeners, its known
extent of occurrence is less than 2,000 km®. As deforestation and habitat degradation persist as threats despite formal legal
protection, we suggest an IUCN Red List status of Vulnerable for this species. Rhombophryne savaka sp. n. is possibly en-
demic to the Marojejy National Park, like several other Rhombophryne species, but is unusual in being found at a relatively
low altitude. As such, it is likely to be at high risk of habitat loss and decreasing range, and we propose a status of Endan-
gered for it. We discuss the affinities of these new species and the variability of calls in this genus.

Key words. Amphibia, Anura, bioacoustics, Makira Natural Park, Marojejy National Park, Ambolokopatrika, Rhombo-

phryne mangabensis, R. alluaudi, new species, COMATSA.

Introduction

Madagascar’s diamond frogs, genus Rhombophryne
BOETTGER, 1880 (Microhylidae: Cophylinae), consist of
14 currently valid nominal species (AmphibiaWeb 2016,
ScHERZ et al. 2015a). They were recently recognized as hav-
ing a high proportion of undescribed diversity, with more
candidate species than named species (WOLLENBERG et
al. 2008, VIEITES et al. 2009, PERL et al. 2014). We have
worked on reducing this taxonomic gap, both to improve
our understanding of this genus and to improve the con-
servation prospects of its species. Seven new species of
Rhombophryne have been described since the year 2000,
but several new ones are still awaiting formal description.
We here describe two new species from northeastern
Madagascar. The phylogenetic position of one of these
has already been resolved in a previous study based on

a multigene dataset of DNA sequences (SCHERZ et al. in
press); we here provide an assessment of the genetic varia-
tion of these two new species based on the mitochondrial
16S rRNA gene fragment, which is traditionally used for
the taxonomic identity assessment of Malagasy amphibi-
ans. X-ray Micro-Computed Tomography (micro-CT) was
used to aid in identifying differences between the new spe-
cies and their congeners.

Materials and methods

Individuals were collected by targeting calling specimens
and by pitfall trapping. They were euthanised by immer-
sion in 0.5% MS 222, fixed in 90% ethanol or 10% buffered
formalin, and subsequently transferred to 70% ethanol for
permanent storage. ZCMV and MVTIS refer to the zoo-

© 2016 Deutsche Gesellschaft fiir Herpetologie und Terrarienkunde e.V. (DGHT), Mannheim, Germany
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logical collection of MIGUEL VENCEs and FGZC to that
of FRANK GLAw, while FAZC and FN refer to the zoologi-
cal collection of FRANCO ANDREONE. Specimens were de-
posited in the herpetological collections of the Université
d’Antananarivo Département de Biologie Animale (UAD-
BA), the Zoologische Staatssammlung Miinchen (ZSM),
and the Museo Regionale di Scienze Naturali, Torino
(MRSN).

This published work and the nomenclatural acts it
contains have been registered in ZooBank, the online
registration system for the ICZN. The LSID (Life Sci-
ence Identifier) for this publication is: urn:lsid:zoobank.
org:pub:21CB910D-7B42-4BE1-8B8A-461578F4818B. 'The
electronic edition of this work will be archived at and
available from the following digital repositories: www.sala-
mandra-journal.com and www.zenodo.org.

Sound recordings were made on a Tascam DRoy dig-
ital field recorder with its built-in microphone, sampled
at 44.1 kHz, and saved at 24-bit uncompressed resolution.
Audio files were processed and analysed in Audacity® 2.1.0
(Audacity Team 2014), including noise reduction and man-
ual silencing of noisy segments. Frequency information
was obtained through Fast Fourier Transformation (FFT;
width 512 points). We define ‘core call duration’ as the du-
ration of the main peak in amplitude of a call to the exclu-
sion of a trailing tail. Figures were produced in R (R Core
Team 2014) using the spectro() function in the Seewave
package (SUEUR et al. 2008). We follow GLAW & VENCES
(1994) and RAKOTOARISON et al. (2015) in considering a
‘call’ of these frogs to consist of a single note, and will use
the terms ‘inter-call interval’ and ‘call duration’ according-
ly. All times were rounded to the nearest ms, and frequen-
cies to the nearest Hz.

Morphometric data was measured using a digital cal-
liper accurate to 0.01 mm, rounded to the nearest 0.1 mm.
Morphometric ratios were calculated prior to rounding.
We measured the following characters: SVL (snout-vent
length), HW (maximum head width), HL (head length,
from the maxillary commissure to the snout tip along the
jaw), ED (horizontal eye diameter), END (eye-nostril
distance), NSD (nostril-snout tip distance), NND (inter-
narial distance), TDH (horizontal tympanum diameter),
TDV (vertical tympanum diameter), HAL (hand length,
from the metacarpal-radioulnar articulation to the tip
of the longest finger), LAL (lower arm length, from the
metacarpal-radioulnar articulation to the radioulnar-
humeral articulation), UAL (upper arm length, from
the radioulnar-humeral articulation to the trunk, meas-
ured along the posterior aspect of the arm), FORL (fore-
limb length as the sum of HAL + LAL + UAL), FOL (foot
length, from the tarsal-metatarsal articulation to the tip
of the longest toe), TARL (tarsal length, from the tarsal-
metatarsal articulation to the tarsal-tibiofibular articula-
tion), FOTL (foot length including tarsus as the sum of
FOL + TARL), TIBL (tibiofibula length), TIBW (tibio-
fibula width), THIL (thigh length, from the vent to the
femoral-tibiofibular articulation), THIW (thigh width at
thickest point, measured in supine position), HIL (hind
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imb length as the sum of FOL + TARL + TIBL + THIL),
IMCL (maximum length of inner metacarpal tubercle),
IMTL (maximum length of the inner metatarsal tuber-
cle). See SCHERZ et al. (2015b) for a figure showing this
measurement scheme.

Micro-CT scanning was conducted using a phoenix na-
notom m (GE Measurement & Control, Wunstorf, Ger-
many). Specimens were mounted on a polystyrene base-
plate using wooden struts, and placed inside a polyethyl-
ene vessel. Scans were conducted at a voltage of 140 kV and
current of 80 mA, for 2,440 projections over 20 minutes.
Volumes initially rendered in phoenix|x reconstruction
software (GE Measurement & Control) were examined in
VG Studio Max 2.2 (Volume Graphics GMBH, Heidelberg,
Germany). Surface models were produced in Amira 6.0.
Our osteological terminology follows TRUEB (1968, 1973).
Supplementary PDF-embedded 3D models were con-
structed using the Adobe® 3D Toolkit and Adobe® Acrobat
X Pro. Micro-CT does not render cartilage, and cartilage
structures are therefore omitted from our osteological de-
scriptions.

Four samples of R. botabota sp. n., one sample of R. al-
luaudi (MOCQUARD, 1901), two samples of R. savaka sp. n.,
one sample of Rhombophryne sp. from Sorata, four samples
of R. mangabensis GLAw, KOHLER & VENCES, 2010, and one
of R. guentherpetersi (GUIBE, 1974) were newly analysed ge-
netically for this study. Toe clippings or thigh muscle were
collected as tissue samples. Total genomic DNA was ex-
tracted from the tissue samples by applying proteinase K
digestion (10 mg/ml concentration) followed by a stand-
ard salt extraction protocol (BRUFORD et al. 1992). We se-
quenced a fragment of ca 550 bp of the 3’ terminus of the
mitochondrial rrnL (large ribosomal RNA, or 16S rRNA
gene). For primers used and cycling protocols applied, see
CROTTINI et al. (2011). Standard polymerase chain reac-
tions were performed in a final volume of 11 pl and using
0.3 pl each of 10 pmol primer, 0.25 ul of total ANTP 10 mM
(Promega, Fitchburg, WI, USA), 0.08 pl of 5 U/ml GoTagq,
and 2.5 pl 5X Green GoTaq Reaction Buffer (Promega).
Successfully amplified PCR products, treated with Ex-
OSAP-IT (Affymetrix, Santa Clara, CA, USA) to inactivate
remaining primers and dNTPs, were directly used for the
cycle sequencing reaction, using dye-labelled terminators
(Applied Biosystems, Foster City, CA, USA) with the am-
plification primers. Labelled fragments were analysed on
an ABI 3130 automated DNA sequencer (Applied Biosys-
tems). Sequences were compared with GenBank sequenc-
es and chromatographs were visually checked and edited,
when necessary, using CodonCode Aligner 3.7.1 (Codon-
Code Corporation, Centerville, MA, USA). This alignment
required the inclusion of gaps to account for indels in only
a few cases. For GenBank accession numbers of the se-
quences used, see Table 1.

Molecular analyses included one sequence of each de-
scribed Rhombophryne species, plus all sequences availa-
ble to us of R. botabota sp. n., R. savaka sp. n., and their
closest relatives, R. alluaudi and R. mangabensis (see Ta-
ble 1). We also included one sequence each of two unde-
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Table 1. List of samples included in the present study for mo-
lecular analyses (ID), species identification, localities, GenBank
accession numbers.

ID Species Locality 16S
MRSN A2620 R. alluaudi Tsararano AY594105
ZSM 3/2002  R. alluaudi Andasibe DQ019606
ZCMV 2209 R. alluaudi Andasibe KU724170
ZCMV 968  R. alluaudi Torotorofotsy EU341105
FGZC 3631  R. sp. Sorata KU724171
FGZC 3651 R longicrus Sorata KR025897
DRV 5836 R. botabota Makira KU724172
ZCMV 11473 R. botabota Makira KU724173
ZCMV 11474 R. botabota Makira KU724174
FGZC 2896  R. botabota Marojejy FJ559297
MRSN A2640 R. botabota Ambolokopatrika AY594104
MRSN A2956 R. botabota Ambolokopatrika KU724175
ZCMV 2065 R. savaka Marojejy KU724176
ZCMV 2079 R. savaka Marojejy KU724177
ZSM 694/2001 R. coronata Mandraka EU341103
FAZC 13887 R. coudreaui ~ Betampona FJ559299
DRV 6220 R. guenther- Tsaratanana KU724178
petersi
FGZC 423 R. laevipes Montagne dAmbre EU341104
ZCMV 886  R. mangabensis Nosy Mangabe EU341109
FGZC 1888  R. matavy Forét dAmbre 7559298
FGZC 2899  R. minuta Marojejy EU341106
ZCMV 12384 R. ornata Tsaratanana KP895584
FAZC 7292  R.sp. Ambolokopatrika EU341111
ZCMV 12359 R. tany Tsaratanana KP895585
ZSM 475/2000 R. testudo Nosy Be AY594125
FGZC 2842  R. vaventy Marojejy EU341107
MVTIS 2001/ S. psologlossa  Benavony EU341066
G54
ZCMV 2118  R. mangabensis Nosy Mangabe KU724179
ZCMV 2119 R. mangabensis Nosy Mangabe KU724180
ZCMV 886  R. mangabensis Nosy Mangabe KU724181
ZCMV 891  R. mangabensis Nosy Mangabe KU724182

scribed species from Ambolokopatrika and Sorata, respec-
tively, in order to confirm whether these new species are
different from the ones we describe here. A homologous
16S rRNA gene sequence of Stumpffia psologlossa BOETT-
GER, 1881 from Benavony was added to the 16S gene frag-
ment alignment for outgroup rooting in the phylogenetic
analyses. The purpose of the presented phylogenetic analy-
ses is to show the closest relationships of the two new spe-
cies to R. mangabensis and R. alluaudi, rather than provide
a strongly supported phylogenetic hypothesis of the rela-
tionships between all Rhombophryne species.

Uncorrected pairwise distances (p-distance trans-
formed into percentage) between individuals of the same
species and between analysed Rhombophryne species and

S. psologlossa were computed using MEGA 6.06 (TAMURA
et al. 2013) (see Table 2).

Bayesian inference searches of the mitochondrial 16S
rRNA gene fragment (Fig. 1) were conducted in MrBayes
3.2.1 (RONQUIST et al. 2012). The simple JC model of substi-
tution was used because this non-overparametrised model
produced a more realistic topology for this short gene seg-
ment. We performed two runs of 10 million generations
(started on random trees) and four incrementally heated
Markov chains (using default heating values), sampling the
Markov chains at intervals of 1000 generations. Stabiliza-
tion and convergence of likelihood values were checked by
visualizing the log likelihoods associated with the posterior
distribution of trees in the software Tracer (RAMBAUT &
DRUMMOND 2007), and occurred after about 3.5—-4 million
generations. The first four million generations were there-
fore discarded, and six million trees were retained post
burn-in and summarized to generate a majority-rule con-
sensus tree.

Results

Two candidate species of Rhombophryne have been rec-
ognized from Marojejy, Ambolokopatrika, and Makira
based on DNA sequence data (VIEITES et al. 2009, PERL
et al. 2014): R. sp. Ca2 and R. sp. Ca4. These taxa are su-
perficially similar in external appearance, and thus far
they have had an unstable phylogenetic position, mostly
due to the lack of a robust phylogeny of the genus. How-
ever, based on our newly obtained DNA sequence data,
we were able to correct previous sequences and provide
a new hypothesis on the position of these candidate taxa
(see Fig. 1). The two Bayesian analyses resulted in identi-
cal trees. Rhombophryne sp. Caz2, hereinafter referred to as
R. botabota sp. n., was recovered as a member of the R. al-
luaudi complex (posterior probability 0.99), and R. sp.
Cag, hereinafter called R. savaka sp. n., was recovered as
the sister species of R. mangabensis (posterior probability
1.00). Our data also reveal genetic differentiation between
the populations of R. botabota from Makira and Maro-
jejy + Ambolokopatrika (see Fig. 1), with an intraspecif-
ic mean uncorrected p-distance of 1.2% (Table 2). At in-
terspecific level, the lowest mean uncorrected p-distances
were observed between R. botabota sp. n. and R. alluaudi
(3.6%) and between R. savaka sp. n. and R. mangabensis
(8.4%); the highest mean uncorrected p-distances were
observed between R. botabota sp. n. and R. savaka sp. n.
versus R. matavy D’CRUZE, KOHLER, VENCES & GLAW,
2010 (10.7%, 13.9%, respectively) (for intraspecific com-
parisons and comparisons with other Rhombophryne spe-
cies, see Table 2).

In conclusion, the two new species, R. botabota sp. n.
and R. savaka sp. n., are genetically distinct from all con-
geners (mitochondrial genetic differentiation > 3.6%; see
Fig. 1 and Table 2). This genetic distinction is corroborated
by osteological and morphological differences, and we here
provide their formal taxonomic description.
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Rhombophryne botabota sp. n.
(Figs 1-5)

ZooBank LSID: urn:sid:zoobank.org:act:Bg5E889C-
C2E2-4362-B20C-37E8C7999A81
Suggested common name: Chubby diamond frog

Holotype: ZSM 358/2005 (FGZC 2896), an adult male
collected in Marojejy National Park (‘Camp Simpona),
14.4364° S, 49.7433° E, 1,326 m above sea level (a.s.l.), Sava
Region, northeastern Madagascar, on 18 February 2005 by
F. GLAW, M. VENCES, and R. D. RANDRIANTAINA.

Paratypes: ZSM 538/2009 (ZCMV 11473), ZSM 539/2009
(ZCMV 11474), two presumably immature males collected
at Angozongahy, on the western side of the Makira plateau
(Camp 1), 15.4370° S, 49.1186° E, 1,009 m a.s.l, Analanji-
rofo Region, northeastern Madagascar, on 21 June 2009 by
M. VENCES, D. R. VIEITES, E RATSOAVINA, R. RANDRIANI-
AINA, E. RAJERIARISON, T. RAJOFIARISON, and J. PATTON;
MRSN A2956 (FN 7164), A2640 (FN 7238), A2954 (FN
7281), A2955 (FN 7300), two males and two females col-
lected at a site known as ‘Andranomadio’ on the Ambo-

*%

lokopatrika/Betaolana ridge which connects the massifs of
Marojejy and Anjanaharibe-Sud (ANDREONE et al. 2000,
RAKOTOMALALA & RASELIMANANA 2003), 14.5304° S,
49.4383° E, 860 m a.s.l,, Sava Region, northeastern Mada-
gascar, on 9—15 December 1997 by . ANDREONE, G. APREA,
and J. E. RANDRIANIRINA.

Remark: This species was included in the phylogenies pro-
duced by VIEITEs et al. (2009) and PERL et al. (2014) as
R. sp. 2 (EU341102) and R. sp. Ca2 (KF611585), respective-
ly. The GenBank accession number erroneously given in
the Supplementary Information of VIEITES et al. (2009)
for R. sp. 4 (FJ559297) also referred to R. botabota (FGZC
2896) and the sequence of R. sp. Ca4 in SCHERZ et al.
(2015b) therefore represents R. botabota as well.

Diagnosis: A Malagasy microhylid frog assigned to the
genus Rhombophryne on the basis of its possessing clav-
icles coupled with knobbed rather than Y-shaped termi-
nal phalanges (SCHERzZ et al. in press) and phylogenet-
ic position based on our analysis of the 16S rRNA gene.
Rhombophryne botabota sp. n. is characterised by the fol-
lowing combination of features: medium size (SVL 24.2-

Stumpffia psologlossa Benavony EU341066
Rhombophryne coudreaui Betampona FJ559299
Rhombophryne alluaudi Tsararano AY594105

Rhombophryne alluaudi DQ019606

_i* ERhombophryne alluaudi Andasibe KU724170

Rhombophryne alluaudi Torotorofotsy EU341105
Rhombophryne botabota Makira DRV

*%|- Rhombophryne botabota Makira Z
Rhombophryne botabota Makira ZC|
Rhombophryne botabota Marojej
« Rhombophryne botabota Ambol
Rhombophryne botabota Ambol

**[Rhombophryne savaka Marojejy ZCMV 2065 KU724176
Rhombophryne savakaMarojejy ZCMV 2079 KU724177

% %|

*%

*%*

)

* %

[Rhombophryne mangabensis Nosy Mangabe EU341109

**| - Rhombophryne mangabensis Nosy Mangabe ZCMV 2118 KU724179
Rhombophryne mangabensis Nosy Mangabe ZCMV 886 KU724181
Rhombophryne mangabensis Nosy Mangabe ZCMV 2119 KU724180
Rhombophryne mangabensis Nosy Mangabe ZCMV 891 KU724182

- Rhombophryne laevipes Montagne d’Ambre EU341104
4|j‘— Rhombophryne matavy Forét d’Ambre FJ559298
Rhombophryne testudo Nosy Be AY594125

Rhombophryne sp. Sorata FGZC 3631 KU724170

Rhombophryne tany Tsaratanana KP895585
Rhombophryne guentherpetersi Tsaratanana DRV 6220 KU724178
Rhombophryne ornata Tsaratanana KP895584

Rhombophryne coronata Mandraka EU341103
Rhombophryne sp. Ambolokopatrika EU341111

Rhombophryne vaventy Marojejy EU341107

4**|:Rhombophryne longicrus Sorata KR025897

Rhombophryne minuta Marojejy EU341106

0.02

Figure 1. Bayesian inference tree of Rhombophryne species based on 545 bp of the mitochondrial 16S rRNA gene fragment. Asterisks

denote Bayesian posterior

probabilities values: (*): 97-98%; *: 99%; **: 100%. The two new species described herein are highlighted.
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32.2 mm); TDH 51.0-70.5% of ED; FORL 43.5-55.2% of
SVL; TIBL 38.4-45.7% of SVL; TIBW 26.5-36.0% of TIBL;
HIL 141-164% of SVL; HW 144.2-169.5% of HL; tibiotar-
sal articulation reaching the tympanum or the eye; distinct
colour border between lateral head and dorsum in most
specimens; possession of curved clavicles, and maxillary
and vomerine teeth; vomerine teeth sigmoidal, medially
separated by a small cleft; an uncorrected p-distance of at
least 3.6% in the analysed 16S rRNA gene fragment, and a
unique call (see below).

Within the genus Rhombophryne, R. botabota sp. n.
may be distinguished from the R. serratopalpebrosa group
(R. serratopalpebrosa, R. vaventy, R. coronata, R. ornata,
R. tany, and R. guentherpetersi) by the absence of super-
ciliary spines (but see below for additional comments on
its differentiation from R. guentherpetersi in which the su-
perciliary spines are small). It is distinguished from all oth-
er described Rhombophryne species except R. laevipes by
typically having a distinct colour border between its dor-
sum and lateral head. Additionally, R. botabota sp. n. may
be distinguished from R. minuta and R. mangabensis by its
larger SVL (24.2-32.2 mm vs 15.4-23.2 mm); from R. laevi-
pes and R. alluaudi by its smaller SVL (24.2-32.2 mm vs
36.4-56.3) and the absence of inguinal ocelli (vs presence);
from R. minuta and R. longicrus by its shorter forelimbs
(FORL 43.5-55.2% Vs 70.4-74.7% of SVL), robust legs (vs
slim), larger tympanum (TDH 51.0-70.5% vs 39.5-48.3% of
ED), and wider head (HW 144.2-169.5% Vs 122.5-142.8%
of HL); from R. minuta, R. longicrus, and R. laevipes by
its shorter TIBL (TIBL 38.4-45.7% vs 48.3-52.3% of SVL)
and shorter HIL (HIL 141-164% vs 175-184% of SVL); from
R. mangabensis, R. testudo, R. matavy, and R. coudreaui
by its smooth skin (vs tubercular), possession of ossified
clavicles (vs not ossified, reduced, or absent), and nar-
rower vertebral transverse processes; from R. mangaben-
sis by its higher call repetition rate (inter-call interval 2,359
vs 6,420 ms), lower dominant call frequency (1,272 Hz vs
2,800-7800 Hz), and a call without frequency modulation
(vs with); and from R. testudo, R. matavy, and R. coudreaui
by its longer TIBL (TIBL 38.4-45.7% Vs 30.3-37.2% of
SVL), and tibiotarsal articulation reaching the tympanum
or eye (vs not exceeding the axilla). Some specimens of
R. botabota sp. n. superficially resemble R. guentherpetersi,
the superciliary spines of which are sometimes difficult to
observe, but can easily be distinguished from this species
by the absence of tibial glands. For a distinction from R. sa-
vaka sp. n., see the description of that species, below.

Rhombophryne botabota sp. n. is most similar to R. al-
Iuaudi (which is also its sister species). It may be distin-
guished from that species (as it is currently understood;
see Discussion) by the absence of light dorsolateral mark-
ings (vs presence), absence of inguinal ocelli (vs presence),
smaller SVL (24.2-32.2 mm Vs 36.4-42.6 mm), higher
dominant call frequency (1,272 + 13 Hz vs 798 + 23 Hz), and
higher fundamental call frequency (621 + 11 Hz vs 379 +
34 Hz). One micro-CT scanned specimen of R. alluaudi
(ZSM 3/2002) differed from R. botabota sp. n. in having a
less ossified skeleton, fusion of presacral VIII and sacrum
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(vs not fused), and the dorsal crest of urostyle running al-
most its full length (vs ~75% of its length). More micro-
CT scans of R. alluaudi are needed to identify non-vari-
able skeletal characters useful for distinguishing it from
R. botabota sp. n.

Rhombophryne botabota sp. n. differs from all species
of Plethodontohyla BOULENGER, 1882 except P. mihani-
ka, P. inguinalis, and P. fonetana by possessing a clavicle;
from P. mihanika and P. inguinalis by the absence of ex-
panded digital discs and a dorsolateral colour border,
and from these two species and P. fonetana by possessing
knob-like terminal phalanges (vs Y-shaped). In its external
morphology, this species could be confused with P. brevi-
pes, but its supratympanic fold is dark (vs whitish), and it
lacks inguinal spots (vs usually present). As far as is known,
the two species do not overlap in distribution, so confusion
in the field should not occur.

Description of holotype: The specimen is in a good state
of preservation. A tissue sample was taken from the right
thigh for molecular analyses. An incision running from side
to side across the posterior abdomen was made to check sex
and access gut contents, leaving the testes clearly visible.

Body robust. Head wider than long. Pupils small, round.
Snout rounded in dorsal and lateral views. Canthus rostra-
lis distinct, concave. Loreal region concave. Nostril closer
to eye than to tip of snout, slightly protuberant. Tympa-
num indistinct, rounded, TDH 51.0% of ED. Supratympan-
ic fold distinct, weakly raised, curving slightly from poste-
rior corner of eye over tympanum toward axilla. Supercili-
ary spines absent. Tongue very broad, attached anteriorly,
unlobed. Maxillary and vomerine teeth present, vomerine
teeth distinct, forming two curved rows posteromedial to
choanae, separated by a small medial gap. Choanae oblong.

Forelimbs relatively thick. Fingers without webbing,
relative lengths 1 < 2 < 4 < 3, fourth finger slightly longer
than second; finger tips not enlarged; subarticular tuber-
cles faint, single; nuptial pads absent; inner metacarpal tu-
bercle present, outer metatarsal tubercle absent. Hind limb
thick; tibiotarsal articulation reaching tympanum; tibia
length 38.4% of SVL. Inner metatarsal tubercle present,
slightly enlarged; outer metatarsal tubercle absent. Toes
not webbed; relative lengths 1 < 2 < 5 < 3 < 4, fifth toe dis-
tinctly shorter than third; without subarticular tubercles;
toe tips not enlarged.

Osteology of holotype: The skeleton of the holotype is
fairly typical of Rhombophryne (see SCHERZ et al. 20153, b
for detailed accounts of other species in this genus). It is
well ossified, without any broken bones. Unusually, the in-
ter-vertebral spaces are highly X-ray absorbent, giving the
impression of an almost ankylosed spine.

Anterior braincase laterally and anteriorly closed by
sphenethmoid (or an intersphenethmoid calcium deposit).
Vomerine teeth consisting of a sigmoidal row on either side
of the parasphenoid, separated at the midline by a small gap.
Maxillary teeth small, poorly defined.

Sternum not ossified. Clavicle well developed, curved.
Humerus with crista ventralis roughly 50% of its length;
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prvom
spheth

coracoid

sternum fpardop ~Proot
(unossified) . \ pter

fpar

Figure 2. Osteology of Rhombophryne botabota sp. n. (holotype, ZSM 358/2005), showing the skull in A) ventral, B) dorsal, and C) lat-
eral views, and the full skeleton in D) dorsal and E) ventral views. Abbreviations as follows: angspl — angulosplenial; col — columella;
dentary - dentary bone; exoc - exoccipital; fpar - frontoparietal; fpardop — dorsal process of frontoparietal; max — maxilla; mmk -
mentomeckelian bone; nasal — nasal bone; neopal — neopalatine; povom - postchoanal vomer; pmax — premaxilla; proot — prootic;
prsph — parasphenoid; prvom - prechoanal vomer; pter — pterygoid; gj - quadratojugal; smax — septomaxilla; spheth — sphenethmoid;
sq — squamosal. A PDF-embedded 3D model is provided in the supplementary material online.
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crista lateralis weak. Terminal phalanges of fingers and toes
with small distal knobs. Phalangeal formula of fingers 2-2-
3-3; of toes 2-2-3-4-3. Femur without cristae. Prepollex os-
sified, relatively small. Prehallux not ossified.

Neural spines decreasing in size posteriorly. Dorsal crest
of urostyle running roughly 75% along its shaft. Iliosacral
articulation type ITA sensu EMERSON (1979). Iliac shafts
bearing weak dorsal tubercles, with dorsal crests running
roughly 90% of their length. Pubis ossified.

Colour pattern of holotype: After ten years in preserv-
ative, specimen dorsally light brown (Fig. 3). Symmet-
ric markings present behind scapular region. Thin cream
stripes run obliquely over each scapula. Dorsum faintly
striped with darker and lighter brown, in lines, running
roughly from inguinal region obliquely toward midline.
Inguinal spots absent. Lateral side of head dark brown,
strongly distinct from dorsal coloration, limited by canthus
rostralis, eyelid, and supratympanic fold. On flanks, the
dorsal brown merges with the translucent cream ventral
coloration. Ventral belly immaculate cream. Chin cream,
heavily flecked with brown. Cloacal region dark brown.
Legs dorsally light brown with two dark cross-bands on
the thigh (oblique), three on the shank, two on the tarsus.
Thighs ventrally cream, flecked with brown anteriorly and
posteriorly, anterodorsally brown with cream flecks, poste-
riorly proximally cream, distally becoming dark brown and
ocellated with cream. Shank ventrally distally and external-
ly cream, flecked lightly with brown, but brown ocellated

with cream toward the inside of the knee. Tarsus ventrally
cream with brown flecks. External foot as the tarsus, with
one dark brown area. Sole of foot brown with small cream
flecks. Toes speckled cream and light brown. Toe tips dark
brown. Arms ventrally cream with brown flecks, dorsally
light brown with a dark brown cross band on the lower
arm. Interior hand finely speckled with cream and brown.
Fingers light brown with small dark brown and cream re-
gions. Colour in life as in preservative (see Figs 4a, b).

Variation: In general, all paratypes agree strongly with the
holotype in morphology, but not in coloration. For full de-
tails of variation in measurements, see Table 3. SVL ranges
from 24.2 to 32.2 mm, FORL from 43.5 to 55.2% of SVL,
TIBL from 38.4 to 45.7% of SVL, TIBW from 26.5 to 36.0%
of TIBL, HIL from 141 to 164% of SVL, TDH from 65.0 to
80.8% of ED, and HW from 144.2 to 169.5% of HL. Finger
ratios vary slightly, but in general the second and fourth
finger are subequal in length. The two specimens from
Makira (ZSM 538/2009 and 539/2009) are considerably
smaller than the other specimens. The paratypes vary quite
strongly in coloration. In all specimens, light, oblique, thin
lines are present across the scapular region. The dark spots
posterior to these are present in specimens MRSN A2955
and A2956, but absent from all others. In all specimens,
the side of the head is darker than the dorsum. The poste-
rior dorsal/inguinal stripes are present in MRSN A2954—
2956, but absent from all other paratypes. The ocelli on

Figure 3. The holotype of Rhombophryne botabota sp. n. (ZSM 358/2005) in preservative, in A) dorsal and B) ventral views.
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Figure 4. Rhombophryne botabota sp. n. in life. A-B) ZSM 358/2005 (holotype) from Marojejy National Park in dorsolateral and ven-
tral views; C) ZSM 539/2009 from Angozongahy (Makira) in dorsolateral view; D-F) ZSM 538/2009 from Angozongahy (Makira)
in dorsolateral, dorsal, and ventral views.
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Table 3. Morphological measurements of Rhombophryne botabota sp. n. and R. savaka sp. n. Measurements were rounded to the
nearest 0.1 mm. Abbreviations are defined in the chapter Materials and methods except HT (holotype), PT (paratype), M (male),

and F (female).

Collection ZSM MRSN MRSN MRSN MRSN ZSM ZSM ZSM
No. 358/2005 A2640 A2954 A2955 A2956 538/2009 539/2009 468/2005
Field No. FGZC 2896 FN 7238 FN 7281 FN 7300 FN 7164 ZCMV 11473 ZCMV 11474 ZCMV 2065
Species R. botabota  R. botabota  R. botabota  R. botabota  R. botabota  R. botabota  R. botabota  R. savaka
Locality Marojejy Ar;::;il;o AI;:&EEO Ar;;(ﬁilgo Algi)t(iil;o Makira Makira Marojejy
Status HT PT PT PT PT PT PT HT
Sex M M F M F M M M
SVL 30.2 30.4 32.2 30.8 28.6 25.4 24.2 20.4
HW 11.5 12.3 13.3 12.7 11.8 10.9 9.6 9.2
HL 6.8 7.7 7.9 7.8 7.5 6.8 6.6 5.1
ED 2.6 2.5 2.6 2.7 2.6 2.4 2.4 2.0
END 1.6 1.9 2.3 2.1 1.7 1.9 1.6 1.2
NSD 1.6 1.4 1.6 1.5 1.5 1.1 1.1 1.1
NND 2.9 2.9 3.0 2.8 2.7 2.4 2.2 2.5
TDH 1.3 1.5 1.8 1.6 1.7 1.4 1.4 1.2
TDV 1.7 1.8 1.9 1.7 1.6 1.7 1.5 1.4
HAL 6.5 7.0 6.8 7.1 6.0 5.9 5.1 3.7
UAL 2.4 3.9 3.5 2.7 3.4 1.6 32 1.7
LAL 4.3 59 5.0 5.0 3.6 4.8 4.4 3.5
FORL 13.1 16.8 15.3 14.8 13.1 12.3 12.7 8.8
THIL 11.4 13.1 13.4 13.6 13.4 11.2 10.7 8.1
THIW 5.7 5.4 6.1 5.5 5.1 4.6 4.8 53
TIBL 11.6 13.5 13.9 12.8 13.1 10.2 10.2 7.6
TIBW 4.2 4.2 3.7 4.2 4.0 3.2 33 3.6
TARL 7.1 6.5 7.4 6.7 7.0 6.3 6.4 4.4
FOL 12.5 14.4 15.0 13.4 13.4 11.0 10.9 7.8
FOTL 19.5 20.9 22.4 20.0 20.5 17.3 17.3 12.2
HIL 42,5 47.5 49.7 46.4 46.9 38.7 38.2 27.9
IMCL 1.4 1.4 1.5 1.2 1.3 1.1 1.0 0.8
IMTL 1.5 1.5 1.4 1.5 1.1 1.0 1.1 0.9

the posterior thigh are present in MRSN A2954 and ZSM
538/2009 and 539/2009, weakly expressed in MRSN A2955
and A2956, and absent in MRSN A2955 and A2640. Thigh
cross-bands are present only in MRSN A2955 and the holo-
type. Shank cross-bands are present in most specimens,
but vary in number (one in MRSN A2955, three in MRSN
A2954), and intensity (almost invisible in ZSM 538/2009,
clearly visible in MRSN A2954). Ventral coloration is more
or less consistent across all specimens.

In the paratype ZSM 538/2009, the spine is malformed:
first and second presacrals fused but atypically so, sacral ar-
ticulation with urostyle differentiated to form a regular ver-
tebral articulation instead of the typical bicondylar articu-
lation found in this genus (SCHERZ et al. 2015a,b). Urostyle
possessing a lateral parapophysis anteriorly on its right side.

Advertisement call: A single individual was recorded by
MV during the day on 24 June 2009 in Makira (Ango-
zongahy site), calling from the leaf litter in dense primary
rainforest at an estimated ambient temperature of 22-24°C.
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The individual in question was not seen during the record-
ing, but we are confident that the call belongs to this spe-
cies because of its resemblance to the call of R. alluaudi and
because this was the only Rhombophryne found near the
location of the call. In fact, more calling individuals were
heard and the two paratypes were collected, all from the
same small area of an estimated so m?. The advertisement
call of this species consists of a series of harmonious honk-
ing notes repeated at regular intervals (Fig. 5). The follow-
ing analysis is based on a recording of just four calls and is
therefore tentative. Call duration was 505 + 76 ms (range:
405-582 ms, n = 4), but this includes a long tapering tail;
the core-call duration was 151 + 18 ms (134-175 ms, n = 4).
Inter-call intervals were 2359 + 44 ms (range: 2313-2363 ms,
n = 3). Fundamental frequency was 621 + 11 Hz (610-634,
n = 4). Dominant frequency peaked at 1272 + 13 Hz (1259—
1289, n = 4), i.e., the first harmonic. A harmonic band ap-
peared at 1,893 + 24 Hz (1,869-1,923) in all calls; one call
had further harmonics at 2,537 and 3,185 Hz. No frequency
modulation or pulsing was recognizable.
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Ecology: The stomach of one of the paratypes (ZSM
538/2009) contained a small snail (tentatively identified as
a member of Subulinidae, possibly the non-native Subulina
octona) measuring 8.6 mm (measured in VG Studio Max
2.2). This is the first record of Rhombophryne predating on
gastropods. The paratypes currently housed in MRSN were
collected using pitfall traps, as described by ANDREONE et
al. (2000). This provides further support for a fossorial life-
style and rather secretive behaviour of this species.

IUCN Red List status: This species has been found at
three localities: Marojejy, Ambolokopatrika, and Makira.
These areas span a distance of 128.5 km. A simple mini-
mum convex polygon (triangle) of the three collection sites
covers an area of 1,457 km? Current records include two
large protected areas: Makira Natural Park, consisting of
3,850 km? of protected forest surrounded by community-
managed protected zones; and Marojejy National Park,
consisting of 597.5 km? of protected forest. Ambolokopatri-
ka is at present unprotected, but forms part of a proposed
protected area encompassing the forest corridor connect-
ing Marojejy with Tsaratanana (COMATSA; see RABEA-
RIVONY et al. 2015). Based on these records, the altitudinal
range of this species extends from 860 to 1,326 m a.s.l.
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Figure 5. Oscillograms and spectrograms of Rhombophryne
botabota sp. n., showing A) the structure of a single call and
B) the structure of a call series. The second call is probably over-
modulated.

Within the protected areas, anthropogenic activities
continue to compromise the quality and coverage of for-
est (PATEL & WELCH 2013). This is even more true for the
expanses of forest between them, including the Anjanaha-
ribe-Sud Special Reserve and COMATSA. Mining and
harvesting of hardwood trees (RANDRIAMALALA & LIU
2010, PATEL & WELCH 2013) are the two most important
factors diminishing the quality of these forests.

Current knowledge provides an extent of occurrence
(EOO) of 1,457 km?, but this is probably an underestimate.
Two of the three known localities are relatively well pro-
tected, but threats, including declining forest expanse and
quality, persist. We propose a status of Vulnerable for this
species, under IUCN Red List Criteria Biab(iii) (IUCN
2012).

Etymology: The specific epithet botabota (pronounced
‘buddha-buddha’) is a Malagasy word meaning ‘chubby’ in
allusion to the plump appearance of this frog. It is to be
considered a noun in the nominative singular in apposi-
tion to the generic name.

Rhombophryne savaka sp. n.
(Figs 1, 6, 7)

ZooBank LSID: urn:lsid:zoobank.org:act:D75DoA22-35EE-41C4-
A385-1D02F896E6DB

Suggested common name: Savaka diamond frog

Holotype: ZSM 468/2005 (ZCMV 2065), a male collected
in Marojejy National Park (‘Camp Marojejia’), 14.4350° S,
49.7605° E, 746 m a.s.l,, Sava Region, northeastern Mada-
gascar, on 18 February 2005 by E. GLaw, M. VENCES, and R.
D. RANDRIANIAINA.

Paratype: UADBA-A uncatalogued (ZCMV 2079), a speci-
men of unknown age and sex with the same collection data
as the holotype. This specimen could not be examined for
this study, but its 16S sequence was 100% identical with the
holotype, and we are therefore sure of its assignment to this
taxon.

Remark: This species was included as R. sp. Ca4 in the
phylogenies produced by VIEITES et al. (2009) and PERL
et al. (2014). However, the sequence accession number
FJ559297 given in the Supplementary Information of
VIEITES et al. (2009) for this species had incorrect voucher
information and in reality referred to a sequence of R. bota-
bota (specimen FGZC 2896).

Diagnosis: A Malagasy microhylid frog assigned to the
genus Rhombophryne on the basis of possessing clavicles
coupled with knobbed, rather than Y-shaped terminal
phalanges (SCHERZ et al. in press) and phylogenetic posi-
tion based on our analysis of the 16S rRNA gene. Rhombo-
phryne savaka sp. n. is characterized by the following
combination of features: small size (SVL 20.4 mm), TDH
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60.0% of ED; FORL 43.3% of SVL; TIBL 37.4% of SVL;
TIBW 47% of TIBL; HIL 137% of SVL; HW 179.5% of HL;
tibiotarsal articulation reaching the tympanum; possession
of inguinal spots; possession of thin, curved clavicles, and
maxillary and vomerine teeth; vomerine teeth with large
lateral diastemata, medially fused; well-ossified braincase;
well-developed prehallux; and an uncorrected p-distance
of at least 8.4% in the analysed 16S rRNA gene fragment.

Within the genus Rhombophryne, R. savaka sp. n.
is unique in having inguinal spots and medially fused
vomers, and has the largest lateral vomerine diastema-
ta yet observed. This species may be distinguished from
the R. serratopalpebrosa group (R. serratopalpebrosa,
R. vaventy, R. coronata, R. ornata, R. tany, and R. guen-
therpetersi) by the absence of superciliary spines; from
R. longicrus, R. laevipes, R. alluaudi, R. testudo, R. matavy,
R. coudreaui, and R. botabota possibly by its smaller size
(SVL 20.4 vs 23.8-56.3 mm); from R. longicrus, R. minu-
ta, and R. botabota by its broader head (HW 179.5% vs
122.5-169.4% of HL); from R. testudo by its narrower head
(HW 179.5% Vs 200.4-259.9% of HL); from R. minuta and
R. longicrus by its larger tympanum (TDH 60.0% vs 39.5-
48.3% of ED) and shorter forelimbs (FORL 43.3% Vs 70.4—
74.7% of SVL); from R. minuta, R. longicrus, and R. laevipes
by its shorter tibia length (TIBL 37.4% vs 47.2-52.3% of
SVL); from R. minuta, R. longicrus, R. laevipes, and possi-
bly R. alluaudi by its shorter hind limbs (HIL 137% vs 146
184% of SVL); and from R. festudo, R. matavy, R. manga-
bensis, and R. coudreaui by its possessing clavicles (vs ab-
sence) and smooth skin (vs tubercular). As for R. botabota,
this species can be easily distinguished from R. guenther-
petersi by the absence of tibial glands.

Rhombophryne savaka sp. n. is most similar to R. man-
gabensis (which is also its sister species) and some individ-
uals of R. botabota sp. n., described above. It may be dis-
tinguished from either species by the presence of inguinal
spots (vs absence), possibly slightly shorter hind limbs
(HIL 137% vs 141-164% of SVL), and possessing medial-
ly fused vomerine teeth with a large mid-row diastema on
either side (vs medially separated with either no or just a
small diastema), and from R. mangabensis by the presence
of clavicles (vs absence), shorter forelimbs (FORL 37.4% vs
43.9-45.9% of SVL), and smooth skin (vs tubercular).

Rhombophryne savaka sp. n. differs from all Pletho-
dontohyla species except P. mihanika, P. inguinalis, and
P, fonetana by possessing a clavicle; from P. mihanika and
P. inguinalis by the absence of expanded digital discs, and
from these two species and P, fonetana by possessing knob-
like terminal phalanges (vs Y-shaped). Externally, it resem-
bles P. bipunctata and P. brevipes, but can be distinguished
from these species by its shorter relative forelimb length
(FORL 43.3% Vs 48.1-54.3% of SVL), and broader shanks
(TIBW 47.2% vs 29.4-40.8% of TIBL). It is not known to
co-occur with either of these two taxa.

Description of holotype: Specimen in an excellent state
of preservation. A small tissue sample for sequencing was

taken from the right thigh. A small incision for sexing was
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made on the left flank, revealing that the testes are large
and distinct.

Body robust. Head wider than long. Pupils small, round.
Snout rounded in dorsal and lateral views. Canthus rostra-
lis distinct, concave. Loreal region concave. Nostril closer
to eye than to tip of snout, directed laterally, slightly pro-
tuberant. Tympanum indistinct, rounded, TDH 60.0% of
ED. Supratympanic fold distinct, not raised, indicated by a
dark marking, running from the posterior corner of the eye
and over the tympanum, curving toward but not extend-
ing to the axilla. Superciliary spines absent. Maxillary teeth
present. Vomerine teeth distinct, forming a broad, U-shaped
central patch and two additional patches laterally that are
clearly separated by a small diastema. Choanae oblong.

Forelimbs stubby. Fingers without webbing, relative
lengths 1 < 2 = 4 < 3; finger tips not expanded; fingers not
reduced; nuptial pads absent; inner metacarpal tubercle
distinct, outer metacarpal indistinct; subarticular tubercles
faint. Hind limbs short and strongly built; tibiotarsal artic-
ulation reaching the tympanum; tibia length 37.4% of SVL.
Inner metatarsal tubercle present, outer metatarsal tuber-
cle present, light in colour but not raised. Toes not webbed;
relative lengths 1 < 2 < 5 < 3 < 4, fifth toe distinctly shorter
than third. Toe tips not expanded.

Osteology of holotype: The osteology of the holotype
is typical of Rhombophryne. 1t is well ossified, without any
broken bones.

Anterior braincase laterally closed by sphenethmoid,
anteriorly with a small fenestra. Vomerine teeth medially
fused in a central patch, laterally bearing large (0.5 mm)
diastemata in the middle of each lateral extension, so that
three patches of vomerine teeth are present (one central
and two lateral ones). Maxillary teeth small. Otic capsule
dorsally partly ossified.

Sternum not ossified. Clavicle thin, not well ossified,
curved. Humerus with crista ventralis roughly 60% of its
length; crista lateralis weak. Terminal phalanges of fin-
gers and toes with small distal knobs. Phalangeal formula
of fingers 2-2-3-3; of toes 2-2-3-4-3. Femur without cristae.
Prepollex ossified and relatively small. Prehallux well de-
veloped.

Neural spines decreasing in size posteriorly. Dorsal crest
of urostyle running roughly 60% along its shaft. Iliosacral
articulation type ITA sensu EMERSON (1979). Iliac shafts with
almost no dorsal tubercles or oblique grooves; dorsal crests
running roughly 9o% of their length. Pubis well ossified.

Colour of holotype: After ten years in preservative, light
brown dorsally, cream ventrally (Fig. 7). A lighter scapular
region bordered anteriorly and posteriorly by darker areas.
Dark supratympanic fold running from posterior corner of
eye and curving over the tympanum but not reaching the
axilla. Large, comma-shaped, dark inguinal spots. Dorsal
coloration dissolving increasingly into speckles before fad-
ing to cream ventrally. Ventrally immaculate cream poste-
rior to the chin. Chin cream with brown speckling. Cloa-
cal region dark brown. Legs light brown dorsally, cream
ventrally. Two dark cross bands on the thigh, one on the
shank, one on the tarsus. Posterior side of thighs translu-
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Figure 6. Osteology of Rhombophryne savaka sp. n. (holotype, ZSM 468/2005) from Marojejy National Park, showing the skull in
A) ventral, B) dorsal, and C) lateral views, and the full skeleton in D) dorsal and E) ventral views. See Fig. 2 for bone names. A PDF-
embedded 3D model is provided in the supplementary material online.
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cent cream. Tarsus with a dark brown posterior face. Sole
of foot light brown. Toes light brown with cream stripes
anterior to the tips. Arms dorsally light brown with a sin-
gle cross band on the lower arm, ventrally cream. Fingers
lightly striped with cream.

Ecology: The sole two known specimens were captured in
pitfall traps in primary rainforest suggesting terrestrial or
fossorial habits. No further field observations are available.
The gut of the holotype specimen contained the head of
a large ant of the genus Mystrium (YOSHIMURA & FISHER
2014).

TUCN Red List status: This species is known only from two
individuals captured at 746 m a.s.l. in the Marojejy Na-
tional Park. The location of capture is roughly 600 m from
degraded forest to the east, and 4.9 km in a straight line
from the edge of the protected area and the forest. Most
Rhombophryne species are microendemic to narrow altitu-
dinal ranges and areas (WOLLENBERG et al. 2008). As this
species occurs in a forest around 746 m a.s.l, it might be
less strictly restricted to the Marojejy Massif than higher
altitude species (e.g., R. vaventy and R. serratopalpebrosa),
and could possibly be found in other parts of the north-
ern rainforest chain, too. However, as the majority of spe-
cies of Rhombophryne are known from fewer than five lo-
calities, we think it unlikely that it occurs in an area much
larger than the size of the Marojejy National Park, which
is 597.5 km®. Therefore, due to a projected small extent of
occurrence (< 5,000 km?), its being known from just one
threatened location and the higher rate of forest alteration
at lower altitudes in this area (PATEL & WELCH 2013, RA-
BEARIVONY et al. 2015), this species qualifies as Endangered
Biab(iii) under the IUCN Red List criteria (IUCN 2012).

4 \’& ,'
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Etymology: The specific epithet savaka is a Malagasy word
meaning ‘diastema’ in reference to the diastemata in the
vomerine teeth of this species. It is to be considered a noun
in the nominative singular in apposition to the genus name.

Discussion

VIEITES et al. (2009) identified ten candidate species in the
genus Rhombophryne that were possibly in need of descrip-
tion. This number was increased to twelve by PERL et al.
(2014) after the discovery of two new candidate species of
this genus from Tsaratanana. Here, we have described can-
didates R. sp. Ca2 and R. sp. Ca4 as R. botabota and R. sava-
ka, respectively. Cas was described by GLaw et al. (2010) as
R. mangabensis, Ca6 by SCHERZ et al. (2014) as R. vaventy,
Ca8 by D’CRUZE et al. (2010) as R. matavy, and Cai1 and
Cai2 were described by SCHERZ et al. (2015a) as R. ornata
and R. tany, respectively. We have recently demonstrated
that R. sp. Cay probably represents a member of a new ge-
nus of miniaturized frogs (SCHERZ et al. in press). Thus,
only candidates 1, 3, 9, and 10 still remain to be described.
These potential species — and others discovered since
the major barcode studies on Madagascar’s amphibians
(VIEITES et al. 2009, PERL et al. 2014) — will be the subject
of a revision of the genus Rhombophryne (CROTTINI et al.
in prep.). We also anticipate that the status and definition
of R. alluaudi will likely need to be adjusted in the course of
forthcoming revisions. Nevertheless, we here chose to keep
the definition of R. alluaudi in line with current taxonomy
as it was established by BLOMMERS-SCHLOSSER (1975), who
first defined stout microhylids from the Northern Central
East of Madagascar (i.e., the region around Andasibe) as
being referrable to this species.

10 mm

Figure 7. The holotype of Rhombophryne savaka sp. n. (ZSM 468/2005) in preservative, in A) dorsal and B) ventral views.
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The skeletons of microhylids are notoriously variable
(NOBLE & PARKER 1926, PARKER 1934, DUELLMAN & TRUEB
1986). Rhombophryne has proven to be no exception to this
pattern (SCHERZ et al. 2014, 2015a, b, in press). The new
species R. savaka is sister to R. mangabensis, but unlike
that species, it possesses fully developed, albeit poorly os-
sified, clavicles. Three other species, R. testudo, R. matavy,
and R. coudreaui also lack clavicles, while all other known
members of this genus possess them. Although our 16S
rRNA gene fragment phylogeny could not resolve the po-
sition of R. coudreaui, the monophyly of these three clav-
icle-lacking species is suggested by their morphology and
ecology (GLAW & VENCES 2007, M. D. SCHERz unpubl.
data). Rhombophryne mangabensis is related to this group,
but clearly more closely to R. savaka. Because R. savaka
possesses clavicles, we may infer that R. mangabensis has
lost its clavicles independently. It might be tempting to
conclude that the most fossorial species of Rhombophryne
tend to have lost their clavicles, but clavicles are otherwise
absent in arboreal taxa of other genera within the Cophyli-
nae (BLOMMERS-SCHLOSSER & BLANC 1991, RAKOTOARI-
SON et al. 2015, SCHERZ et al. in press), and there is little or
no correlation between ecology and pectoral girdle mor-
phology in frogs in general (EMERSON 1984).

The new species R. botabota has most often been re-
covered as being closely related to the R. alluaudi complex
(VIEITES et al. 2009, PERL et al. 2014), although in SCHERZ
etal. (in press) it is recovered as the sister of R. mangaben-
sis and another undescribed miniaturized Rhombophryne
from Andapa, without support. Rhombophryne botabota
resembles R. alluaudi and R. laevipes in external morphol-
ogy, but it is smaller and lacks inguinal ocelli. Like oth-
er members of this species complex, R. botabota occurs at
moderate altitudes. It is remarkable that this species ap-
parently also occupies a moderately large distributional
range compared to other members of the genus Rhombo-
phryne, although this range is still much smaller than that
of R. laevipes.

In addition to its morphology, the call of R. botabota
also closely resembles R. alluaudi (VENCES et al. 2006) in
that it has long inter-call intervals, a low frequency, an un-
modulated note structure, and is emitted during daylight
hours from concealed positions in the leaf litter. In these
aspects it is also quite similar to those of R. matavy and
R. testudo (VENCES et al. 2006, D’CRUZE et al. 2010), and
rather dissimilar to those of R. mangabensis and R. minuta
(VENCES et al. 2006, GLAW et al. 2010). Together, osteology
and bioacoustics seem to have a strong potential for taxo-
nomic differentiation within this genus.
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Chapter 7. PAPER: A review of the taxonomy and osteology of the Rhombophryne serratopal-
pebrosa species group (Anura: Microhylidae) from Madagascar, with comments on the value
of volume rendering of micro-CT data to taxonomists

In this chapter I present a taxonomic revision of the Rhombophryne serratopalpebrosa species
group, describing two new species, re-describing R. guentherpetersi, and providing an osteolog-
ical revision of the whole group. The species group is typified by small dermal spines above the
eyes, called ‘superciliary spines’, present in all of its members (hitherto overlooked in R. guenther-
petersi). The revision of this complex was hindered by uncertainty surrounding the identity R. ser-
ratopalpebrosa. That species remains unavailable for genetic investigation, and the type specimen
(the only known specimen) is in poor condition. As in other species of Rhombophryne (chapter
6), osteological investigation enabled us to disentangle this complex. Work on it began in 2014
(Scherz et al. 2014, 2015b), and culminated in this paper. By means of a comparative overview
of the skeletal anatomy of all eight species in this species group, my colleagues and I show that
the osteology of the group is quite conserved, but at least two species, Rhombophryne coronata
and R. guentherpetersi, each have a number of apomorphies that differentiate them from the other
species. This paper also provides updates and corrections on previously published osteological
information from members of this group, and highlights in particular that some of the previous
conclusions (e.g. ossification of the pubis bone) were based on misrepresentation of the anatomy
as a result of the technique used to render micro-CT scans. We therefore used this paper as an op-
portunity to make recommendations about best practice for micro-CT scan rendering.

Scherz, M.D., Hawlitschek, O., Andreone, F., Rakotoarison, A., Vences, M. & Glaw, F. (2017) A
review of the taxonomy and osteology of the Rhombophryne serratopalpebrosa species group
(Anura: Microhylidae) from Madagascar, with comments on the value of volume rendering of
micro-CT data to taxonomists. Zootaxa, 4273(3):301-340. DOI: 10.11646/zootaxa.4273.3.1

Digital Supplementary Materials on appended CD:

Supplementary Figures 1-12 — PDF-embedded 3D models of skeletal anatomy of species con-
cerned in this paper
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Abstract

Over the last three years, three new species of saw-browed diamond frogs (Rhombophryne serratopalpebrosa species
group)—a clade of cophyline microhylid frogs native to northern and eastern Madagascar—have been described. We here
review the taxonomy of these frogs based on a new multi-gene phylogeny of the group, which confirms its monophyly but
is insufficiently resolved to clarify most intra-group relationships. We confirm Rhombophryne guentherpetersi (Guibé, 1974)
to be a member of this group, and we re-describe it based on its type series and newly collected material; the species is char-
acterised by small superciliary spines (overlooked in its original description), as well as large tibial glands and an unusually
laterally compressed pectoral girdle. We go on to describe two new species of this group from northern Madagascar: both R.
diadema sp. nov. from the Sorata Massif and R. regalis sp. nov. from several sites in the northeast of the island possess three
superciliary spines, but they are characterised by several subtle morphological and osteological differences. The new species
are separated from all known congeners by an uncorrected pairwise distance of at least 5.1% in a ca. 550 bp fragment of the
16S rRNA gene. In order to highlight the significance of the skeleton in the taxonomy of this group, we provide a detailed
description of its generalized osteology based on volume-rendered micro-CT scans of all described members, revisiting al-
ready-described skeletons of some species, and describing the skeletons of R. guentherpetersi, R. coronata, and the new taxa
for the first time. Use of volume rendering, instead of surface rendering of micro-CT data, resulted in some discrepancies due
to the properties of each method. We discuss these inconsistencies and their bearing on the relative value of surface and vol-
ume rendering in the taxonomist’s toolkit. We argue that, while surface models are more practical for the reader, volumes are
generally amore objective representation of the data. Thus, taxonomic description work should be based on volume rendering
when possible, with surface models presented as an aid to the reader.

Key words: Rhombophryne diadema sp. nov., Rhombophryne regalis sp. nov., micro-Computed Tomography, Cophyli-
nae, integrative taxonomy

Introduction

Cophylinae Cope, 1889 is the most diverse of Madagascar’s three endemic microhylid subfamilies, with 73
described species (AmphibiaWeb 2017; Lambert et al. 2017). Mitochondrial DNA barcoding studies have
suggested that the number of described species of this subfamily covers barely half of its total diversity (Vieites et
al. 2009; Perl et al. 2014). More than 70 candidate species were revealed by Andreone et al. (2005), Wollenberg et
al. (2008), Vieites et al. (2009), and Perl et al. (2014), and although several of these candidates have already been
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described in the meantime (e.g. D'Cruze et al. 2010; Glaw et al. 2010; Kohler et al. 2010; Vences et al. 2010), the
taxonomic gap in this subfamily remains large.

Recently, we have been applying an integrative systematic approach (Dayrat 2005; Padial et al. 2008, 2010;
Padial & de la Riva 2010) to the resolution of a species complex in the cophyline genus Rhombophryne Boettger,
1880 (diamond frogs). The Rhombophryne serratopalpebrosa species group (saw-browed diamond frogs), as
defined by Scherz er al. (2015a), contained numerous morphologically cryptic species, as revealed by DNA
barcoding (Vieites et al. 2009; Perl et al. 2014). Progress resolving this complex had been constrained by the lack
of diagnostic external morphological characters and the poor condition of the holotype of R. serratopalpebrosa
(Guibé, 1975). Only R. coronata (Vences & Glaw, 2003) could be described due to its clearly different morphology
from R. serratopalpebrosa (Vences & Glaw 2003).

X-ray micro-Computed Tomography (micro-CT) scanning allowed us to investigate the osteology of the
holotype of R. serratopalpebrosa in spite of its poor condition, thereby making available a taxonomically valuable
set of characters (Scherz et al. 2014). Pairing digital osteological data with mainstream modern data types—DNA
sequence data (which remains unavailable from R. serratopalpebrosa, but is available from all other members of
the group), external morphology, morphometrics, and colouration—has so far resulted in a total of three new
species being described from this complex (R. vaventy Scherz, Ruthensteiner, Vences & Glaw, 2014, R. ornata
Scherz, Ruthensteiner, Vieites, Vences & Glaw, 2015, R. tany Scherz, Ruthensteiner, Vieites, Vences & Glaw,
2015; see Fig. 1), and phylogenetic analysis of genetic data has suggested that a further species, R. guentherpetersi
(Guibé, 1974), is also a member of this group (Scherz ef al. 2016a,b).

This paper concludes our integrative review of the R. serratopalpebrosa species group. Here we provide a new
multi-gene phylogeny of the group, describe two new species, and re-describe the enigmatic R. guentherpetersi. As
it has been central to the taxonomy of this group, we provide a detailed osteological description of all of the
included species, focussing on differences among species. We take this opportunity to deal with an important issue
in the presentation, interpretation, and analysis of micro-CT data, namely visualization methods.

Micro-CT data can be visualised in two quintessentially different ways: isosurfaces (also called
‘isocontouring’ or ‘surface rendering’), which are polygonal single-density meshes used to bound the areas of
interest (in our case, typically bone); or volumes (or ‘volume rendering’), which are grey-value varied density
clouds of the whole dataset (or a segmented subset of it), where the opacity (and colour) of each three-dimensional
pixel (termed ‘voxel’) is set according to its grey value. Until now, most of our work on this genus has been based
on surface rendering (Scherz et al. 2014, 2015a,b), due to its ease of use—in particular the ability to produce PDF-
embedded 3D models that can be examined on demand at a personal computer (Ruthensteiner & He3 2008). To
compare the performance of this method with volume rendering, we analysed volume-rendered data from all
members of the R. serratopalpebrosa group. We found several significant discrepancies between the two methods,
and discuss their implications for taxonomists.

Materials and methods

Specimens were captured by hand or in pitfall traps, euthanized by anaesthetic overdose following approved ethics
standards, and fixed in either 96% ethanol or 10% buffered formalin, before transfer to 75% ethanol for storage in
research institutions. CRH, DRV, FGZC, ZCMYV, and FN refer to the field numbers of Carl R. Hutter, David R.
Vieites, Frank Glaw, Miguel Vences, and Franco Andreone, respectively. Institutional abbreviations are: ZSM,
Zoologische Staatssammlung Miinchen, Munich, Germany; MNHN, Muséum National d’Histoire Naturelle, Paris,
France; MRSN, Museo Regionale di Scienze Naturali, Torino, Italy; UADBA, Université d’Antananarivo,
Département de Biologie Animale, Antananarivo, Madagascar; AMNH, American Museum of Natural History;
KU, Kansas University. All geographic coordinates are given in WGS84.

Micro-computed tomography. X-ray micro-Computed Tomography (micro-CT) scans were produced using a
phoenix|x nanotom m cone beam scanner (GE Measurement & Control, Wunstorf, Germany), employing a
tungsten target and a 0.1 mm copper filter. Specimens were scanned at a voltage of 140 kV and a current of 80 nA
for 2440 projections over 20 or 30 minutes (timing of 500 ms or 750 ms, respectively; one scan of R. vaventy was
produced with a diamond target and 0.1 mm copper filter, at 60 kV and 120 pA for 2440 projections over 30
minutes). These were reconstructed into 3D volumes in datos|x reconstruction software (GE Measurement &
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Control, Wunstorf, Germany), and then converted to 8-bit and exported using VG Studio Max 2.2 (Volume
Graphics GMBH, Heidelberg, Germany).

FIGURE 1. Four of the named species from the Rhombophryne serratopalpebrosa group. (a) R. ornata, (b) R. vaventy, (c) R.
coronata, and (d) R. tany. No photos in life of R. serratopalpebrosa are available. Rhombophryne guentherpetersi is shown in Fig. 6.

Osteological descriptions are based on volumes rendered in VG Studio Max using the phong renderer with a
custom preset (available from the corresponding author upon request), adjusted for each scan to reveal the skeleton
but not the rest of the matrix. Models were registered using Simple Registration to facilitate their examination.
Osteological terminology follows Trueb (1968, 1973), with that of the carpals and tarsals following Fabrezi &
Alberch (1996). Measurements were taken from these models using the Calliper Tool to 0.01 mm. Fig. 2 shows the
skeletal measurement scheme. Figures were prepared from screenshots taken in orthographic view. Scans with
edge and beam-hardening artefacts were refined using local thresholds, clipping planes, and/or segmentation.

Rotational videos of the skeletons were produced using the Animation tools: specimens were visualised in
right orthographic view and the animation was produced using the option ‘circle vertical, as seen’. The animation
was set to run for 10 s at 12 frames per second and a resolution of 120 dpi. Videos were exported using the
Microsoft Video 1 codec, and subsequently compressed with the H.264 codec and the .M4V container in VLC
Media Player (VideoLAN Organization, Paris, France). These videos and DICOM image stacks of the scans are
deposited at http://morphosource.org/Detail/ProjectDetail/Show/project _id/254 . Readers are advised that micro-
CT does not render most cartilage. As too few specimens are available for clearing and staining, we have opted to
omit cartilage descriptions from our skeletal descriptions below.
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FIGURE 2. Definition of skeletal measurements taken for this study: (a) snout length, from the anterior frontoparietal to the
anterior premaxilla; (b) brain case width, at mid-orbit; (c) skull length, from occipital condyle of exoccipital to the anterior
premaxilla; (d) maximum skull width, typically at the middle of the quadratojugal (not landmark-based); (e) parasphenoid
length; (f) parasphenoid width, at mid-orbit; (g) length of parasphenoid cultriform process; (h) distance from parasphenoid alae
to waist of cultriform process (the waist being a distinct discontinuity in the angle of expansion of the cultriform process); (i)
coracoid width at glenoid socket; (j) coracoid width at thinnest point; (k) coracoid width at sternal end; (I) length of anterior
edge of coracoid; (m) length of posterior edge of coracoid; (n) length of anterior face of scapula, (o) length of urostyle; (p)
distal width of sacral diapophysis; (q) base width of sacral diapophysis; (r) length of acetabulum; (s) distance between anterior
tips of iliac shafts; (t) length of femur from condyle to condyle; (u) length of tibiofibula from condyle to condyle. Not to scale.
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Surface models of scans were made in Amira 5.4.5 or 6.0 (FEI Visualisation Sciences Group, Burlington, MA,
USA), and refined using local manual thresholding and segmentation. These were embedded into portable
document files (PDFs) using Adobe® 3D Toolkit and Adobe® Acrobat Pro XI, essentially following Ruthensteiner
& HeB (2008). These PDFs are provided as supplementary 3D models (Figs S1-S12).

External morphological measurements. Morphometric data were produced using a digital calliper to 0.01
mm, rounded to the nearest 0. mm (note: ratios were calculated using non-rounded values and subsequently
rounded). We measured the following characters: SVL (snout—vent length), HW (maximum head width), HL (head
length, from the maxillary commissure to the snout tip. Note: this is measured along the jaw, and not parallel to the
longitudinal axis of the animal), ED (horizontal eye diameter), END (eye—nostril distance, from the anterior eye to
the posterior of the naris), NSD (nostril-snout tip distance, from the centre of the naris), NND (internarial distance,
from the centre of each naris), TDH (horizontal tympanum diameter), TDV (vertical tympanum diameter), HAL
(hand length, from the carpal-radioulnar articulation to the tip of the longest finger), LAL (lower arm length, from
the carpal-radioulnar articulation to the radioulna—humeral articulation), UAL (upper arm length, from the
radioulna—humeral articulation to the trunk, measured along the posterior aspect of the arm), FORL (forelimb
length, given by the sum of HAL, LAL, and UAL), FOL (foot length, from the tarsal-metatarsal articulation to the
tip of the longest toe), TARL (tarsal length, from the tarsal-metatarsal articulation to the tarsal-tibiofibular
articulation), FOTL (foot length including tarsus, given by the sum of FOL and TARL), TIBL (tibiofibula length,
from the femoral—tibiofibular articulation to the tarsal-tibiofibular articulation), TIBW (maximum tibiofibula
[=shank] width), THIL (thigh length, from the vent to the femoral—tibiofibular articulation), THIW (thigh width at
thickest point, measured in supine position), HIL (hindlimb length, given by the sum FOL, TARL, TIBL, and
THIL), IMCL (maximum length of inner metacarpal tubercle), IMTL (maximum length of the inner metatarsal
tubercle). For a figure of the application of this scheme, readers are referred to Scherz et al. (2015b); for the sake of
consistency, we here retain the abbreviations we have used previously instead of those proposed by Watters et al.
(2016). A table including all morphological measurements is provided as Appendix 1.

DNA sequencing. We extracted total genomic data from tissue samples stored in 99% ethanol using
proteinase K (final concentration 1 mg/mL). DNA was isolated using a standard salt extraction protocol (Bruford et
al. 1992). We used previously published sequences of the mitochondrial genes for cytochrome c oxidase subunit 1
(coxI) and 16S rRNA (168, two separate non-overlapping segments) as summarized by Scherz ef al. (2016b), and
we complemented these by additional sequencing of previously unrepresented taxa. Furthermore, for several
representatives of the R. serratopalpebrosa group we sequenced a segment of the nuclear gene for sacsin (sacs).
DNA segments were amplified for the 5’-terminus of /6S using primers 16S-L3 and 16S-AH (Vences et al. 2003);
for the 3’-terminus of /6S using primers 16Sar-L and 16Sbr-H (Palumbi et al. 1991); for cox! using primers
dgL.CO1490 and dgHCO2198 (Meyer et al. 2005), and for sacs using a nested PCR approach with the primer pairs
SACSF2/SACSR2 and SACSNF1/SACSNR?2 of Shen ef al. (2012). PCR conditions followed Vences et al. (2003)
for 168, Perl et al. (2014) for cox1, and Shen et al. (2012) for sacs.

Sequences were resolved using an ABI 3130xl automated DNA sequencer (Applied Biosystems) and
deposited in GenBank (accession numbers KY748094-KY748115). Sequences were error-checked in CodonCode
Aligner v. 5.1.4 (CodonCode Corp.) and aligned using the MUSCLE algorithm (Edgar 2004) in MEGA 7 (Kumar
et al. 2016). Sequences of cox! and sacs were translated into amino acids for confirmation. All hypervariable
regions of the /6S gene were conservatively excluded from analysis; exploratory analyses however showed that
retention of these stretches resulted in an identical topology and similar support. Our matrix included all available
samples of the R. serratopalpebrosa group from the analysis of Scherz et al. (2016b), complemented by sequences
of various additional individuals of this group. Because Stumpffia is the sister taxon of Rhombophryne (Scherz et
al. 2016b), we used Stumpffia psologlossa (the type species of Stumpffia) as the outgroup, and also added
sequences from Scherz et al. (2016b) of all Rhombophryne not belonging to the R. serratopalpebrosa group to the
analysis, to serve as hierarchical outgroups.

We used PartitionFinder v. 1.1.1 (Lanfear et al. 2012) to determine partitions and substitution models for our
data set and ran a partitioned Bayesian Inference (BI) analysis in MrBayes 3.2 (Ronquist et al. 2012). Two
independent runs of 20 million generations, each comprising four Markov chains (three heated and one cold), were
sampled every 10,000 generations. Mixing and stationarity were assessed by examining the standard deviation of
split frequencies and plotting the -InL per generation using Tracer v1.5 software (Rambaut & Drummond 2007).
The runs were combined to obtain a 50%-majority-rule consensus tree, with 25% of generations discarded as burn-
in (all compatible nodes with probabilities > 0.5 kept).
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The concatenated alignment of four segments of three genes (/6S, cox!, sacs) used for analysis consisted of 2491
nucleotide characters. Of these, 581 were variable and 406 of these were parsimony informative. Most new
sequences used for this study were added for species of the R. serratopalpebrosa species group only. As expected,
the relationships among other Rhombophryne were insufficiently resolved and are, therefore, neither shown nor
further discussed here; see Scherz et al. (2016b) for a complete tree including these species. The R.
serratopalpebrosa group was found to form a highly supported monophyletic group within the genus
Rhombophryne (Fig. 3). The tree also confirms R. longicrus Scherz, Rakotoarison, Hawlitschek, Vences & Glaw,
2015 and R. minuta (Guibé, 1975) as forming a clade that is sister to the R. serratopalpebrosa species group (as
previously suspected; see Scherz et al. 2015b, 2016b). The R. serratopalpebrosa group contains all Rhombophryne
species with distinct supraocular spines, as well as R. guentherpetersi, a species in which these spines are quite
small and not obvious at first glance, thereby confirming the phylogenetic placement of this species by Scherz et al.
(2016a,b).

+x| R. diadema sp. nov. Sorata FGZC 3611
R. diadema sp. nov. Sorata FGZC 3631
«+I - guentherpetersi Tsaratanana DRV 6220

R. guentherpetersi Tsaratanana ZCMV 12401
R. ornata Tsaratanana Matsaborimaika ZCMV 12384

serratopalpebrosa

Rhombophryne
species group

*x |k R. ornata Tsaratanana Matsaborimaika ZCMV 12382

I- R. ornata Tsaratanana Matsaborimaika DRV 6456
R. tany Tsaratanana Matsaborimaika ZCMV 12359
R. regalis sp. nov. Ambolokopatrika FN 7292 EU341111
R. vaventy Marojejy FGZC 2842 EU341107

*%

R. coronata Andasibe ZCMV 2222
** ]! R. coronata Andasibe ZCMV 2223
R. coronata Mandraka ZSM 694/2001 EU341103
«x|] R. longicrus Sorata FGZC 3651
*% R. longicrus Sorata FGZC 3653
R. minuta Marojejy FGZC 2899 EU341106

*%

R. coronata

—
0.020

FIGURE 3. Majority-rule consensus tree of the Rhombophryne serratopalpebrosa species group and its sister clade, obtained
by partitioned BI analysis, based on 2491 nucleotide characters of two mitochondrial and one nuclear gene (/6S, coxl, sacs).
Asterisks indicate Bayesian posterior probability values (¥*0.95-0.98, **0.99—-1.0; not shown if <0.95). Stumpffia psologlossa
and other species of Rhombophryne were used as hierarchical outgroups and are here excluded from the figure as they are not
the subject of this study. Members of the R. serratopalpebrosa species group are depicted in life, not to scale.

Genetic data are not available from R. serratopalpebrosa itself. However, monophyly of all species of
Rhombophryne with superciliary spines has been recovered strongly and consistently here and in previous studies
(e.g. Scherz et al. 2016b), which provides strong support for our assignment of R. serratopalpebrosa to this group.
Furthermore, other morphological similarities between it and the other members of the group, such as the presence
of an S-shaped fold posterior to the nostril (otherwise found only in a new species described below), and relatively
long limbs and feet without a strongly rounded body shape (typical of most members of the R. serratopalpebrosa
species group but also its sister clade R. minuta+R. longicrus), support this assignment. A more extensive analysis
of the morphological (including osteological) and morphometric similarities of various different species clusters in
the genus Rhombophryne will be included in a forthcoming study.

Within the R. serratopalpebrosa species group, R. coronata is confirmed as the sister taxon to all other species,
but all other interspecific relationships are poorly resolved. For instance, despite a high genetic similarity of R.
guentherpetersi with R. ornata in one 16S segment (see below), these two species were not resolved as sister
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species. Exploratory single-gene analyses suggest a possible mitochondrial-nuclear gene tree discordance causing
the poor resolution within the group: the mitochondrial genes suggest a close relationship between R.
guentherpetersi, R. ornata, and R. tany, whereas the single nuclear gene sacs places R. guentherpetersi basal to a
clade containing R. ornata, R. tany, and a new species from Sorata described below (not available for the remaining
species).

All species of the R. serratopalpebrosa group for which multiple individuals were available were resolved,
respectively, as monophyletic groups (Fig. 3) and these were distinguished from each other by substantial genetic
distances. In the 3’-terminal segment of /6S used by Vieites ef al. (2009) to define candidate species of Malagasy
frogs, all species differed by >4% uncorrected pairwise distance (Table 1), except for R. guentherpetersi and R.
ornata, which had only 2.4-3.4% distance. However, this probably just reflects a coincidental and rare similarity
between two distinct species, given that in the second /65 segment their pairwise distances amounted to 5.0-7.2%.
Pairwise distances in cox/, among the species for which this gene was sequenced, ranged from 5.8—11.6% (Table
1). None of the species sequenced for sacs (R. coronata, R. guentherpetersi, R. ornata, R. tany, R. vaventy, and the
new species from Sorata described below) shared haplotypes of this nuclear gene.

Two lineages were found to be genetically distinct from all nominal species. We describe these as new species
due to the congruence of their large genetic distances with morphological differences. Furthermore, we provide a
re-description of the poorly known R. guentherpetersi, which both the mitochondrial and the nuclear data support
as reliably embedded within the R. serratopalpebrosa group.

TABLE 1. Uncorrected p-distances (in percent) in the ca. 550 bp 3’-terminal segment of the /6S gene (lower diagonal)
and in a ca. 600 bp segment of the cox/ gene (upper diagonal). Grey cells are within-group distances in /6S. Note that
not all available sequences were included in the comparisons because some sequences of much shorter length were
excluded. NA, not applicable (due to missing sequences for distance calculation).

R c. R d R g R o. R r Rt R v
Rhombophryne coronata (N=1) NA NA 10.3% 11.6% NA 11.4% 11.4%
Rhombophryne diadema sp. nov. (N=2) 9.1% 00%  NA NA NA NA NA
Rhombophryne guentherpetersi (N=2) 8.1-85%  5.1-53% 0.8%  5.8% NA 77%  6.7%
Rhombophryne ornata (N=2) 92.94%  5.5-5.6% 2.4-34% 02%  NA 8.4%  7.4%
Rhombophryne regalis sp. nov. (N=1) 8.1% 5.9% 6.1-6.6% 6.1-63% NA  NA NA
Rhombophryne tany (N=1) 8.6% 54-55% 44-45% 38-4.1% 67% |NA  7.4%
Rhombophryne vaventy (N=1) 9.4% 6.9% 526.0% 49-51% 67%  73% | NA

Taxonomic accounts

Rhombophryne guentherpetersi (Guibé, 1974)
Common name: Tsaratanana saw-browed diamond frog (modified from Frank & Ramus 1995)
(Figs 4-7, S1-S2)

Mantipus guentherpetersi Guibé, 1974: 1181-1182

Plethodontohyla guentherpetersi— Blommers-Schlosser & Blanc, 1991: 56-57. First depicted in life under this name in Stuart
et al. (2008).

Rhombophryne guentherpetersi—Glaw & Vences, 2007: 118. The photo provided on page 119 of this book is misattributed and
depicts an undescribed species (Scherz ef al. unpubl. data).

Holotype. MNHN 1953.165, an adult female specimen captured by an unknown collector on an unknown date on
the Tsaratanana Massif at 2600 m a.s.l. (Figs 4, 5, S2)

Paratypes. MNHN 1953.165A and MNHN 1953.165B, a juvenile and adult female with the same collection
data as the holotype. MNHN 1973.592 and MNHN 1973.593, a subadult female and juvenile collected by Charles
P. Blanc in 1966 on Mission ORSTOM from the same location as the holotype.

Referred specimens. ZSM 606/2014 (DRV 6220), a female, ZSM 607/2014 (DRV 6223), a male, and ZSM
608/2014 (DRV 6231), a female (Fig. S1), three adult specimens collected by D. Vieites, M. Vences, R.D.
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Randrianiaina, F.M. Ratsoavina, S. Rasamison, A. Rakotoarison, E. Rajeriarison, F. Randrianasolo, F.
Randrianasolo and T. Rajoafiarison, ZSM 606/2014 and 607/2014 on the 16™ of June 2010 at Andranomadio (camp
4), Tsaratanana, 14.0801°S, 48.9854°E, 2503 m a.s.l.; ZSM 608/2014 on the 18" of June 2010 at a site on the
Tsaratanana mountain 14.0665°S, 48.9832°E, 2732 m a.s.l. A further three specimens from Andranomadio (with
same collecting data as ZSM specimens from this site) were deposited in the UADBA collection: UADBA-A
60775 (DRV 6210) and UADBA-A 60776 (ZCMV 12401), adults; UADBA-A 60782 (ZCMV 12435), subadult.

Rhombophryne Rhombophryne Rhombophryne
guentherpetersi regalis sp. nov. diadema sp. nov.
MNHN 1953.165 MRSN A4602 ZSM 1629/2012

FIGURE 4. Photographs of the holotypes of the species treated in this manuscript, in dorsal (top row) and ventral (bottom row)
views.

Diagnosis and comparisons. Rhombophryne guentherpetersi is a member of the genus Rhombophryne on the
basis of molecular phylogenetic affinities (Fig. 3) and the possession of a clavicle combined with the absence of T-
or Y-shaped terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T- or Y-
shaped terminal phalanges in the morphologically similar Plethodontohyla Boulenger, 1882). Within the genus
Rhombophryne, it is assigned to the R. serratopalpebrosa species group on the basis of possessing superciliary
spines and of molecular phylogenetic affinities (Fig. 3, Table 1).

Rhombophryne guentherpetersi is distinguished from all other described congeners by the following unique
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suite of characters: adult SVL 27.3-35.7 mm; TDH/ED = 0.45-0.66; a weak supratympanic fold running from the
rear corner of the eye to curve slightly over and behind the tympanum toward the axilla; two or three small
superciliary spines; distinct, raised dorsolateral glands, and bulbous tibial glands. The pectoral girdle is distinctly
narrower than that seen in its congeners (see Fig. 7; 8.2-9.4% of SVL). Furthermore, R guentherpetersi is
separated from all other Rhombophryne species except R. ornata and R. serratopalpebrosa by uncorrected pairwise
distances of at least 4.4% in a segment of the /6S rRNA mitochondrial gene (see Table 1; no molecular data
available for R. serratopalpebrosa)—for distinction from R. ornata, see below.

Rhombophryne guentherpetersi is distinguished from all Rhombophryne species except the R
serratopalpebrosa group by the possession of superciliary spines, and from all members of this group, and indeed
all cophyline microhylids, by the possession of bulbous tibial glands. Genetically, R. guentherpetersi is very
closely related to R. ornata—they are separated by just 2.4-3.4% in one fragment of the /6S gene (see Table 1),
which is lower than our standard threshold for candidate species recognition (Vieites ef al. 2009). However, the two
species are highly morphologically distinct, differing not just in the presence or absence of tibial glands, but also in
the shorter relative hindlimb length of R. guentherpetersi (HIL/SVL 1.33-1.45 vs. 1.46-1.64), tibiotarsal
articulation reaching the axilla or tympanum (vs. between the tympanum and the eye), absence (vs. presence) of red
colouration in the inguinal region, partially ossified limb epiphyses and carpals (vs. unossified), and much
narrower pectoral girdle (length of coracoid <10% of SVL vs. >12%; see Fig. 7). A differential diagnosis from all
other cophyline microhylids is unnecessary because the tibial glands allow easy unambiguous distinction. These
are noticeable, if not well developed, even in subadults.

Re-description of the holotype. (Figs 4, 5) An adult female specimen in moderately good state of
preservation. Ventral incision and left lateral incision present.

VR. guentherpetersi

— D

R. vaventy

‘ R. ornata

)
R. serratopalpebrosa

R. coronata

R. regalis sp. nov. Eodiadette spanov:

FIGURE 5. Comparative morphology of the heads, feet, and hands of members of the Rhombophryne serratopalpebrosa
species group. All specimens are the holotypes of their respective species, except R. coronata, which is paratype ZSM 694/
2001. Asterisks indicate mirrored images. Not to scale.
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fa

FIGURE 6. Rhombophryne guentherpetersi in life. (a—c) ZSM 607/2014 in (a) dorsolateral (with inset showing superciliary
spines), (b) dorsal, and (c) ventral view; and (d, e) other specimens in dorsolateral view (assignment to field and collection
numbers unknown).
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lateral view; skull in (d) dorsal, (e) ventral, and (f) lateral view. Abbreviations: angspl = angulosplenial, col = columella, exoc =
exoccipital, fpar = frontoparietal, max = maxilla, mmk = mentomeckelian, npl = neopalatine, pmx = premaxilla, povom =
postchoanal vomer, proot = prootic, prvom = prechoanal vomer, prsph = parasphenoid, pter = pterygoid, qj = quadratojugal,
smax = septomaxilla, spheth = sphenethmoid, sq = squamosal.

Body robust. Head wider than long (HW/HL = 1.35). Pupils horizontally oval. Snout rounded in dorsal and
lateral views. Canthus rostralis concave. Loreal region concave. Nostrils nearer to snout tip than to eye (END/NSD
= 1.24), directed laterally, slightly protuberant. Tympanum distinct, TDH/ED = 0.47. Weak supratympanic fold,
from middle rear of eye curving slightly over and behind tympanum toward the axilla. Two small superciliary
spines above each eye. Vomerine teeth present, curved, not meeting at the midline.

Arms robust. Fingers without webbing; relative lengths 1<2<4<3, fourth finger distinctly longer than second;
finger tips not expanded; fingers not reduced; nuptial pads absent; inner metacarpal tubercle present, outer
metacarpal tubercle divided, faint; subarticular tubercles distinct, undivided. Hindlimbs short and thick; tibiotarsal
articulation reaches the axilla; TIBL/SVL = 0.35. Strongly developed tibial glands cover almost the entirety of the
dorsal tibia. Inner metatarsal tubercle present, enlarged, outer metatarsal tubercle absent. Toes unwebbed; relative
lengths 1<2<5<3<4, fifth toe distinctly shorter than third. Toe tips not expanded.

Dorsal skin slightly granular except on the head, where it is slightly rougher, with a slightly raised ridge on the
midline of the head. Dorsolateral folds absent. A porous glandular formation extends from the suprascapular region
to the inguinal region on either side of the body. Ventral skin smooth.

Colouration of the holotype: (Figs 4, 5) Light reddish-brown above with irregular small dark speckling. Loreal
and tympanic regions lighter than dorsal head, without speckling. Glandular formations on tibiae and dorsum
darker brown, as are the anterior surfaces of head and above eyes. Flanks fading from dorsal colour to ventral
colour. Venter uniformly tan to cream. Limbs coloured as the dorsum.

Variation. The type series is composed of two juveniles, one subadult, and one poorly preserved adult, in
addition to the holotype. Our newly added material consists of three well-preserved adults, including the first male
specimen. All specimens, including the juveniles, possess superciliary spines, but they are small and variable in
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number, and in poorly preserved specimens cannot be well distinguished (but can be distinguished in life; see Fig.
6). ZSM 606/2014 has three superciliary spines, whereas all other specimens have two. The paratype MNHN
1953.165B is darker than the rest of the type series and has much rougher skin (but is also particularly poorly
preserved). All specimens, including the juveniles, have tibial glands, but these are less bulbous in the juveniles
and subadult, becoming large only in the adults (confirming that all members of the type series are indeed
conspecifics). The one male specimen is smaller than the adult females, but is in all other aspects highly similar in
morphology (see Appendix 1). The tibiotarsal articulation reaches either the axilla or the tympanum. A prepollex is
well developed in the one available male specimen, ZSM 607/2014. The species may have some degree of sexual
size dimorphism, as the only male specimen is slightly smaller than all adult female specimens available (27.3 vs.
28.9-35.7 mm).

Colouration is relatively homogeneous, but shade and pattern differ somewhat (Fig. 6). The newly collected
specimens are much darker brown in colour than the type series, but generally have commonalities to their colour
patterns: a pair of blackish oblong markings above the suprascapular region (Fig. 6). These markings are present
only in one member of the type series (MNHN 1973.592). The lateral body has several dark-brown flecks. These
are present in all of the paratypes but not in the holotype. The venter is mottled dark and light brown in some
specimens but is almost solid dark brown in others. A light brown interocular bar is sometimes present, anterior to
which the snout is typically lighter brown than the dorsum. The dorsolateral glands can also be this light brown, or
they can be continuous with the rest of the dorsum.

Remarks. The following inconsistencies exist between our re-description and the original description of this
species by Guibé (1974): Superciliary spines are present; these were apparently overlooked in his description.
Tibiotarsal articulation was given as reaching the eye. This could not be verified in any member of the type series
except the poorly preserved paratype MNHN 1973.592, the vertebral column of which is inverted (i.e. convex
instead of concave), possibly misleading tibiotarsal articulation. The holotype is 10 mm longer than described (34.6
mm vs. 25 mm). Guibé (1974, 1978) stated that the prepollex was developed in males, but the type series does not
contain any males. Nevertheless, we have confirmed this observation with a newly collected male specimen (see
Variation above).

Natural history. At Andranomadio, specimens were found during the day in high-altitude rainforest with
rather open canopy (2503 m a.s.l.), burrowed several centimetres deep in the ground. Another individual (ZSM
608/2014) was collected above the treeline (2732 m a.s.l.), in an area of grassland with some scattered heath,
hidden under a stone during the day.

Distribution and conservation status. Rhombophryne guentherpetersi is currently listed in the IUCN Red
List as Endangered under criterion Blab(iii) (IUCN SSC Amphibian Specialist Group 2016a), meaning an extent
of occurrence of < 5000 km* (B1), a severely fragmented habitat or known from <5 locations (a), and an observed,
estimated, inferred, or projected on-going decline in the area, extent and/or quality of habitat (b(iii)). At present, R.
guentherpetersi is known only from the Tsaratanana Massif. The exact collecting locality of the type specimens is
not clear (Guibé 1974), but three specimens were collected on a recent expedition to the Tsaratanana Massif (ZSM
606-607/2014 at 14.0801°S, 48.9854°E at 2503 m a.s.l; ZSM 608/2014 at 14.0665°S, 48.9832°E, 2732 m a.s.l.;
Fig. 8). These two localities are well inside the protected area of Tsaratanana Strict Nature Reserve, to which only
researchers and conservation workers are permitted access. Although it is possible that the species may occur in the
forest corridor between Marojejy and Tsaratanana (COMATSA; see Rabearivony et al. 2015), which is pending
official protected status, we consider this unlikely: we suspect that R. guentherpetersi is found only at high
elevations, possibly near to and above the tree line, which in Tsaratanana is around 2550 m a.s.l. No part of the
COMATSA corridor exceeds 2300 m a.s.l. The likely extent of occurrence of this species is therefore limited to an
area of 36.4 km’. Deforestation and habitat degradation pressure at such high altitude is minimal relative to the
lower reaches of the forest, especially due to the strict conservation status of this forest. However, it is not free from
threats: Climate change may be a significant factor for species living near the tops of mountains, as their niche
space diminishes with rising temperatures. Fires in the high mountain grassland could swiftly eradicate the suitable
open habitat and leave only forest habitat available. To balance (1) the small range of this species, (2) the highly
protected status it enjoys, and (3) the threats that persist despite this protection, we propose to maintain a status of
Endangered Blab(iii) (IUCN 2012), but encourage further surveys within COMATSA and Tsaratanana Strict
Nature Reserve in order to better understand the distribution and ecology of this species.
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FIGURE 8. Map of the north of Madagascar showing the collection localities of specimens of the focal species of this paper,
Rhombophryne guentherpetersi, R. regalis sp. nov., and R. diadema sp. nov. Basemap from www.vegmad.org. Hashing
indicates protected areas; note that the full extent of Tsaratanana Strict Nature Reserve is not shown.

Rhombophryne regalis sp. nov.
Suggested common name: Regal saw-browed diamond frog
(Figs 4, 5,9, 10, S3-S7)

Naming remarks. This species has frequently been referred to as Plethodontohyla (after 2008, Rhombophryne)
serratopalpebrosa (Vences & Glaw 2003; Glaw & Vences 2007; Wollenberg et al. 2008; Vieites et al. 2009). It was
figured as such on page 119 of Glaw & Vences (2007). We have referred to it as R. sp. aff. serratopalpebrosa
(Scherz et al. 2015b), R. sp. ‘Ambolokopatrika’ (Scherz ef al. 2014, 2015a, 2016a, Lambert ef al. 2017), and R. sp.
CaNEW Ambolokopatrika (Scherz et al. 2016b). We consider it likely that some records from COMATSA (e.g.
Rabearivony et al. 2015) refer to this species, but specimens and DNA samples are required to verify this.
Holotype. MRSN A4602 (FN 7292), adult male, captured 13 December 1997 by F. Andreone, J.E.
Randrianirina, and G. Aprea at Camp 3 of Ambolokopatrika-Betaolana Forest, locally known as ‘Antsinjorano’
(14.5433°8S, 49.4300°E), around 980 m a.s.l., in the Sava Region, northeastern Madagascar (Figs 4, 5, S3).
Paratypes. MRSN A4603 (FN 7146), adult female, same collection data as the holotype; MRSN A4619,
subadult, and MRSN A4620, adult female, collected 6 December 1997 by F. Andreone, J.E. Randrianirina, and G.
Aprea at Camp 2 of Ambolokopatrika-Betaolana Forest, locally known as ‘Andranomadio’ (14.5400°S,
49.4383°E), around 860 m a.s.l.; MRSN A4618, adult female, collected 26 June 1996 by F. Andreone and J.E.
Randrianirina in Besariaka Forest, at the campsite locally known as ‘Ambinanin’antsahamaloto’ (14.8283°S,
49.5958°E), around 800 m a.s.l.; MRSN A6058, adult female, collected January 1996 by F. Andreone, J.E.
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Randrianirina, and H. Randriamahazo on the west slope of Anjanaharibe-Sud (Analabe) at ‘Camp W1’ (14.7783°S,
49.4634°E), around 1050 m a.s.l.

Diagnosis and comparisons. A species assigned to the genus Rhombophryne on the basis of molecular
phylogenetic affinities (Fig. 3), and the possession of a clavicle combined with the absence of T- or Y-shaped
terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T- or Y-shaped
terminal phalanges in the morphologically similar Plethodontohyla). Within the genus Rhombophryne, it is
assigned to the R. serratopalpebrosa species group on the basis of possessing superciliary spines and molecular
phylogenetic affinities (Fig. 3).

Rhombophryne regalis sp. nov. is distinguished from all congeners by the following unique suite of characters:
SVL 20.2-26.5 mm; loreal region strongly concave, possessing an S-shaped fold behind the naris; tympanum
distinct, TDH/ED = 0.47-0.67; weak supratympanic fold extending from rear corner of eye over tympanum toward
axillary region; three superciliary spines, the first of which is largest and pointed anteriorly, the second of which is
smaller, and the third of which is diminutive; second finger slightly shorter than fourth, fifth toe distinctly shorter
than third; tibiotarsal articulation reaching to or beyond the snout tip; TIBL/SVL = 0.47-0.56. Osteologically, it is
characterised by an anteriorly broadening parasphenoid cultriform process, ventromedial contact of exoccipitals,
straight postchoanal vomers, smoothly sigmoidal anterior edge of ventral ramus of squamosal, strong dorsal
prominence on iliac shafts, and ossified pubis. Additionally, R regalis is distinguished from all other
Rhombophryne species for which molecular data are available by uncorrected pairwise distances of at least 6.1% in
a segment of the /6S rRNA mitochondrial gene (Table 1).

Within the genus Rhombophryne, R. regalis sp. nov. can be distinguished from all species except members of
the R. serratopalpebrosa group by the possession of superciliary spines. Within the R. serratopalpebrosa group, R.
regalis sp. nov. may be distinguished from R. serratopalpebrosa, which it most strongly resembles, by its smaller
size (adult female SVL 20.2-26.5 mm vs. 28.5 mm; males unavailable from R. serratopalpebrosa), weak
supratympanic fold (vs. strong supratympanic fold), possession of three superciliary spines: 1 large, 2™ medium,
3" diminutive (vs. four: 1* large, 2" medium, 3™ small, 4™ diminutive), smaller relative tympanum size (TDH/ED =
0.47-0.67 vs. 0.72), shorter relative forelimb length (FORL/SVL = 0.59-0.70 vs. 0.80), parasphenoid cultriform
process broadening anteriorly (vs. not broadening), exoccipitals in ventromedial contact (vs. not in contact), broad
(vs. narrow) quadratojugal-squamosal contact, anterior edge of squamosal ventral ramus smoothly sigmoidal (vs.
stepped), and ossified (vs. unossified) pubis; from R. vaventy by its much smaller size (SVL 20.2-26.5 vs. 51.9
mm), weak supratympanic fold extending from posterior of eye over tympanum toward axillary region (vs. distinct
supratympanic fold, curved over and behind the tympanum but not extending anterior to the tympanum),
possession of three superciliary spines: 1% large, 2" medium, 3" diminutive (vs. four, anterior two most distinct),
shorter relative forelimb length (FORL/SVL = 0.59-0.70 vs. 0.76), and absence (vs. presence) of enlarged inner
metatarsal tubercles; from R. guentherpetersi by its smaller size (SVL 20.2-26.5 vs. 27.3-35.7 mm), possession of
three superciliary spines: 1% large, 2™ medium, 3™ diminutive (vs. 2-3 small superciliary spines), tibiotarsal
articulation reaching at least the nostril (vs. reaching the insertion of the arms), longer relative tibia length (TIBL/
SVL = 0.47-0.56 vs. 0.35-39), and absence of a dorsal tibial gland (vs. presence); from R. ornata by its smaller
size (single known male SVL 22.4 vs. 33.0 mm), weak supratympanic fold extending from rear corner of eye over
tympanum toward axillary region (vs. distinct supratympanic fold extending from rear corner of eye over and
behind tympanum toward axilla; see Fig. 5), possession of three superciliary spines: 1% large, 2" medium, 3"
diminutive (vs. two of roughly equal size), thinner thighs (THIW/THIL = 0.26-0.34 vs. 0.36-0.40), slightly longer
relative tibia length (TIBL/SVL = 0.47-0.56 vs. 0.38-0.46), tibiotarsal articulation reaching at least the nostril (vs.
reaching between the tympanum and eye), and absence of reddish colour on the hidden portions of the legs (vs.
presence); from R. tany by its weaker supratympanic fold (see Fig. 5), possession of three superciliary spines: 1*
large, 2™ medium, 3" diminutive (vs. two of roughly equal size), considerably thinner thighs (THIW/THIL 0.26—
0.34 vs. 0.41), longer relative tibia length (TIBL/SVL = 0.47-0.56 vs. 0.43), and tibiotarsal articulation reaching at
least the nostril (vs. reaching between the tympanum and eye); and from R. coronata by possession of three
superciliary spines differing in size: 1% large, 2™ medium, 3™ diminutive (vs. three of roughly equal size), thinner
thighs (THIW/THIL = 0.26-0.34 vs. 0.36-0.44), thinner shanks (TIBW/TIBL = 0.18-0.24 vs. 0.31-0.36), longer
relative tibia length (TIBL/SVL = 0.47-0.56 vs. 0.35-0.39), and first toe unreduced (vs. sometimes reduced to a
short nub; see Fig. 5).
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Description of the holotype. (Figs 4, 5, 9a, b) An adult male specimen in a moderately good state of
preservation, though quite soft. Tissue samples taken from left thigh and tongue for sequencing. A small incision
is present in the right side. The testes are well developed and mature, and can be easily identified.

Body robust. Head wider than long (HW/HL = 1.46). Pupils tiny and horizontally oblong (possibly
deformed by preservation). Snout rounded in dorsal and lateral view. Canthus rostralis concave. Loreal region
concave, with a subtle S-shaped fold that surmounts the nostril anteriorly (otherwise known only from R.
serratopalpebrosa). Nostrils nearer to snout tip than to eye (END/NSD = 1.22), directed laterally, slightly
protuberant. Tympanum distinct, TDH/ED = 0.47. Weak supratympanic fold, hardly noticeable anterior to
tympanum but extending posterior to it toward the axillary region. Three superciliary spines above each eye, the
first large and anterior to the eye, the second smaller and above the eye, the third diminutive and over the
posterior half of the eye (hardly perceptible without the aid of magnification). Vomerine teeth present in a
straight row either side of the palate, approaching each other medially but separated by a small gap.

Arms slender. Fingers without webbing, relative lengths 1<2<4<3; fourth finger distinctly longer than
second; finger tips not expanded; fingers not reduced (Fig. 5); nuptial pads absent; inner metacarpal tubercle
present, outer metacarpal tubercle absent; subarticular tubercles weak, undivided. Hindlimbs fairly slender;
tibiotarsal articulation reaches the snout tip; TIBL/SVL = 0.48. Inner metatarsal tubercle present, not enlarged,
outer metatarsal tubercle absent, subarticular tubercles indistinct. Toes unwebbed; relative lengths 1<2<5<3<4,
fifth toe distinctly shorter than third. Toe tips not expanded, third toe tip pointed.

Dorsal and ventral skin smooth in preservative, but quite bumpy in life (Fig. 9a). Dorsolateral folds absent.

Colouration of holotype: After 19 years in preservative, specimen dorsally brown, with two darker spots
above the suprascapulae, anteriorly bordered by cream lines. A darker brown chevron extends from the inguinal
regions on either side of the body to the mid-dorsum, bordered anteriorly and posteriorly by thin cream lines.
Another cream line extends from the middle lateral side of the frog anteriorly over the axial pit, dorsally
encircling the insertion of the arm. Over the suprascapular region, a clover-shaped dark brown marking is
present, outlined with a thin cream border (much more distinct in life; see Fig. 9a). A dark brown interocular bar
is also present, likewise bordered with cream. Laterally lighter brown, with a cream line extending from
posterior of eye along anterior edge of tympanum to corner of mouth. Legs with one darker brown crossband
each on the thigh, lower leg, tarsal, and metatarsal regions, that on the thigh with thin cream borders. Venter
cream, with a darker chin. Colouration in life as in preservative, but more vibrant and clear, and somewhat more
reddish (Fig. 9a).

Variation. All paratypes have been more strongly fixed than the holotype. Snout more or less truncate and
squared. For variation in measurements, see Appendix 1. TDH larger in all paratypes than in the holotype (full
range of TDH/ED = 0.47-0.67). Leg length varies, but the tibiotarsal articulation extends to or beyond the
nostril. Supratympanic fold and superciliary spines generally consistent, but influenced by quality of
preservation. The tongues of the paratypes are broad, unlobed, and attached anteriorly (that of the holotype has
been removed). No sexual size dimorphism is apparent. The paratypes are more uniformly brown dorsally than
the holotype, mostly lacking dorsal patterns and cream colouration; ventrally similar, but can be more mottled
with light brown. The dorsal skin of all paratypes is rougher than the holotype, both in preservative and in life
(Fig. 9). Notes on osteological variability are given in the Osteology section, below.

Natural history. Several of the paratypes contain developing eggs, revealed by their slightly higher X-ray
absorbance than the surrounding tissue in the micro-CT scans; MRSN A4620 had 11, and A6058 had 17. This
suggests relatively small clutch sizes. Little is known about the species’ life history. The individuals were
usually found active on the ground during rainy weather at night. The type series was collected while installing
basecamp and drift fences in primary, mid-altitude rainforest, confirming the species as at least partly fossorial.

Etymology. The species epithet is the Latin nominative singular two-ending adjective regalis, meaning
‘kingly’ or ‘regal’, and refers to the crown-like superciliary spines that individuals of this species, and all other
members of the R. serratopalpebrosa group, possess.
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FIGURE 9. Rhombophryne regalis sp. nov. in life, showing the holotype (MRSN A4602) in (a) dorsal and (b) ventral view;
paratype MRSN A4603 in (c) dorsolateral and (d) ventral view; and (e) an individual from Ambolokopatrika in dorsolateral
view (assignment to field and collection numbers unknown).
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FIGURE 10. Osteology of Rhombophryne regalis sp. nov. (MRSN A4602). Full skeleton in (a) dorsal, (b) ventral, and (c)
lateral view; skull in (d) dorsal, (e) ventral, and (f) lateral view. Abbreviations as in Fig. 7.

Distribution and conservation status. Rhombophryne regalis sp. nov. is reliably known from Anjanaharibe-
Sud, Ambolokopatrika, and Besariaka, over an altitudinal range from 980 to 1050 m a.s.l. (Fig. 8). It may also be
distributed south into Makira, northwest into COMATSA, southeast into Masoala, or northeast into Marojejy—a
more detailed sampling including genetic material will be needed to assess its full distribution. Its currently known
distribution encompasses an area of 213 km* over three threat-defined locations (TDLs). A TDL is defined by the
IUCN (2012) as a “distinct area in which a single threatening event can rapidly affect all individuals of the taxon
present’; here, we consider each of the three localities from which the new species is known to be separate TDLs,
as deforestation, the greatest threat to these frogs, is generally localized, and disappearance of habitat in one of the
locations will not affect the status of the others.

Records of ‘R. serratopalpebrosa’ from COMATSA by Rabearivony et al. (2015) probably refer to this species
as well, but need to be verified with specimens. However, we hypothesise that it may in fact be distributed over an
area of >7000 km? encompassing adjacent, mid-altitude rainforest in northern Madagascar. The habitat in all three
of the confirmed locations where this species occurs is being degraded, despite partial protection—cattle grazing,
slash-and-burn, and selective logging are widely practiced, leading to on-going decline in the extent and quality of
available habitat. Due to its restricted known range but probable wider distribution, this species is a borderline case
between Endangered and Vulnerable using the IUCN classification system. To avoid being inflationary, we
conservatively propose a status of Vulnerable for this species according to the IUCN Red List criterion B1ab(iii)
(as above, but extent of occurrence <20,000 km?* and known from 10 or fewer locations) and recommend research
to quantify its distribution in northern Madagascar’s rainforests.
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Rhombophryne diadema sp. nov.
Suggested common name: Diadem saw-browed diamond frog
(Figs 4, 5,11, 12, S8)

Holotype. ZSM 1629/2012 (FGZC 3604), adult female, collected between the 26™ and 30" of November by F.
Glaw, O. Hawlitschek, T. Rajoafiarison, A. Rakotoarison, F.M. Ratsoavina, and A. Razafimanantsoa on the
Sorata Massif at 13.6817°S, 49.4411°E, at 1339 m a.s.l., in the Sava Region, northeastern Madagascar (Figs 4, 5,
S8).

Paratypes. ZSM 1628/2012 (FGZC 3731), adult male, and UADBA-A 60289 (FGZC 3611), adult female
with large eggs, same data as holotype except collected at a creek above the campsite in Sorata (13.6780°S,
49.4404°E) at 1407 m a.s.l.

Diagnosis and comparisons. A species assigned to the genus Rhombophryne on the basis of molecular
phylogenetic affinities (Fig. 3), and the possession of a clavicle combined with the absence of T- or Y-shaped
terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T- or Y-shaped
terminal phalanges in the morphologically similar Plethodontohyla). Within the genus Rhombophryne, it is
assigned to the R. serratopalpebrosa group on the basis of possessing superciliary spines and molecular
phylogenetic data (Fig. 3).

Rhombophryne diadema sp. nov. is distinguished from all congeners by the following unique suite of
characters: SVL 22.7-23.4 mm; tympanum indistinct, TDH/ED = 0.59-0.64); weak supratympanic fold
extending from the rear corner of the eye over and behind tympanum toward the axilla; three superciliary spines,
the posterior-most considerably smaller than the anterior two; unreduced fingers, second finger distinctly shorter
than fourth; tibiotarsal articulation reaching eye; TIBL/SVL = 0.44-0.46; and fifth toe distinctly shorter than
third. Osteologically, it is characterised by an anteriorly broadening parasphenoid cultriform process, prechoanal
portion of vomer non-radiate, postchoanal portion straight, broad quadratojugal-squamosal contact, stepped
anterior edge of ventral ramus of squamosal, short humeral crista ventralis, weak dorsal prominence on iliac
shafts, and partially ossified pubis. Additionally, R. diadema is separated from all other Rhombophryne species
for which molecular data are available by uncorrected pairwise distances of at least 5.1% in a segment of the 16S
rRNA mitochondrial gene (Table 1).

Within the genus Rhombophryne, R. diadema sp. nov. differs from all species except members of the R.
serratopalpebrosa group by the possession of superciliary spines. Within the R. serratopalpebrosa group, it
differs from R. serratopalpebrosa by smaller size (SVL 22.7-23.4 vs. 28.5 mm), smaller relative tympanum size
(TDH/ED = 0.59-0.64 vs. 0.78), a weak (vs. strong) supratympanic fold, three superciliary spines (vs. four),
shorter relative forelimb length (FORL/SVL 0.59 vs. 0.71), and shorter relative hindlimb length (HIL/SVL =
1.66 vs. 1.77); from R. vaventy by much smaller size (SVL 22.7-23.4 vs. 51.9 mm), larger relative tympanum
size (TDH/ED = 0.59-0.64 vs. 0.46), narrower head (HW/HL = 1.46-1.59 vs. 1.70), a weak (vs. distinct)
supratympanic fold (see Fig. 5), three (vs. four) superciliary spines, tibiotarsal articulation reaching eye (vs.
beyond snout tip), shorter relative forelimb length (FORL/SVL = 0.59 vs. 0.76), smaller relative tibia size
(TIBL/SVL = 0.44-0.46 vs. 0.53), and smaller inner metacarpal tubercle size (IMCL/HAL 0.13-0.14vs. 0.19);
from R. guentherpetersi by smaller size (SVL 22.7-23.4 vs. 27.5-35.1 mm), three superciliary spines, the
anterior two of which are of medium size, the posterior-most of which is considerably smaller (vs. two to three
small superciliary spines), broader head (HW/HL = 1.46-1.59 vs. 1.34—1.41), tibiotarsal articulation reaching
the eye (vs. reaching the insertion of the arms), longer relative tibia length (TIBL/SVL 0.44-0.46 vs. 0.32—0.36),
partially ossified pubis (vs. unossified), and broader pectoral girdle (compare Fig. 7b with Fig. 12b); from R.
ornata by smaller size (SVL 22.4-23.4 mm vs. 33.0 mm), a weak (vs. distinct) supratympanic fold, three
superciliary spines (vs. two), longer relative hindlimb length (HIL/SVL = 1.66 vs. 1.45-1.63), smaller relative
inner metacarpal tubercle length (IMCL/HAL = 0.13-0.14 vs. 0.15-0.19), absence of reddish colour on the
hidden portions of the legs (vs. presence), and ossified carpals and limb bone epiphyses (vs. unossified); from R.
tany, which it most strongly resembles, by its weaker supratympanic fold (see Fig. 5 and compare Figs 1d and
11), three superciliary spines (vs. two), slightly shorter forelimbs (FORL/SVL 0.59 vs. 0.63), slightly longer
relative tibia length (TIBL/SVL 0.44-0.46 vs. 0.43), prootics in contact with parasphenoid alae (vs. not in
contact), parasphenoid cultriform process broadening anteriorly (vs. having parallel edges), nasals not
anterolaterally displaced (vs. displaced), quadratojugal-squamosal contact broad (vs. narrow), anterior edge of
ventral ramus of squamosal distinctly stepped (vs. weakly stepped), dorsal prominence of iliac shafts weak (vs.
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strong), and partially ossified pubis (vs. unossified); from R. regalis by anterior-most superciliary spine sitting
atop eye (vs. anterior to eye; see Fig. 5 and compare Figs 9 and 11), slightly shorter relative forelimb length
(FORL/SVL = 0.59 vs. 0.59-0.70), shorter relative tibia length (TIBL/SVL 0.44-0.46 vs. 0.47-0.56), tibiotarsal
articulation reaching the eye (vs. reaching the snout tip or beyond), exoccipitals ventromedially not in contact
(vs. in contact), anterior edge of ventral ramus of squamosal stepped (vs. smoothly sigmoidal), dorsal
prominence of iliac shafts weak (vs. strong), and partially ossified pubis (vs. ossified); and from R. coronata,
which it also closely resembles, by much smaller size of the posterior-most superciliary spine (vs. three roughly
equal-sized superciliary spines), larger relative tympanum size (TDH/ED 0.59-0.64 vs. 0.37-0.59), longer
relative tibia length (TIBL/SVL 0.44-0.46 vs. 0.35-0.39), first toe unreduced (vs. sometimes reduced to a short
nub; see Fig. 5), anterior edge of squamosal ventral ramus stepped (vs. straight), and sphenethmoids not
exceeding postchoanal vomers (vs. exceeding postchoanal vomers).

Description of the holotype. (Figs 4, 5) An adult female specimen in a very good state of preservation.
Tissue taken from the left thigh for genetic sequencing. A transverse incision present in the posterior abdomen.

Body robust. Head wider than long (HW/HL = 1.59). Pupils round. Snout rounded in dorsal and lateral
views. Canthus rostralis concave. Loreal region slightly concave. Nostril nearer to snout tip of than to eye
(END/NSD = 0.47), directed laterally, slightly protuberant. Internarial distance greater than distance from eye to
nostril. Tympanum indistinct, TDH/ED = 0.64. Supratympanic fold weak, extending from the middle back of the
eye over and behind the tympanum toward the axilla. A small granular bump is present posteroventral to both
tympana. Three superciliary spines above each eye, the anterior two roughly equal in size, the posterior-most
almost imperceptible without magnification. Vomerine teeth present, in straight rows either side of the palate,
separated medially by a small gap. Tongue broad and unlobed, attached anteriorly.

Arms fairly slender. Fingers not reduced. Fingers without webbing; relative lengths 1<2<4<3; fourth finger
distinctly longer than second. Finger tips not enlarged. Nuptial pads absent; inner metacarpal tubercle present,
outer metacarpal tubercle absent, subarticular tubercles weak. Hindlimbs strongly built. Tibiotarsal articulation
reaches the eye; TIBL/SVL = 0.46. Inner metatarsal tubercle present; outer metatarsal tubercle absent. Toes
unwebbed; relative lengths 1<2<5<3<4; fifth toe distinctly shorter than third. Dorsal skin granular, rugose in
life. Dorsolateral folds absent.

Colouration of the holotype: After two and a half years in preservative, dorsal body colour is dark brown
flecked with black—in life, the body was a more reddish brown (Fig. 11a). The posterior half is lighter in colour
than the anterior, particularly around the midline. Two light-brown lines run posteromedially from the eyes,
approaching one another toward the midline but ending in the suprascapular region. These lines merge
anterolaterally at the posterior of the eye with the lighter flank colouration, extending onto the lateral portions of
the head. A whitish line runs from the posterior edge of the eye to the corner of the mouth. The arms are dorsally
light brown flecked with black. The legs are dorsally light brown, with one dark crossband on the thigh, two on
the shank—the proximal of which is less distinct than the distal—one on the tarsus, one on the metatarsals, and
some black spots on the toes.

The ventral surface is cream, with a little brown speckling on the chin and below the insertions of the arms.
The legs are ventrally flecked with light brown and cream. The iris is gold with black reticulations and a black
periphery.

Variation. Morphologically, ZSM 1628/2012 agrees strongly with the holotype. Its tympanum is slightly
smaller (TDH/ED = 0.59), and its tibia shorter (TIBL/SVL = 0.44). Its colouration is starkly different, however.
Dorsally, it is uniformly an earthy brown. Crossbands on the shanks are faint but present, as is the light line
running between the corner of the mouth and the posterior of the eye. Based on colour photographs (Fig. 11),
UADBA-A 60289, which is female, also closely agrees in morphology with the rest of the type material. Its
colouration is roughly intermediate between the other specimens, its dorsum being muddy brown flecked with
white and black spots; a pair of small white spots being present between the anterior edges of the eyes, and again
between the posterior edges, as well as over the suprascapular region. Its inguinal region is a yellowish cream.
The crossbands on its legs are as in the holotype.

Etymology. The specific epithet diadema is the latinized Greek word for diadem, a small crown typically
worn by female royalty. It refers to the superciliary spines borne by this species. It is a feminine nominative
singular noun in apposition.
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FIGURE 11. Rhombophryne diadema sp. nov. in life, showing the holotype ZSM 1629/2012 in (a) dorsal and (b) ventral view;
paratype ZSM 1628/2012 in (c) lateral and (d) ventral view; and paratype UADBA-A 60289 in (e) lateral and (f) ventral view.
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FIGURE 12. Osteology of Rhombophryne diadema sp. nov. (ZSM 1629/2012). Full skeleton in (a) dorsal, (b) ventral, and (c)
lateral view; skull in (d) dorsal, (e) ventral, and (f) lateral view. Abbreviations as in Fig. 7.

Natural history. Individuals of this species were captured when active during the day jumping among the leaf-
litter or near pitfall traps, suggesting a terrestrial, possibly partially fossorial lifestyle. The holotype contained at
least 13 well-developed, yellow eggs (diameter 2.45 + 0.25 mm), suggesting that the species was reproductively
active at the end of November, around the start of the rainy season.

The montane rainforest of Sorata is under high human-disturbance pressure, especially due to the high number
of zebu cattle, which are responsible for widespread forest disturbance in the area. The area where the specimens of
this species were discovered was exceptionally intact, with dense leaf litter.

Distribution and conservation status. This species is known only from high altitudes (1339—1407 m a.s.l.) in
the forest of the Sorata Massif in northern Madagascar (Fig. 8). This forest is unprotected and therefore threatened
by deforestation and degradation without restriction. Additionally, species at high altitude may be threatened by
climate change (Raxworthy 2008; Raxworthy et al. 2008), although this threat is most likely less imminent than
that of deforestation. If this species is restricted to the Sorata Massif, then its extent of occurrence and
optimistically estimated area of occupancy constitutes an area of only ~250 km* (calculated in Google Earth® Pro
6.1.0.500, Google Inc., Mountain View, CA). Due to its likely restriction to a small area of unprotected forest that
is under threat from deforestation and possible long-term threat of climate change, R. diadema sp. nov. qualifies as
Endangered under the [IUCN Red List Criteria (2012) Blab(iii) as defined for R. guentherpetersi above, similar to
R. longicrus, which was described from the same area (Scherz ef al. 2015b).

Osteology

In the following, we describe the generalized skeleton of members of the R. serratopalpebrosa group, noting where
characters vary among and within species. This description incorporates all described species from the group. It
should be noted that this osteological description is based on data from a renewed examination of all of the
available material, and does not draw on descriptions previously published for R. serratopalpebrosa, R. vaventy, R.
ornata, and R. tany (Scherz et al. 2014, 2015a). Descriptions of those species should be considered an update or
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revision of previous conclusions and observations for reasons that are discussed at the end of this paper. These are
the first published osteological descriptions for R. coromnata, R. guentherpetersi, R. diadema, and R. regalis.
Osteological figures (13—19) are drawn from the micro-CT scans of the holotype of R. diadema (ZSM 1629/2012).
Videos of the skeletons of all of these species rendered as volumes are deposited at http://morphosource.org/Detail/
ProjectDetail/Show/project_id/254 . PDF-embedded 3D surface models of R. coronata, R. vaventy, R. diadema, R.
guentherpetersi, R. regalis, and one specimen of R. ornata are provided as Supplemental Figs S1-S12; for a model
of R. serratopalpebrosa, see Scherz et al. (2014); for models of R. ornata and R. tany, see Scherz et al. (2015a).
Measurements following the scheme in Fig. 2 are provided in Table 2.

Ossification. The degree of skeletal ossification is highly variable in this group. The most extreme case is R.
ornata, in which considerable portions of the postcranial skeleton are unossified, including the epiphyses of the
femur, tibia, tarsals, carpals (but not including the phalanges and metacarpals), and the pubis. Articulations of these
bones are therefore invisible in micro-CT scans. All other species are more strongly ossified. The degree of
intraspecific variability in the extent of ossification is apparently moderate; in R. ornata (n = 3), all specimens lack
ossification in the carpals, tarsals, and bone epiphyses. In R. regalis (n = 5), the extent of ossification varies in some
skull bones (e.g. the prootic and squamosal), and is at least partially associated with developmental stage. A similar
situation is visible in the skull of a young paratype of R. ornata, which is much less ossified than the adult holotype
(Scherz et al. 2015a).

The lack of ossification in some specimens is not a result of specimen conservation modes: (1) specimens of R.
regalis fixed and stored in ethanol have practically identical ossification patterns as those fixed in formalin and
stored in ethanol, and (2) the most extremely unossified specimens, namely those of R. ornata, were fixed in
ethanol. Thus despite the well-known demineralizing properties of formalin (e.g. Fonseca er al. 2008), the patterns
we observe cannot be attributed to fixation chemicals. We tentatively interpret ossification states as true characters
for the description of the skeleton here.

Cranium. (Figs 7, 10, 12, 13). Shape and proportions. The skull is widest at the quadratojugal slightly anterior
to the columella (Fig. 2d), where it is 108—124% of the skull’s length (Fig. 2c, Table 2). The rostrum is short; the
distance from the anterior edge of the frontoparietals to the anterior face of the premaxilla (Fig. 2a) is 19-42% of
the skull length (mean 33.6% + 5.2%; 19% in R. vaventy is an outlier; Table 2). The braincase is broad; at the level
of the mid-orbit (Fig. 2b) it is 22-33% of the maximum skull width (Table 2).

Neurocranium. The braincase is moderately well ossified; the sphenethmoid is not ossified medially; a mineral
deposit is, however, present between the sphenethmoids in R. ornata, R. coronata (in one specimen extending
posteriorly almost to contact with the prootics), R. diadema, R. vaventy (extending posteriorly to contact the
prootics), R. tany, and some specimens of R. regalis; sphenethmoids are completely unossified in two juvenile/
subadult specimens of R. ornata. The anteroventral margin of the sphenethmoid lies at the level of the postchoanal
vomers (except in R. coronata, in which the bone has an anterior extension that reaches or surpasses the level of the
posterior edge of the nasal), and its posterior margin does not exceed the midpoint of the orbit. The sphenethmoid
is broadly separated from the prootic. It is generally in ventral contact with the parasphenoid, except in R.
guentherpetersi. The exoccipitals approximate one another ventromedially (actually in contact in R. regalis), but
not dorsomedially. The dorsal surface of the otic capsule is not ossified. The prootic is dorsally overlapped by the
lateral flange of the frontoparietal; ventrally, the prootics are in contact with the parasphenoid alae (except in R.
tany, R. ornata, R. guentherpetersi, R. coronata); they are broadly separated from each other.

The septomaxilla is roughly spiralled, the medial ramus extending posterodorsal to the posterior ramus; the
anterior ramus is thick, possessing ventral and dorsal rami toward its lateral edge; the lateral ramus is oblique and
can have a long acuminate posterolateral extension; the posterior ramus extends from the middle of the lateral
ramus ventromedially and can bear a ventral ramus. Due to its small size and fine structure, scan quality has a
strong impact on the resolution of this bone. Physical examination, or micro-CT scanning at higher resolution (e.g.
based on only the heads or nasal capsules of animals) will be needed to establish structural variability in this bone.

The columella (or stapes) is well ossified, formed by the synostotic fusion of the long, thin pars media plectri
(stylus) and the pars interna plectri (baseplate), which ranges from curved to somewhat bilobed (exceptionally
stepped in R. vaventy).

Dorsal investing bones. The dorsal investing bones are well developed. The nasals are broad, isolated, and
widely separated (except in R. coronata, in which they are narrowly separated; note the degree of variability in R.
regalis, Figs S3—S7), situated directly dorsal or slightly anterodorsal to the prechoanal portion of vomer except in
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R. tany, in which they are anterolaterally displaced (but note intraspecific variability in R. regalis as well; Figs S3—
S7), possessing an acuminate posterolateral maxillary process extending ventrolaterally toward the maxilla. An
anterolateral knob can be present or absent, and is apparently intraspecifically variable (as assessed in R. regalis;
see Figs S3—S7). The nasals curve ventrally toward their lateral edges, affording some protection of the nasal
capsule; posteriorly broadly separated from the anterior end of the frontoparietals, except in R. coronata, in which
they are almost in contact with the frontoparietals.

The frontoparietals are anteriorly roughly trapezoidal, their anterior margins oblique, their medial margins
roughly parallel and narrowly separated, their lateral margins converging slightly anteriorly. Posteriorly they have
flared lateral flanges with almost orthogonal anterior edges and oblique posterolateral edges, forming the dorsal
anteromedial portion of the otic capsule and leaving the dorsal otic capsule unossified. They are clearly distinct
from the exoccipitals, but not the prootics. Anteriorly, they can be in contact with the sphenethmoid, but this is
variable within species. Posteriorly the frontoparietal bears a dorsal process in R. vaventy and R. guentherpetersi.

Ventral investing and palatal bones. The broad parasphenoid cultriform process (47-60% of braincase width
at mid-orbit; Table 2) extends anteriorly from the anterior edge of the otic capsule to the level of the postchoanal
vomers, which it overlaps and sometimes surpasses; it is 40-46% of the skull length (Table 2). The lateral edges
curve slightly outward from its posterior end to encompass 20-30% of its length (Table 2), and then run subparallel
(broadening anteriorly in R. coronata, R. guentherpetersi, R. regalis, and R. diadema). Its anterior end is truncate or
rounded. The parasphenoid alae are long (each one generally longer than the cultriform process is wide at mid-
orbit), perpendicular to the anteroposterior body axis, broadening slightly laterally, and distally acuminate, with
oblique lateral edges. The posteromedial process lies slightly anterior to the level of the ventromedial exoccipitals
and may therefore not participate in the foramen magnum (excluded by medial contact of exoccipitals in R.
regalis).

The vomer is divided into pre- and postchoanal portions; the prechoanal portion is small, longer than broad, tri-
radiate in R. coronata, R. ornata, R. serratopalpebrosa, and R. vaventy, with a thin lateral ramus extending from its
lateral edge (a second posterolateral ramus is present in R. vaventy), or lacking distinct rami in R. guentherpetersi
(in which it is strongly reduced), R. diadema, R. regalis (note variability in Figs S3-S7), and R. tany. The
postchoanal portion overlaps the neopalatine for most of its length, and these bones are difficult to distinguish but
apparently not fused. The vomerine teeth extend from a ventral ridge on the postchoanal vomer and may be arrayed
in a straight (R diadema, one specimen of R. guentherpetersi, two specimens of R. ornata, R. regalis, R.
serratopalpebrosa, and R. tany), sigmoid (R. coronata and one specimen of R. ornata), or arcuate (R. vaventy and
one specimen of R. guentherpetersi) pattern. In some species, the vomer bears a small disc-like (R
serratopalpebrosa, R. ornata), or large angular (R. vaventy) anterior projection from its anteromedial surface
(absent or weak in R. diadema, R. coronata, R. guentherpetersi, R. regalis, and R. tany). Vomers medially separated
by a small gap. The neopalatine approaches the maxilla distally but does not contact it. This complex is in dorsal
contact with the parasphenoid medially.

Maxillary arcade. The maxillary arcade bears many small, often poorly resolved, teeth on the premaxilla and
maxilla. The premaxillae are separated medially, and their anterodorsal alary processes rise in parallel or are
weakly divergent from the midline. The pars palatina is broad, with two well-defined processes: the medial
(palatine) process is thin and acuminate, and runs roughly parallel to or converges toward its contralateral; the
lateral process is thicker and truncate. The premaxilla and maxilla are sometimes in lateral contact via a simple
juxtaposition.

The maxilla is long, with a broad pars palatina along its lingual margin and a poorly developed pars facialis.
The posterior end is acuminate and overlaps in a weak junction with the quadratojugal.

Suspensory apparatus. The triradiate pterygoid bears a curved anterior ramus with a sculpted ventrolateral
face, oriented anterolaterally toward the maxilla, with which it articulates at the anteroventral corner of the orbit.
This contact is obscured by mineralization in micro-CT scans but presumably is separated by the pterygoid
cartilage on the medial margin of the maxilla. The posterior face of the medial ramus is strongly sculpted. The
posterior ramus is broad and flat. The medial ramus is much shorter than the posterior ramus.

The quadratojugal is long, laterally curved, and slender, articulating anteriorly with the maxilla. It has a
bulbous posteroventral process, and articulates dorsally with the ventral ramus of the squamosal (articulation
narrow in R. ornata, R. serratopalpebrosa, R. tany, and R. vaventy, and broad in R. coronata, R. guentherpetersi, R.
regalis, and R. diadema) through a small dorsal process.
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FIGURE 13. Terminology of skull osteology in dorsal view (left) and ventral view (right). Abbreviations: col = columella,
exoc = exoccipital, exoc.oc = occipital condyle of exoccipital, fpar = frontoparietal, fpar.If = frontoparietal lateral flange, max =
maxilla, max.pf = maxillary pars fascialis, max.parspal = maxillary pars palatina, nasal.mp = maxillary process of nasal, neopal
= neopalatine, pmx.ap = premaxilla alary process, pmx.lp = premaxilla lateral process, pmx.palproc = premaxilla palatine
process, povom = postchoanal vomer, proot = prootic, prvom = prechoanal vomer, prsph.cp = parasphenoid cultriform process,
prsph.al = parasphenoid alae, pter.ar = pterygoid anterior ramus, pter.mr = pterygoid medial ramus, pter.vr = pterygoid ventral
ramus, qj = quadratojugal, qj.pvp = quadratojugal posteroventral process, smax = septomaxilla, spheth = sphenethmoid, sq.or =
squamosal otic ramus, sq.vr = squamosal ventral ramus, sq.zr = squamosal zygomatic ramus.

php.mc
posteromedial
hyoid
php.base ? processes

FIGURE 14. The posteromedial hyoid processes and mandible of the R. serratopalpebrosa species group shown in dorsal
view. Abbreviations: mmk = mentomeckelian bone, angspl = angulosplenial, angspl.cp = angulosplenial coronoid process,
php.base = base of posteromedial hyoid process, php.mc = medial crista of posteromedial hyoid process.

angspl
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The squamosal is dorsally bifurcated, broad and sculpted, extending anterodorsomedially from the
quadratojugal to the level of the otic capsule, passing anterior to the columella; the anterior edge of its ventral
ramus is stepped in R. diadema, R. guentherpetersi, R. serratopalpebrosa, intermediate between sigmoidal and
stepped in R. ornata and R. tany, smoothly sigmoidal in R. vaventy, R. tany, and R. regalis, and straight in R.
coronata. The otic ramus is laminar and is longer than the zygomatic ramus.

Mandible. (Fig. 14) The mandible is slim and edentate. The mentomeckelians are small and arcuate in ventral
view, medially and laterally broadened, and separated medially by a narrow gap. The dentary is long and thin,
posteriorly acuminate, and overlaps the angulosplenial for most of its length. It may be in contact with this bone
posteriorly, but this is obscured in our scans. The angulosplenial is long and arcuate, laterally sculpted where it is in
contact with Meckel’s cartilage. The coronoid process is weak in R. guentherpetersi, but is a relatively long and
strongly raised ridge in all other species.

Hyoid. (Fig. 14). The posteromedial processes of the hyoid are spade-shaped, with a distinct medial crista and
a broad and flat base with a rounded anteromedial edge and sharp anterolateral and posteromedial corners; their
angle is variable within species. No ossified parahyoid is present.

I
\ /e A ‘
mr 2 1] ) l"
(=) A
ns 9 I} ,
) (S 'M"‘ 0‘\ "
R < 7 v Seon tp
Y,
I > ‘S5
ZTN VI ©

viI 3\
vl \KX

s A e

u.dr

1T mm

FIGURE 15. The vertebral column of the R. serratopalpebrosa species group shown in dorsal (left) and lateral (right) view.
Abbreviations: [-VIII = presacral numbers, S = sacrum, S.d = sacral diapophysis, U = urostyle, U.dr = urostyle dorsal ridge, tp
= transverse processes, mr = medial ridge, na = neural arch, ns = neural spine.

Postcranium. Vertebral column. (Fig. 15) Eight procoelous, unfused presacrals are present, each with round
posterior articular processes. All vertebrae are non-imbricate. The neural arch of presacral I (atlas) can be complete
or incomplete (variable within species); the neural arch of presacral Il bears a raised medial ridge, which can
extend outward from its anterior edge (variable) and posteriorly as a bulbous neural spine. Presacral III bears a
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longer, more developed neural spine (weak in R. vaventy, R. diadema, and R. ornata; variable in R. regalis and R.
guentherpetersi). The rest of the presacrals have raised posterior margins but lack strong neural spines (except
possibly presacral 1V, which often has a small medial knob that could be considered a neural spine).

The transverse processes of presacrals [I-1V are thicker and broader than those of presacrals V-VIII, though
their widths are variable due to the extent of ossification and thresholds in all species for which more than one
specimen was available. The transverse processes of presacrals I and III are oriented ventrolaterally (11 anteriorly,
[T posteriorly), whereas those of presacrals I[IV-VIII extend dorsolaterally (IV-VI strongly to weakly posteriorly,
VII and VIII perpendicularly or anteriorly). The transverse processes of R. guentherpetersi are shortened relative to
all other species (compare Fig. 7a to Figs 10a and 12a, and Figs S1-2 with S3—-12).

The sacrum bears expanded diapophyses, the base 39-56% of the distal margin. The leading edge is straight
and perpendicular to the longitudinal axis of the body in R. coronata, R. diadema, R. regalis, R. tany, some
specimens of R. guentherpetersi, and R. ornata, but is anteriorly curved in R. vaventy, and slightly posteriorly
curved in some specimens of R. guentherpetersi and R. serratopalpebrosa; the posterior edge is smoothly curved in
all species. The urostyle is long (30-37% of SVL) and slender (thickened in one specimen of R. coronata,
presumably a developmental defect), and bears a low dorsal ridge along a third (some specimens of R. regalis, R.
serratopalpebrosa, and R. tany), half (R. guentherpetersi, some specimens of R. regalis), or over half (R. diadema,
R. ornata, R. coronata, R. tany, and R. vaventy) of its length, beginning at its anterior end. Its articulation with the
sacrum is bicondylar.

Pectoral girdle. (Fig. 16) Prezonal elements are not visible from micro-CT scans. The zonal portion has well-
ossified coracoids, clavicles, scapulae, and cleithra. The girdle is laterally compressed in R. guentherpetersi
through the shortening of the coracoids and clavicles (anterior edge of coracoid 8-9% of SVL vs. 11-13% in all
other species; Table 2).

scap.pa

cleithrum

clavicleg

scap.pg scapula

glenoid 1 mm
socket

coracoid

FIGURE 16. The pectoral girdle of the R. serratopalpebrosa species group in ventral view, articulated (left) and laid flat
(right). Abbreviations: scap.pa = scapula pars acromialis, scap.pg = scapula pars glenoidalis.

The clavicles are long, slim, arcuate, and oriented anteromedially, with their medial tips distantly separated
from one another (narrowly in R. diadema), more broadly separated than the coracoids, medially ending at about
the same level as the middle of the lateral articulation with the scapula. The curve of the clavicle is almost always
less strong than that of the anterior edge of the coracoid.

The coracoid is long (except in R. guentherpetersi) and strongly flared, with its sternal end much broader than
its glenoid end (sternal end 142-218% of the glenoid end; Table 2). Its anterior edge is more strongly curved than
the posterior edge. The midshaft width is 24-36% of the width of the expansion of the sternal end of the bone
(Table 2).

The scapula is long (96—151% of coracoid length along its anterior edge; Table 2), with a broad pars acromialis
that is clearly distinct from the pars glenoidalis, but approximately equal in length. The pars acromialis is weakly
indented on its anterior surface.

The cleithrum is long (can be variable within species), anteriorly thicker, thinning posteriorly; broader at the
scapular border, its posterior edge wavy with a distinct notch at the middle of its length (can be absent or
asymmetrical). The suprascapula is unossified, but often has mineralization along its ventral and posterior edges.

The postzonal region (sternum) has no ossified elements but can show signs of weak anterior mineralization
(e.g. in R. vaventy, Fig. S12).
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Forelimb and manus. (Fig. 17) The humerus bears ventral and lateral cristae, and lacks a medial crista. The
crista ventralis broadens proximally from the midpoint (closer to the proximal end in R. diadema, R. coronata, R.
regalis), ending abruptly before reaching the unossified caput humeri in R. ornata, extending to the caput humeri in
all other species (with an indentation of varying strength just before the caput humeri; see Fig. 17¢). Sexual
dimorphism in the length of the crista ventralis was not noted in R. regalis, one male and three females of which
were scanned. The radioulna is broad. The sulcus intermedius is indicated by a distinct groove.

%III

(@) %” ﬂ OOIV \

y head cr.ven e.cap
cpl 2
| T
cpls 3-5
prepollex .
Element Y ulnare

radiale

(b) radius capitulum

olecranon

1 mm

ulna

FIGURE 17. Forelimb anatomy of the R. serratopalpebrosa species group showing (a) left manus in ventral view, (b) left
radioulna in dorsal view, and left humerus in (¢) lateral, (d) ventral, and (¢) medial view. Abbreviations: cpl(s) = carpal(s), cr.lat
= crista lateralis, cr.ven = crista ventralis, e.cap = eminentia capitata, ep.ul = epicondylus ulnaris.

The carpals are totally unossified in R. ornata but are at least partially ossified in all other species. The carpus
is composed of a radiale, ulnare, ossified prepollex element, Element Y, carpal 2, and a large post-axial element
probably representing a fusion of carpals 3—5. The finger phalangeal formula is standard (2-2—3-3). Small distal
knobs are present on the terminal phalanges of the fingers (not always well resolved in micro-CT scans and
particularly sensitive to thresholds used). An ossified prepollex is not visible in adult specimens of R. ornata (1
adult male) and R. tany (1 adult male); is small in R. coronata (2 adult males; larger in one), R. diadema (1 adult
female), R. regalis (1 adult male, 3 adult females; larger in the male), R. guentherpetersi (2 adult females), and R.
serratopalpebrosa (1 adult female); and is large in R. vaventy (1 adult male).

Pelvic girdle. (Fig. 18) The pelvic girdle is 44-51% of the SVL in length, being considerably longer in R.
vaventy than other species (erroneously described as ‘short’ by Scherz et al. 2014; see Table 2). The iliac shafts
pass ventrolateral to, and extend beyond, the sacrum to a variable degree (note: this was previously considered a
diagnostic feature in the distinction of R. vaventy and R. serratopalpebrosa [Scherz et al. 2014], but this joint is
flexible and depends on the angle of fixation or mounting for micro-CT imagery, and this is therefore not a valuable
character for taxonomic purposes). They are almost cylindrical, with a weak dorsal crest extending nearly their full
length, except in one specimen of R. coronata (ZSM 474/2005, Fig. S10) in which they are teardrop-shaped in
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cross-section and have a relatively strong dorsal crest. Each shaft bears a dorsal prominence (strong in R.
guentherpetersi, R. regalis, R. serratopalpebrosa, and R. tany; weak in R. diadema, R. vaventy, and R. coronata;
variable in R. ornata) and deep oblique groove. The ilia are posteriorly fused with the ischium (fusion not visible in
R. ornata but presumably synchondrotic). The pubis is ossified in R. regalis and R. coronata, partially ossified in R.
diadema and R. vaventy, and unossified in R ornata, R. tany, R. guentherpetersi, R. vaventy, and R.
serratopalpebrosa (note that the pubes of R. serratopalpebrosa and R. vaventy were mistakenly described as being
ossified by Scherz et al. 2014; previous assessment of the ossification of the pubis was misled by the methodology
used; this is discussed below). In a subadult R. regalis, the pubis is unossified, suggesting that ossification occurs
only at or near maturity. Iliosacral articulation is type [1A sensu Emerson (1979). The overall length of the girdle is
229-283% of the distance between the anterior ends of the iliac shafts (Table 2).

1 mm

FIGURE 18. The pelvic girdle of the R. serratopalpebrosa species group in lateral and dorsal view. Darker colour indicates
cartilage. Abbreviations: il.cr = iliac crest, il.sh = iliac shaft, il.dp = dorsal prominence of ilium, il.og = oblique groove of ilium.

Hindlimb and pes. (Fig. 19) The femur is weakly sigmoid. It is nearly equal in length to the tibiofibula
(slightly longer in R. coronata and R. guentherpetersi, and slightly shorter in all other species; not assessable in R.
ornata due to the lack of terminal ossification). The sulcus intermedius of the tibiofibula is weak. The tibiale and
fibulare are much shorter than the tibiofibula. The bones are widely separated at their midpoint and fused at their
proximal and distal heads. Two tarsals—T1 and T2+T3—are present, T1 being about half the size of T2+T3; a
large centrale and ossified prehallux are also present. The toe phalangeal formula is standard (2-2-3-—4-3), but
development or ossification of the terminal phalanges is variable in R. coronata (one specimen 1-2—-3—4-3 and one
with a reduced terminal phalanx of the second digit). The terminal phalanges possess distal knobs, which can be
weakly or strongly expanded but are never as broad as the base of the phalanx (again, not always well resolved; see
comments on the manus, above).

Discussion

Systematics and evolution of the R. serratopalpebrosa species group. The addition of three species to the R.
serratopalpebrosa species group (R. guentherpetersi and the new taxa R. diadema sp. nov. and R. regalis sp. nov.)
brings it to a total of eight species. This clade therefore accounts for over half of the described diversity of
Rhombophryne, and it is likely that it will remain the most diverse clade in the genus even once all other known
candidates are described (Scherz er al. unpublished data). It is no surprise that the diversity of these frogs has gone
unnoticed for so long, given their secretive nature, but it highlights the need for more thorough investigation of
Madagascar’s underappreciated microhylids.
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FIGURE 19. Hindlimb anatomy of the R. serratopalpebrosa species group showing the right femur in (a) medial and (b)
lateral view, the right tibiofibula in (c) ventral and (d) dorsal view, and (e) the right pes and tibiale-fibulare in ventral view.
Abbreviations: tf.si = sulcus intermedius of tibiofibula, tsl(s) = tarsal(s).

Rhombophryne guentherpetersi and R. ornata are differentiated by a small uncorrected pairwise difference of
around 3% in the segment of the /6S gene most widely used for amphibian barcoding in Madagascar (Vieites et al.
2009). This is below typical thresholds for flagging genetic lineages as potentially separate species (Vieites et al.
2009). However, evidence from a second segment of the /6S gene, as well as the nuclear sacs gene, recover these
species with much higher levels of differentiation, recapitulating their strong morphological distinction. This
emphasises that, although the 3’ portion of /6S is generally a good marker for species recognition in frogs (e.g.
Vences et al. 2005; Vieites et al. 2009), low p-distances do not always represent a lack of differentiation. In cases
where non-genetic lines of evidence suggest the existence of differentiation that is not apparent from the barcode
markers, additional genes should be sequenced to clarify the situation.

The morphological resemblance of R. fany and R. diadema sp. nov. is extreme, even for this complex, despite
them not being especially closely related (5.4-5.5% uncorrected pairwise distance in a segment of the /6S gene;
not sister species). Indeed, they are almost indistinguishable in life (compare Fig. 1d with 11c). Only subtle
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characters (especially the number of superciliary spines, tibia length, strength of the supratympanic fold, and
several osteological characters) were found to distinguish them. However, our dataset remains incomplete, and it is
likely that, as for all members of this genus (e.g. Scherz et al. 2016a; Lambert et al. 2017), bioacoustic data will
further assist in the differentiation of these species, if ever recordings can be made.

The affinities of R. serratopalpebrosa have remained uncertain throughout our revision of this complex.
Rhombophryne vaventy occurs probably in close proximity (sympatrically or parapatrically) with it on the
Marojejy Massif, but differs from it strongly in morphology (Scherz et al. 2014). Rhombophryne regalis sp. nov.,
which is from areas near Marojejy but not yet known from the Massif itself, is morphologically more similar to R.
serratopalpebrosa than any other Rhombophryne species currently known. It shares in particular the S-shaped fold
before the naris, which is not known from any other member of this genus, and may be a synapomorphy of these
two species, which we hypothesise to be sister to one another. Despite their similarity, the distinctiveness of R.
serratopalpebrosa and R. regalis sp. nov. is sufficient that we think it unlikely that they will be revealed to be
conspecific if ever genetic data become available from R. serratopalpebrosa. To test this hypothesis we emphasise
the need to collect additional material of R. serratopalpebrosa from the type locality so that we can finally clarify
its genetic relationships.

Biogeography and conservation of the R. serratopalpebrosa species group. Although sampling at present is
sparse, the biogeographic patterns of the R. serratopalpebrosa group are worthy of remark (Fig. 20). The group has
its centre of diversity in northern Madagascar, with three species probably co-occurring on the Tsaratanana Massif,
two occurring in Sorata (the second being R. vaventy, based on a sequence of specimen AMNH A167315 from
13.6858°S, 49.4419°E from Frost et al. (2006) shown to be minimally divergent from R. vaventy by Scherz et al.
2016b and Lambert et al. 2017), two on Marojejy, and one in Anjanaharibe-Sud. Rhombophryne coronata is
exceptional in being found in the central east of Madagascar, roughly 470 km south of the rest of the group.
Additional surveys are needed in forests between Andasibe and Anjanaharibe-Sud to search for taxa that might tie
R. coronata to the rest of the group, as no such records are currently known to exist. Given the sister relationship
between R. coronata and the rest of the group, it is tempting to conclude that they may have originated in eastern
Madagascar, and not in their centre of diversity in northern Madagascar. However, it must also be noted that the
next closest group of Rhombophryne species, R. minuta and R. longicrus, are found in Marojejy and Sorata
respectively, and therefore definitely have a northern distribution. It seems therefore more likely that they may
have originated in northern Madagascar, with the lineage later giving rise to R. coronata subsequently moving
southwards. This hypothesis will be worth testing explicitly once additional distribution data are available,
taxonomy within the genus has been better resolved, and perhaps in light of a time-calibrated phylogeny.

TABLE 3. IUCN Red List status of members of the R. serratopalpebrosa group. Note that the statuses assigned to many
species differ from recommendations given in their original descriptions (e.g. Scherz ef al. 2014, 2015a). For explanation
of criteria, see [IUCN (2012) and the text above. AOO = Area of Occupancy, EOO = Extent of Occurrence.

Species Status as of March 2017 No. of threat-defined Estimated AOO Estimated EOO
(" indicates recommended locations as defined by the  (km?) (km?)
status for new taxa) TUCN Red List

R. serratopalpebrosa EN Blab(iii) 1 Unknown 780

R. coronata LC ~4* >2600 37170*

R. vaventy EN Blab(iii) 2t Unknown ~2000%

R. ornata EN Blab(iii) 1 Unknown 1236

R. tany EN Blab(iii) 1 Unknown 1236

R. guentherpetersi EN Blab(iii) 2 Unknown <5000

R. diadema sp. nov. EN Blab(iii) 1 250 250

R. regalis sp. nov. VU Blab(iii) 3 Unknown >7000

*The current EOO estimate of R. coronata includes records from Andringitra that require confirmation. These are not
included in our map (Fig. 20) or the number of localities in this table.

*A second locality for R. vaventy was published by Frost et al. (2006) as shown by Scherz et al. (2016b) and Lambert et
al. (2017). This increases its EOO from 780 km? to around 2000 km?, but does not change its IUCN status (EOQO still
below 5000 km?).
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FIGURE 20. Map of northern Madagascar showing confirmed localities for all described members of the Rhombophryne
serratopalpebrosa group. The type locality of R. guentherpetersi is inferred by us to be Maromokotro mountain. The second
locality of R. vaventy in Sorata is from Frost ef al. (2006) based on its relationships in Scherz et al. (2016b) and Lambert et al.
(2017). Map produced in QGIS v2.8.2-Wien (QGIS Development Team, 2016) using SRTM 90 m raster data.

Considering their fairly small ranges and poor knowledge of their distribution, we currently consider almost all
members of the R. serratopalpebrosa group as likely threatened (see Table 3). Only R coronata is exempt,
although it must be noted that its current assessment includes dubious records from Andringitra that are in need of
taxonomic clarification (IUCN SSC Amphibian Specialist Group 2016b). We do not, however, consider any of
these likely threatened species to be under immediate danger of extinction. Based on our current knowledge, the
most threatened is undoubtedly R. diadema, which is known from a single location in forest that is currently
unprotected and under heavy anthropogenic pressure. In all cases (including R. coronata), the future of the species
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depends on the maintenance of the forests they inhabit. Madagascar is in the process of expanding its protected area
network (Rabearivony et al. 2010, 2015). Depending on the effectiveness of the implementation of these new
protected areas, this may result in the improvement of the conservation status of R. diadema and the rest of this
species group. At present however, the fate of most, if not all members of this group, remains uncertain.

Digital osteology: surfaces vs. volumes. The osteology of the Rhombophryne serratopalpebrosa species
group has been a major component in its taxonomic resolution over the last four years (Scherz et al. 2014, 2015a,
present work). Our previous work on this genus has been done predominantly based on 3D surface models
produced in Amira software (Scherz ef al. 2014, 2015a,b, 2016a), whereas the osteological analysis presented here
is based on examination of volumes rendered in VG Studio Max 2.2. As a result of this methodological change, we
discovered at least one significant discrepancy between the osteology of this group as described here and as
described by us previously: R. vaventy and R. serratopalpebrosa have unossified pubes, which were incorrectly
described and depicted as ‘ossified’ by Scherz ef al. (2014; see Fig. 21). Consequently, unossified pubes were
misinterpreted as diagnostic of members of the genus from the Tsaratanana Massif in Scherz er al. 2015a (although
the general pattern of low ossification of these species remains taxonomically valuable). Although this disparity
does not have major consequences for our taxonomic interpretation, it raises issues on the analysis, representation,
and interpretation of micro-CT data that must be discussed. This is particularly important as taxonomists
increasingly add micro-CT to their toolbox of methods for incorporation in ‘integrative’ approaches.

a =

FIGURE 21. Comparison of (a) surface and (b) volume rendering of the same skeletal region of the same specimen; the
acetabulum of Rhombophryne serratopalpebrosa (MNHN 1975.24). The surface rendering is that used in Scherz et al. (2014).
The volume rendering was produced for this study. Note particularly the unossified state of the pubis in (b) compared to that
reproduced in (a). The arrow indicates the end of the urostyle, which gradually thins towards its tip, but is shown to end
abruptly in surface rendering due to the on/off characteristic of meshes.

Surface rendering depends on user-defined density thresholds and subsequent manual segmentation of
structures that are either over- or under-rendered. The result is a three-dimensional surface of a single density, that
can be converted to a PDF-embedded model that can easily be examined by an end-user (e.g. Figs S1-S12),
making surface rendering appealing to the taxonomist and morphologist (Ruthensteiner & Hel3 2008). However,
display of all bone or bone-like structures as a single density provides a significant loss of information over that
contained in raw images produced by micro-CT scanning—where grey values of voxels (3D pixels) are generally
proportional to X-ray absorption—and can mislead interpretations. It was this property of surface models that led
to the misinterpretation of the poorly ossified pubis of R. serratopalpebrosa as being bony in Scherz et al. (2014),
whereas volume rendering shows that this is not the case; see Fig. 21). It is exceptionally difficult to set manual
thresholds for surface rendering that accurately reflect boundaries between ossified and unossified structures,
partially because these often form a continuum (consider the cleithrum and suprascapula for instance), and partially
because the firm thresholds used in segmentation of one part of a micro-CT scan may not be adequate in another
area due to scan artefacts and inconsistencies.

Surface models must also be simplified (i.e. reduction of the number of triangles in a mesh) and smoothed (i.e.
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planar alignment of neighbouring triangles) to remove the number of rendering artefacts that they contain,
especially when they are either generated using a single general threshold, or when multiple manual thresholds
have been applied. This can however introduce new artefacts that obscure or mislead interpretations. The
neopalatine and postchoanal portion of the vomer appear as a single fused bone in the models and figures of Scherz
et al. (2014), and indeed in our own Figs S1-12. This was cautiously interpreted as the postchoanal vomer
“overlapping, fused with, or replacing the [neo]palatine” by Scherz ef al. (2014). These bones are however easily
distinguishable in volume renderings, though they overlap extensively. Their apparent fusion in surface rendering
was presumably caused by simplification and subsequent smoothing, which removed any trace of the boundaries
between them. This emphasises the caution needed to interpret character states based solely on surface rendered
micro-CT scans.

Volume rendering depends on a user-defined density curve that modifies transparency based on voxel
brightness, meaning that a variety of grey values are represented at transparencies and colours proportional to their
x-ray absorption. Because portions of the volume can be segmented and given individual density curves, volume
rendering can succumb to the same pitfalls as surface rendering, namely misrepresentation of low-absorption
regions as high absorption (e.g. poorly ossified structures as bony). However, when a single density curve is
applied to the whole dataset, as was done here, volume rendering presents a more data-rich and objective
representation of the skeleton. Precisely how much more accurate this method is than surface rendering must be
assessed using cleared and stained specimens in the future, but this is not possible in this genus with so few
specimens available. The greatest drawback of volume rendering is that, so far as we know, volumes cannot yet be
embedded into PDFs as manipulable 3D models in the way that surface models can. However, rotational videos of
volumes can be produced that enable similar three-dimensionality for the end user without compromising the data
(see supplemental videos at http://morphosource.org/Detail/ProjectDetail/Show/project id/254 ).

We contend that vertebrate taxonomists using micro-CT should, when possible, base osteological descriptions
on volume-based visualization (including figures), and provide surface models only as supplemental files to aid the
reader in their understanding of the three-dimensional relationships and shapes of the described bones. Invertebrate
taxonomists and morphologists working on structures other than bone should carefully consider the applications of
the technique they are using, and, when basing figures on surface renderings, should make clear that relative
density information is not represented.
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SUPPLEMENTARY FIGURE 1. Interactive PDF-3D model of the skeleton of Rhombophryne guentherpetersi, ZSM
608/2014 (DRV 6231). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 2. Interactive PDF-3D model of the skeleton of Rhombophryne guentherpetersi,
MNHN 1953.165 (holotype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 3. Interactive PDF-3D model of the skeleton of Rhombophryne regalis, MRSN-A4602
(FN 7292; holotype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 4. Interactive PDF-3D model of the skeleton of Rhombophryne regalis, MRSN-A6058
(paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 5. Interactive PDF-3D model of the skeleton of Rhombophryne regalis, MRSN-A4620
(paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 6. Interactive PDF-3D model of the skeleton of Rhombophryne regalis, MRSN-A4618
(paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 7. Interactive PDF-3D model of the skeleton of Rhombophryne regalis, MRSN-A4619
(paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 8. Interactive PDF-3D model of the skeleton of Rhombophryne diadema, ZSM 1629/
2012 (FGZC 3604; holotype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 9. Interactive PDF-3D model of the skeleton of Rhombophryne coronata, ZSM 694/
2001 (MV 2001-199; paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 10. Interactive PDF-3D model of the skeleton of Rhombophryne coronata, ZSM 474/
2005 (ZCMV 2223). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 11. Interactive PDF-3D model of the skeleton of Rhombophryne ornata, ZSM 2859/
2010 (DRYV 6156; paratype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.

SUPPLEMENTARY FIGURE 12. Interactive PDF-3D model of the skeleton of Rhombophryne vaventy, ZSM 357/
2005 (FGZC 3876; holotype). To activate the model, open the PDF in Adobe Acrobat IX or above, and click the image.
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Chapter 8. PAPER: Reconciling molecular phylogeny, morphological divergence and classi-
fication of Madagascan narrow-mouthed frogs (Amphibia: Microhylidae)

In this chapter I present a phylogenetic revision of the narrow-mouthed frog subfamily Cophylinae.
The impetus for this study was a paper by Peloso et al. (2016), which proposed to revise the taxon-
omy of the group based on a phylogenomic analysis of the whole of Microhylidae. In this chapter,
my colleagues and I reanalyse their data pertaining to the Cophylinae together with the extensive
data available from our own work on these frogs. We find that many of their specimens were mis-
identified, which partly misled their conclusions. This showcases the importance of taxonomic
verification of genetic samples used in proposing revisions to taxonomy, especially supraspecific
taxonomy. We describe a new genus, Anilany, for the frog formerly called Stumpffia helenae due
to its strong genetic and osteological differentiation. We also highlight the existence of miniatur-
ised frogs with strong genetic divergence, which we suggest may constitute new genera; these
are examined in greater detail in chapter 9. In the supplementary material of this manuscript
(available online and on the appended CD), we provide a key to distinguish members of the genera
Plethodontohyla and Rhombophryne. These genera are morphologically highly similar, but are
not closely related, highlighting the convergence of external morphology over osteology during
ecomorphological convergence in cophyline frogs.

Scherz, M.D., Vences, M., Rakotoarison, A., Andreone, F., Kohler, J., Glaw, F. & Crottini, A.
(2016) Reconciling molecular phylogeny, morphological divergence and classification of
Madagascan narrow-mouthed frogs (Amphibia: Microhylidae). Molecular Phylogenetics and
Evolution, 100(2016):372-381. DOI: 10.1016/j.ympev.2016.04.019

Digital Supplementary Materials on appended CD:
Supplementary Data 1 — Appendices A—C
Supplementary Figures C1-C5

Post-publication comments:

Peloso et al. (2017) reanalysed the dataset used in this paper with a larger outgroup sampling. They
recovered near-identical topologies to ours, differing only in the relationships of unstable taxa that
are highlighted as such in this chapter. Despite confirming our phylogenetic conclusions, they pro-
posed to lump species again as originally proposed in their 2016 study. They implied that a lumped
taxonomy would be preferable because it would reduce the risk that a species is mistakenly placed
into the wrong genus—a conclusion that, although undeniably true, argues against supraspecific
taxonomy of any kind. Curiously, they made this point in the discussion of two genera that are dis-
tinguished by obvious and clearly defining characters, Stumpffia and Rhombophryne, that can be
identified with comparative ease (the former is generally much smaller, have narrower heads, and
exhibit digital reduction not present in the latter). We responded (Scherz et al. 2017), showing that
(1) Peloso et al. (2017) had mistakenly miscoded their reanalysis of the non-metric multidimen-
sional scaling (NMDS) analysis on morphology performed in this study, obscuring the difference
in morphology between Stumpffia and Anilany, and (2) their phylogeny supports that reported in
this chapter except for the position of three unstable lineages. In that paper, we emphasise the role
of supraspecific taxonomy in conveying information (a split taxonomy, where the taxa are mor-
phologically distinct, is preferable to a lumped one that obscures such information), and promote
a policy of economy of change to supraspecific taxa (Vences et al. 2013).
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A recent study clarified several aspects of microhylid phylogeny by combining DNA sequences from
Sanger sequencing and anchored phylogenomics, although numerous aspects of tree topology proved
highly susceptible to data partition and chosen model. Although the phylogenetic results of the study
were in conflict with previous publications, the authors made several changes to the taxonomy of
Madagascar’s cophyline microhylids. We re-analyzed part of their data together with our own molecular
and morphological data. Based on a supermatrix of 11 loci, we propose a new phylogeny of the

Ié?; ‘?:;jlrif;e Cophylinae, and discuss it in the context of a newly generated osteological dataset. We found several
Anilany gen. nov. sample misidentifications, partially explaining their deviant results, and propose to resurrect the genera
Cophyla Platypelis and Stumpffia from the synonymy of Cophyla and Rhombophryne, respectively. We provide sup-
Platypelis port for the previous genus-level taxonomy of this subfamily, and erect a new genus, Anilany gen. nov., in
Rhombophryne order to eliminate paraphyly of Stumpffia and to account for the osteological differences observed among
Stumpffia these groups. Deep nodes in our phylogeny remain poorly supported, and future works will certainly

refine our classification, but we are confident that these will not produce large-scale rearrangements.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Narrow-mouthed frogs of the family Microhylidae are a species-
rich and cosmopolitan group of anurans mainly distributed in the
tropics. Many microhylids are characterized by their specialized
hydrostatic tongue (Meyers et al, 2004), larval morphology
(Wassersug, 1984, 1989; Wassersug and Pyburn, 1987; McDiarmid
and Altig, 1999; Haas, 2003; Grosjean et al., 2007; Roelants et al.,
2011), and osteology (e.g., Parker, 1934; Trueb et al., 2011). These
specializations, especially the frequent reductions of skeletal ele-
ments, led to the description of a large number of supraspecific units

* Corresponding author at: CIBIO/InBio, Centro de Investigacdo em Biodiversi-
dade e Recursos Genéticos, Campus Agrario de Vairao, Rua Padre Armando Quintas,
4485-661 Vairdo, Portugal.

E-mail addresses: mark.scherz@gmail.com (M.D. Scherz), m.vences@
tu-braunschweig.de (M. Vences), andomailaka@gmail.com (A. Rakotoarison),
Franco.Andreone@regione.piemonte.it (F. Andreone), joern.koehler@hlmd.de
(J. Kohler), Frank.Glaw@zsm.mwn.de (F. Glaw), tiliquait@yahoo.it (A. Crottini).

http://dx.doi.org/10.1016/j.ympev.2016.04.019
1055-7903/© 2016 Elsevier Inc. All rights reserved.

in this family. In consequence, narrow-mouthed frogs have had
fewer species per genus and more monotypic genera than does
any other species-rich anuran clade (Van der Meijden et al., 2007).
Species contents of many genera have increased over the last dec-
ade, with intensive taxonomic revisions leading to the description
of numerous new species of microhylids. Currently, 582 species
are distinguished, allocated to 60 genera (AmphibiaWeb, 2016,
accessed February 2016), compared to 400 species in 64 genera in
2007 (with currently 14 vs. formerly 22 monotypic genera).
Monophyly of the Microhylidae and its placement among neo-
batrachian frogs have been established in multiple studies (Frost
et al., 2006; Roelants et al., 2007; Pyron and Wiens, 2011; Irisarri
et al., 2012; Zhang et al., 2013). Various major clades within micro-
hylids, typically each restricted to a single continent or biogeo-
graphical region, are well supported. Yet, despite dense taxon
sampling for mitochondrial and nuclear DNA sequences (Frost
et al.,, 2006; Van Bocxlaer et al., 2006; Van der Meijden et al.,
2007; Matsui et al., 2011; Pyron and Wiens, 2011; Kurabayashi
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etal.,,2011; de Sa et al., 2012; Peloso et al., 2016), the relationships
among deep intra-familial clades, including subfamilies and gen-
era, have yet to be satisfactorily resolved.

One such subfamily that has, thus far, evaded full phylogenetic
resolution is the Cophylinae, a Madagascar-endemic clade of cur-
rently 71 species subdivided in seven genera (AmphibiaWeb,
2016). Cophylines are characterized by nidicolous (endotrophic)
tadpoles, procoelous vertebral columns, and by stereotyped long
series of tonal advertisement calls in most species, but otherwise
are ecomorphologically highly diverse (Glaw and Vences, 2007).
They range from some of the smallest terrestrial vertebrates
(snout-vent length [SVL] approximately 10 mm) to the largest
microhylids in the world (SVL over 105 mm), occur from just above
sea level to montane habitats above 2500 m a.s.l., and have adapted
to terrestrial (Madecassophryne, Stumpffia, some Rhombophryne, and
some Plethodontohyla), fossorial (some Rhombophryne and some
Plethodontohyla), arboreal (Anodonthyla, Cophyla, Platypelis and
some Plethodontohyla) and rupicolous (Anodonthyla montana) habits
(Andreone et al., 2005; Glaw and Vences, 2007).

In a recent study, Peloso et al. (2016) assembled a comprehen-
sive dataset from classical Sanger sequencing and complemented it
with an anchored phylogenomic dataset (Lemmon et al., 2012) for
a subset of selected taxa aimed at revisiting the phylogeny of
narrow-mouthed frogs. They provided a substantial advance in
the understanding of microhylid relationships, but made some
controversial changes in supraspecific classification. Especially
controversial were changes to the genus-level classification of
the Cophylinae, conflicting with all previous studies (e.g.,
Blommers-Schlésser and Blanc, 1991; Andreone et al., 2005;
Wollenberg et al., 2008). They suggested that Platypelis should be
synonymized with Cophyla, and Stumpffia with Rhombophryne.
These changes prompted us to revise their proposed classification
of cophyline microhylids on the basis of improved Sanger sequence
coverage and a newly obtained osteological dataset.

2. Materials and methods

We herein follow the traditional genus-level classification of
cophylines (Glaw and Vences, 2007; AmphibiaWeb, 2016) rather
than adopting the changes proposed by Peloso et al. (2016) [here-
after named PEL], anticipating our main conclusions. Our classifica-
tion differs from that suggested by PEL in considering Platypelis a
valid genus separate from Cophyla, and Stumpffia a valid genus sep-
arate from Rhombophryne.

Field numbers used in the main article text and supplemental
materials refer to the zoological collections of Christopher Raxwor-
thy (RAX), Frank Glaw (FGZC and FGMV), Miguel Vences (ZCMV,
FGMV, and MVTIS), Franco Andreone (FAZC) Achille P. Raseli-
manana (APR) and Ylenia Chiari (YCHIA). For consistency with pre-
vious studies, we mention M. Kondermann DNA extraction
numbers (MK). Institutional acronyms used in the main article text
and in the supplemental material are as follows: American
Museum of Natural History, - Amphibians (AMNH(-A)); Ambrose
Monell Cryo Collection of the American Museum of Natural History
(AMCC); Museum of Zoology of the University of Michigan
(UMMZ); Senckenberg Museum of Natural History, Frankfurt
(SMF); Museo Regionale di Scienze Naturali, Torino (MRSN);
Universite d’Antananarivo, Département de Biologie Animale
(UADBA); Zoologisches Forschungsmuseum Alexander Koenig,
Bonn (ZFMK); Zoological Museum Amsterdam (ZMA); Zoologische
Staatssammlung Miinchen (ZSM).

2.1. Phylogenetic inference

We compiled a supermatrix of available DNA sequences for 11
loci and a total of 189 terminals (species and undescribed

candidate species). Data were largely retrieved from our own work
published over the past 10years (e.g., Andreone et al., 2005;
Wollenberg et al., 2008; Crottini et al., 2012; Rakotoarison et al.,
2012,2015) and include data from all 38 taxa of Madagascan origin
that were included in PEL. These comprised segments of mitochon-
drial genes: 12S rRNA (128, 84 sequences), the 3’ and the 5’ ends of
the mitochondrial 16S rRNA (16S_I, 183 sequences; 16S_II, 97
sequences), cytochrome b (cytb, 75 sequences), cytochrome
oxidase subunit 1 (cox1, 127 sequences); and segments of six
protein-coding nuclear genes: recombination-activating genes 1
and 2 (ragl, 57 sequences; rag2, 12 sequences), brain-derived neu-
rotrophic factor (bdnf, 13 sequences), sacsin (sacs, 14 sequences),
titin (ttn, 15 sequences), and leucine-rich repeat and WD repeat-
containing protein (kiaa1239, 18 sequences). A set of 52 sequences
was newly obtained using published primers and wet-lab proto-
cols (Van der Meijden et al, 2007; Vieites et al, 2009;
Rakotoarison et al, 2012, 2015; Perl et al, 2014). Newly
determined sequences were submitted to GenBank (KU937772-
KU937817, KX033507-KX033512). The total matrix of gene seg-
ments used for analysis, their GenBank accession numbers, and
the alignment, have been submitted to Dryad (doi:10.5061/
dryad.1b2k5).

Terminals in our genetic analysis include (i) samples of all nom-
inal species of cophylines and scaphiophrynines, including type
species of most genera (exceptions: Madecassophryne truebae, the
sole member of a monotypic genus for which no DNA sequence
data are so far available; Platypelis cowanii, the type species of
Platypelis; Rhombophryne serratopalpebrosa; the recently described
Rhombophryne longicrus—the sister species of R. minuta, see Scherz
et al., 2015a; and Stumpffia kibomena, closely related to S. grandis,
see Glaw et al., 2015), (ii) undescribed deep genetic lineages
probably representing new species, named according to the stan-
dardized scheme proposed by Padial et al. (2010) with numbers
of previously known candidate species following Vieites et al.
(2009) and Perl et al. (2014), and (iii) cophylines and scaphio-
phrynines from the PEL dataset for two gene segments (cox1 and
16S) that overlapped the segments we sequenced. It is worth not-
ing that, without considering PEL terminals, our matrix included a
dense taxon sampling for all mitochondrial gene segments and for
the nuclear ragl. For the other nuclear genes (rag2, bdnf, sacs, ttn,
kiaa1239) at least one species per genus was used, with the excep-
tion of the bdnf gene fragment, where sequence of Cophyla is miss-
ing, and of the rag2 gene fragment, where sequences of Cophyla and
Anilany gen. nov. (described herein) are missing.

As cryptic diversity is high in cophylines, we preferred
taxonomically unambiguous samples for the construction of the
tree shown in Fig. 1. Of the 66 described species used as ingroup
terminals (cophylines) in Fig. 1,25 (38%) were sampled from type
specimens of the respective species, and other 20 (30%) from topo-
typical specimens. The remaining 21 described taxa (32%) of our
terminals were diagnosed to species level based on morphology.
Terminals from PEL in our study were included largely for compar-
ative purpose, i.e., to assign them to species based on their cluster-
ing with sequences determined by ourselves.

Homologous sequences of Kaloula pulchra and of all representa-
tives of the subfamily Dyscophinae were used for outgroup rooting.
The outgroup and the representatives of the Scaphiophryninae
(which are not the focus of this paper) were excluded from the tree
in Fig. 1 for graphical purposes, but are shown in the complete tree
in the Supplementary Information (Appendix C, Fig. C.1). Phyloge-
netic analyses were run for each separate gene segment to detect
possible contaminants or wrongly labelled sequences.

Chromatograms of newly determined sequences were checked
and sequences manually corrected, if necessary, in CodonCode
Aligner 3.5.6 (CodonCode Corporation). We used MEGA 6 (Tamura
et al., 2013) to align sequences using the MUSCLE algorithm under
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Fig. 1. Phylogram (50% majority rule consensus tree) from a Bayesian Inference analysis of the Cophylinae based on our supermatrix of data combined with the PEL Sanger sequences
of the 165_I and cox1 fragments. Terminals from the PEL study are indicated by the bold prefix PEL and are in red, with species names in quotation marks indicating misidentified
samples. Asterisks mark posterior probabilities: (') 0.85-0.94,  0.95-0.98, " 0.99-1. Numbers at nodes are MP bootstrap values (2000 replicates), shown only if >50%. In blue are the
three deep clades that have been preliminarily assigned to Stumpffia sensu lato (two of which consist of undescribed species only, the third is herein described as genus Anilany). Name
after the species refers to the sampling locality of the sample that was sequenced for the 165_I gene fragment. In brackets is the field number of the voucher specimens or the GenBank
accession number of the 16S_I gene fragment sequence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1 (continued)
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default settings. GBLOCKS 0.91b (Castresana, 2000) with default
parameters was used to identify and to exclude nucleotide positions
of unreliable alignment in the 125 and 16S gene fragments from the
analyses. After exclusion of these positions, the alignment consisted
of a total of 7646 bp.

PartitionFinder 1.1.1 software (Lanfear et al., 2012) was used to
infer the best-fitting models of molecular evolution and partition
scheme on the basis of the AICc criterion, using an input configura-
tion file with 27 partitions, corresponding to individual codon posi-
tions for the eight protein-coding gene fragments and one partition
each for every rRNA gene fragment. This represents the most finely
partitioned scheme possible for our dataset. We used the ‘greedy’
algorithm (heuristic search) with branch lengths estimated as ‘un-
linked’. A total of 703 a priori schemes with varying degrees of
complexity and the best-fit and the worst-fit schemes were statis-
tically compared using AIC in PartitionFinder. The partition strat-
egy including only two partitions (1st partition including 12S
+16S_I + 16S_II + 3rd codon position of cox1 and cytb; 2nd partition
including all remaining positions) yielded the lowest score and was
therefore identified as the optimal partitioning scheme for our
analyses. The GTR+1+G model was determined within Parti-
tionFinder as the best-fitting model of substitution for the two sug-
gested partitions. Dyscophus insularis was used a priori as outgroup
in all MrBayes analyses. Partitioned Bayesian Inference analyses
(BI) were performed in the MPI version of MrBayes 3.2 for Unix
Clusters (Ronquist et al., 2012) and in the CIPRES portal (Miller
et al., 2010) using MrBayes 3.2.6 running on XSEDE. We performed
four runs of 100 million generations (starting with random trees)
and four incrementally heated Markov chains (using default heat-
ing values), sampling the Markov chains at intervals of 1000 gener-
ations. Stabilization and convergence of likelihood values were
assessed in Tracer 1.4 (Rambaut and Drummond, 2007) and
occurred after about 35-40 million generations. Therefore, sixty
million trees were retained post burn-in and used to generate
the 50% majority-rule consensus tree.

Maximum Parsimony (MP) analysis was performed with TNT
(Goloboff et al., 2008) after removal of unreliable alignment posi-
tions as identified by GBLOCKS. We used the multi command with
100 random sequence-addition replicates, followed by branch-
swapping with tree-bisection and reconnection (command break
tbr), with up to 1000 trees specified to be retained. We also exe-
cuted 2000 MP bootstrap replicates in TNT (provided in the Sup-
plementary Information, Appendix C, Fig. C.2).

2.2. Morphological examination and morphometrics

Specimen examination followed standard protocols for cophy-
line microhylids, taking note of characters that have been most
informative for taxonomic work in this subfamily (for full details,
see recent species descriptions, e.g. Kohler et al., 2010; Klages
et al.,, 2013; Rakotoarison et al., 2012, 2015; Glaw et al., 2015;
Scherz et al., 2015a,b). Overall, we have examined over 500 speci-
mens collected by ourselves in the field.

Non-metric multidimensional scaling (NMDS) was performed
in Past 3.07 (Hammer et al., 2001) using characters that showed
potential diagnostic value in Rhombophryne and Stumpffia. 46
Stumpffia and 70 Rhombophryne specimens were examined to gen-
erate a morphological character matrix for this analysis. Measure-
ments were taken using a digital calliper to 0.01 mm under a
binocular dissecting microscope, rounded to 0.1 mm, and averaged
across all specimens of each species. Measurements selected for
inclusion in our analysis were: snout-vent length (SVL), head width
(HW), head length (HL), eye-nostril distance (END), nostril-snout
distance (NSD), forelimb length (given by the sum of hand length,
lower arm length, and upper arm length), hindlimb length (given

by the sum of foot length, tarsus length, tibia length and thigh
length).

For conclusions on the taxonomy of Stumpffia, Rhombophryne,
Plethodontohyla, and Stumpffia-like genera, a total of 174 speci-
mens belonging to these genera were examined. Specimens used
by PEL (except those housed at the ZSM) were not examined. As
outlined above, conclusions on these specimens are based on their
genetic affinities.

2.3. Osteological analyses

High resolution micro-Computed Tomography (micro-CT) scans
were produced on a phoenix nanotom m cone-beam micro-CT
scanner (GE Measurement & Control, Wunstorf, Germany). Large
specimens (>20 mm) were scanned using a standard target, with
typical settings of 140 kV and 80 mA, using a timing of 500 ms
for 2440 projections. Small specimens (<20 mm, especially Stumpf-
fia) were scanned using a molybdenum element, at 70 kV and
160 mA, using a timing of 750 ms for 2440 projections. Models
were prepared and examined in VG Studio Max 2.2 (Volume
Graphics GMBH, Heidelberg, Germany). Selected specimens were
processed into PDF-embedded 3D models using Amira 5.4.5 or
6.0 (FEI Visualization Sciences Group, Burlington MA, USA), and
are provided in the Supplementary Information (Appendix C,
Figs. C.3-C.5). Osteological terminology follows Trueb (1968,
1973). Osteological examination was conducted based on both
volume and surface renders. Because its X-ray absorption is low,
cartilage is not rendered in normal micro-CT scans; cartilages are
therefore omitted from our discussion here, and from figures.

3. Results and discussion
3.1. Misidentification of taxa in PEL

PEL produced a matrix of 66 homologous loci for 48 representa-
tive species generated with an anchored phylogenomic approach,
plus Sanger sequencing of seven loci for 142 species. Five species
of cophylines were included in the phylogenomic dataset (identi-
fied by the authors as: Anodonthyla nigrigularis, Cophyla occultans,
Platypelis pollicaris, Rhombophryne mangabensis, and Stumpffia
roseifemoralis). We applied a molecular taxonomic identification
of these five taxa by comparing PEL 16S and cox1 Sanger sequences
against homologous sequences of all of Madagascar’s cophylines as
described above. We can confirm the identity of their Anodonthyla
nigrigularis sequences. On the other hand, (i) their ‘Platypelis polli-
caris’ is an undescribed species of the genus Platypelis so far known
only from the Sorata Mountains in northern Madagascar; (ii) their
‘Cophyla occultans’ is another undescribed species of the genus
Platypelis so far known only from the Sorata Mountains (see below
for more details); (iii) their ‘Stumpffia roseifemoralis’ is an
undescribed species of the genus Stumpffia (Stumpffia sp. Ca9
Ranomafana); and (iv) their ‘Rhombophryne mangabensis’ is an
undescribed species of the genus Stumpffia similar to Stumpffia
grandis. Thus, the phylogenomic dataset of PEL contains one
Anodonthyla, two Platypelis, and two Stumpffia, and lacks genomic
information for the genera Madecassophryne, Plethodontohyla,
Cophyla, and Rhombophryne (Anilany gen. nov., which we describe
below, is also not included in their dataset).

Using the molecular taxonomic identification approach outlined
above, we identified a number of sample misidentifications in PEL,
and partly traced the origins of these (see Supplementary Informa-
tion, Appendix A for details). Four of these errors affect phylogenetic
and classificatory conclusions: (i) a sample from the holotype of
Plethodontohyla fonetana was mistakenly supplied by our second
author’s institution (TU Braunschweig) as Rhombophryne matavy
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and included in the PEL dataset as such, despite the respective 16S
sequence being identical to a sequence of the same specimen, avail-
able in GenBank under the correct taxon name (EU341058) and
despite the sampling locality being the type locality of Plethodonto-
hyla fonetana, a site far away from the type locality of R. matavy; (ii)a
sample of an undescribed species of Stumpffia was mistakenly sup-
plied as Rhombophryne mangabensis, and included in the PEL dataset
despite the respective 16S sequence being strongly divergent from a
homologous sequence of the R. mangabensis holotype (KF611588);
(iii) a sample named ‘Cophyla sp.’ in the PEL dataset (specimen
RAN 42521 from Antalaha) does not agree or cluster with topotypi-
cal specimens of any of the nominal Cophyla species by its 16S or cox1
sequences, and instead probably belongs to an undescribed species
of Platypelis; (iv) a sample named ‘Cophyla occultans’ in the PEL data-
set (AMNH-A 167233/AMCC 103335) is very similar in 16S and cox1
(and forms a highly supported clade) to a sample of an undescribed
species of Platypelis from the Sorata Mountains, both of which are
within a well-supported clade also including P. tsaratananaensis
and a further undescribed species of Platypelis, all of which superfi-
cially resemble C. occultans. Numerous additional inconsistencies,
unjustified emendations and misspellings in PEL do not impact their
phylogenetic conclusions; these are therefore corrected in Supple-
mentary Information, Appendix A but not further discussed here.

3.2. Revised phylogeny of cophylinae

Bayesian Inference (BI) analysis of our supermatrix of 11 gene
segments yielded a phylogenetic tree (Fig. 1) largely in agreement
with those published by Andreone et al. (2005) and Wollenberg
et al. (2008). The Cophylinae received maximum support as a
monophyletic group, but deep nodes within the subfamily were
basically unresolved. Of the six cophyline genera included and
not considering the misidentifications of the PEL terminals,
Anodonthyla, Rhombophryne, Plethodonthyla and Cophyla received
high support (posterior probabilities > 0.99), and the clade com-
prising Platypelis species received moderate support (PP =0.91). A
single named species assigned to the genus Stumpffia (S. helenae),
along with an undescribed candidate species, was the sister taxon
to a clade comprising Rhombophryne and Stumpffia, thus rendering
Stumpffia paraphyletic. We discuss this in more detail below,
where we also erect a new genus for these Stumpffia-like frogs.
Excluding these morphologically and genetically divergent frogs
renders Stumpffia monophyletic with relatively high support
(PP =0.97), but as we explain, further divisions may be necessary
in the future. Cophyla and Platypelis were sister clades, with high
support for Cophyla (PP > 0.999).

Analyses of our matrix under MP yielded largely similar results.
A total of 144 equally most parsimonious trees were obtained (tree
length 17,840 steps). A strict consensus of these (Supplementary
Information, Appendix C, Fig. C.2) closely matches the BI tree. Con-
sidering nominal species only, all traditional genera were recov-
ered as monophyletic, although bootstrap support for these
clades was usually low, and for some genera below 50% (Fig. 1).
Differences to the BI tree were mostly apparent in the basal nodes
of the Stumpffia clade: S. tridactyla was placed with a clade contain-
ing S. helenae and two samples of undescribed miniaturized frogs
from Tsaratanana and Tsingy de Bemaraha, and the two samples
of undescribed miniaturized frogs from the Tsaratanana massif
(clustering as the sister clade of Stumpffia sensu strictu in the BI
analysis) were placed with the S. helenae clade and within Rhom-
bophryne, respectively.

Regarding the phylogenetic topology with sample identification
amended, two major discordances between the MP tree of PEL and
our BI phylogeny exist: (i) one unambiguous species of Cophyla (C.
berara) is phylogenetically nested within Platypelis in the PEL tree,
while this sequence is identical to our C. berara sample and clearly

within the Cophyla clade in our tree (also supported by our MP
analysis); (ii) the four species of Rhombophryne included (R. coro-
nata, R. laevipes, ‘R. minuta’, R. sp.) do not form a monophyletic
group in the PEL tree, although all four terminals are included in
the strongly supported Rhombophryne clade in our BI tree.

Based on our new phylogenetic analysis (Fig. 1), the re-
identification of deviant PEL sequences, and newly obtained osteo-
logical data from CT scans, we discuss the evidence for separate
generic classification of Platypelis vs. Cophyla, Stumpffia vs. Rhom-
bophryne, and for recognizing new genus-level taxa within Stumpf-
fia sensu lato. We formalize our suggestions on the basis of the
taxon-naming criteria (TNCs) proposed by Vences et al. (2013).
We focus on the nominal species in each clade because only frag-
mentary data are available for the many undescribed candidate
species of cophylines included in our phylogenetic tree; where
applicable, these fragmentary data do, however, support our
conclusions.

3.3. Cophyla and Platypelis: morphologically similar sister genera

The Cophyla/Platypelis clade consists of unambiguously arboreal
cophylines. The relationships within this clade have recently been
discussed by Rakotoarison et al. (2015) and can be summarized as
follows: (i) Cophyla and Platypelis are probably both monophyletic
(as also supported by our tree; Fig. 1); (ii) Cophyla species are
restricted to northern Madagascar, whereas Platypelis occurs across
the entire humid biome of the island; (iii) no reliable external mor-
phological characters exist to diagnose these two clades; (iv) all
but one species of Cophyla lack a clavicle, while this element is pre-
sent in all Platypelis species examined; (v) all species of Cophyla
examined have medially fused vomers, whereas this element is
either centrally divided or reduced in Platypelis.

The data available so far thus characterize Cophyla and Platypelis
as monophyletic groups that can be diagnosed by a combination of
osteological characters. Distinguishing the two genera is also infor-
mative from a biogeographic perspective. It is true, however, that
the two clades together form a monophyletic group (satisfying
the Stability of Monophyly TNC; Vences et al., 2013) and might
together become more easily diagnosable in external morphology
(which would satisfy the Diagnosibility TNC). Nevertheless, we
here maintain both genera as valid taxa. This proposal is formal-
ized in Supplementary Information, Appendix A. However, we
emphasise that a comprehensive revision of osteological variation
of Platypelis is pending, and that this should be combined with
additional phylogenetic and phylogenomic data of both genera,
Cophyla and Platypelis, for a definitive outcome.

3.4. Stumpffia and Rhombophryne: ecomorphologically distinct sister
genera

Our BI phylogenetic tree recovered Rhombophryne as a mono-
phyletic group within a paraphyletic Stumpffia sensu lato, with full
support. The paraphyly of Stumpffia is caused by the highly diver-
gent ‘S.” helenae clade, composed of ‘S." helenae and ‘S’ sp. Ca14. This
clade is morphologically and osteologically distinct, in addition to
its strong genetic differentiation from all other Stumpffia, and
therefore warrants recognition as a new genus (erected below).
This change renders Stumpffia sensu stricto a monophyletic genus
and sister taxon to Rhombophryne, albeit with poor support
(P<0.95). Support increased (P=0.97) for a clade of all species
except for S. tridactyla. We emphasize that for several of the minia-
turized species at the base of the tree, only a small number of genes
have so far been sequenced, while for others a large number of
sequences are available. This imbalance, along with very deep
divergences, might add to the instability of basal nodes in the
Rhombophryne + Stumpffia clade.
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PEL did not recover Stumpffia and Rhombophryne as sister
clades, and they are sister taxa in our analysis only after transfer-
ring part of Stumpffia to a separate genus. In such a situation, the
Stability of Monophyly TNC (Vences et al., 2013) would suggest,
other things being equal, a classification with both groups sub-
sumed in a single genus with unequivocal support. However, the
two clades are ecomorphologically highly distinct, and it is there-
fore worth exploring whether grouping them in a single genus
(PEL) has advantages over a two-genera classification.

The differences between Rhombophryne and Stumpffia are
exemplified by the two type species (neither of which was
included in the PEL dataset), the miniaturized leaf-litter dweller
S. psologlossa and the stout, fossorial R. testudo (3D models of the
skeletons of the type specimens of these species are provided in
Supplementary Information, Appendix C, Figs. C.3-C.4). These dif-
ferences hold for most species in both clades, but some Rhom-
bophryne are smaller and have more elongated bodies (e.g. R.
minuta: max. SVL 22 mm; R. longicrus: max. SVL 28 mm), and some
Stumpffia are relatively large (e.g. S. staffordi: max. 28 mm; Kohler
et al.,, 2010). These exceptional species are deeply nested within
their respective major clades (Fig. 1), suggesting extensive mor-
phological homoplasy.

Defining morphological synapomorphies for Rhombophryne and
Stumpffia is challenging because data are unavailable for many
cophyline genera, and basal nodes in the subfamily are unresolved
(Fig. 1). Still, it is possible to diagnose all or most species of the two
genera by morphology; a NMDS analysis based on discrete coding
of characters fully distinguished the two genera (Fig. 2). In more
concrete terms, Rhombophryne are characterized (vs. Stumpffia)
by the presence of vomerine teeth in all but one species (vs.
absence), presence of maxillary teeth in all but one species (vs.
absence), relatively wider heads in all species, larger body sizes
in most species, a smaller braincase-width to head-width ratio,
and (if present) clavicles curved along the antero-posterior axis
(vs. straight) (see Fig. 3 and compare Supplementary Information,
Appendix C, Figs. C4, C5). Given that both genera are
monophyletic (after the transfer of ‘S.” helenae to a new genus,
see below), all members of the two genera are morphologically

Rhombophryne testudo

SMF 4241 (holotype) ZSM 476/2005

Rhombophryne minuta

0.16
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Fig. 2. Non-metric multidimensional scaling (NMDS) scatterplot of Rhombophryne
and Stumpffia based on morphological characters (see Supplementary Information,
Appendix B, Tables B.1-B.2). Convex hulls are drawn around each genus, showing
clear distinction of genera based on our coding of their morphology.

diagnosable against each other, and with a few exceptions they
occupy non-overlapping adaptive zones (leaf litter vs. soil): their
synonymy is untenable. Thus, we strongly advocate continued
recognition of Stumpffia as a valid genus distinct from Rhom-
bophryne. This proposal is formalized in Supplementary Informa-
tion, Appendix A, in which we provide a new and effective key to
identify specimens to Stumpffia, Stumpffia-like genus-level clades
(see below), Rhombophryne, and Plethodontohyla.

3.5. Convergent miniaturization: multiple Stumpffia-like genus-level
clades

Non-monophyly of Stumpffia has been previously inferred (e.g.,
Wollenberg et al., 2008) but is complicated by the fact that many of
the species involved are taxonomically undescribed. Three deep

Stumpffia psologlossa
SMF 7337 (holotype)

Anilany helenae
ZSM 370/2005

Fig. 3. Comparative micro-CT images of the heads, pectoral girdles, and hand bones of representative members of the genera Rhombophryne, Stumpffia, and Anilany.
Postchoanal vomers/neopalatines are colored in green, clavicles in blue, and terminal phalanges in red. * The hands of SMF 4241 were poorly oriented in the micro-CT scan, so
a hand of its sister species, R. matavy (ZSM 1628/2008), is shown in its stead. The hand morphology of these two species is highly similar. Not to scale. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Representatives of Stumpffia and Stumpffia-like clades. (A) S. tetradactyla (Nosy Boraha; holotype, ZFMK 52547); (B) Anilany helenae (Ambohitantely; ZSM 370/2005);
(C) ‘Stumpffia’ sp. Ca34 (Tsaratanana; ZSM 636/2014); (D) ‘Stumpffia’ sp. Ca15 (Manombo; ZMA 20172).

clades have been assigned to Stumpffia, mainly by their small body
sizes (<16 mm), but probably do not belong to this genus: (i) ‘S.
helenae and an undescribed candidate species (‘S.” sp. Ca14; dis-
cussed briefly above and in more detail in the next paragraph);
(ii) two small-sized candidate species from south-eastern Mada-
gascar (‘S.” spp. Cal5 and Cal6; see Fig. 4) which, interestingly,
have been recovered as more closely related to Plethodontohyla
than to the Stumpffia-Rhombophryne clade, supporting the hypoth-
esis of Wollenberg et al. (2008) that they probably constitute a new
genus (see Fig. 1); (iii) two divergent lineages from Tsaratanana
(‘R’ sp. Ca7 and ‘S.” sp. Ca34), which fall within Stumpffia sensu
stricto in the BI analysis (Fig. 1) but are within Rhombophryne or
the sister taxon to ‘S.’ helenae under MP; these lineages are mor-
phologically distinct, being miniaturized microhylids of different
body shape than all other Stumpffia (Fig. 4), possessing both
macxillary and vomerine teeth (absent in Stumpffia sensu stricto),
and lacking clavicles (present in Stumpffia sensu stricto).

The second and third clades of these Stumpffia-like frogs contain
only taxonomically undescribed lineages, and currently their

existence does not challenge the taxonomic definition of Stumpffia.
We anticipate that these clades merit distinction as separate gen-
era, which will be described together with the species in forthcom-
ing revisions. The first clade, however, contains the nominal ‘S.’
helenae (and its sister lineage, the undescribed ‘S sp. Cal4,
depicted in Fig. 4) and thus requires taxonomic discussion at this
time. Wollenberg et al. (2008) revealed ‘S.” helenae to be the sister
taxon to all other Stumpffia, although without statistical support;
herein it is the sister taxon to the Rhombophryne + Stumpffia clade.
This species has long been known to be outstanding among
Stumpffia in that it possesses dilated terminal disks of fingers and
toes (Vallan, 2000). Micro-CT scans revealed that it also possesses
T-shaped terminal phalanges of the fingers and toes (Fig. 3 and
Supplementary Information, Appendix C, Fig. C.5). In Stumpffia,
terminal phalanges are typically weakly distally expanded,
knobbed, or unornamented, but a group of large-sized cave-
adapted Stumpffia (S. be, S. hara, S. megsoni, S. staffordi) also possess
expanded terminal phalanges and discs. ‘Stumpffia’ helenae is the
only nominal species to combine small size and expanded finger
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and toe tips, but less ambiguously it also has a broad, flattened
vomer that tapers slowly distally, rather than the vomer consisting
of a thin rod of bone with a rounded proximal base as in Stumpffia,
clavicles curved along the anteroposterior axis (straight in eight
examined Stumpffia species), and the only male available for exam-
ination has a broad crista ventralis and crista lateralis of the
humerus, as well as a strong prepollex, not known from any other
Stumpffia (see Supplementary Information, Appendix C, Fig. C.5).
Based on these morphological differences and the phylogenetic
position apart from other Stumpffia, we transfer ‘S.” helenae to a
new genus:

Anilany gen. nov.

This published work and the nomenclatural acts it contains
have been registered in ZooBank, the online registration system
for the ICZN. The LSID (Life Science Identifier) for this publication
is: urn:lsid:zoobank.org:act:DF982DCE-5CB9-4B01-9ED7-4D9921
70C603. The electronic edition of this work was published in a
journal with an ISSN, and will be archived and made available from
the following digital repository: http://www.zenodo.org/.

Type species: Stumpffia helenae Vallan, 2000

Diagnosis: Miniaturized terrestrial cophyline microhylids
(14-16 mm adult SVL). Dilated terminal discs on fingers and toes.
T-shaped terminal phalanges of fingers and toes, the distal tip
broader than the base. Vomer broad, flattened, and not tapering
strongly. Clavicles curved along the anteroposterior axis. Males
with broad crista ventralis and crista lateralis of the humerus, and
strongly developed, broad prepollex almost equal in length to the
first metacarpal (not observed in females of A. sp. Ca14, possibly
reflecting sexual dimorphism; males of this candidate species are
unknown).

The new genus is morphologically distinguished from Stumpffia
by the combination of small size (14-16 mm SVL) and dilated
terminal discs of the fingers and toes, with T-shaped terminal pha-
langes of these digits with tips broader than their bases (found
only in large-bodied Stumpffia species), curved clavicles (straight
in all examined Stumpffia species), and broader vomer. Genetically,
representatives of the new genus are strongly divergent from all
nominal species of Stumpffia, and phylogenetically Anilany might
be the sister genus of Stumpffia or of the Rhombophryne + Stumpffia
clade.

A 3D model of the skeleton of a specimen of A. helenae is
provided in Supplementary Information, Appendix C, Fig. C.5.

Included species: Anilany helenae (Vallan, 2000) and one
undescribed candidate species (Anilany sp. Ca14).

Distribution: Central and western Madagascar. Known from
rainforest in Ambohitantely Special Reserve (Anilany helenae) and
dry forests in karstic limestone formations in Tsingy de Bemaraha
National Park (Anilany sp. Cal4).

Etymology: Anilany is derived from the Malagasy contraction
anilan’ny, meaning ‘at the side of’, as in the statement ‘A. helenae
mianjera teo anilan’'ny Rhombophryne + Stumpffia’ (S. helenae falls
at the side of Rhombophryne + Stumpffia), in reference to the phylo-
genetic position of this genus beside the Rhombophryne + Stumpffia
clade. It is to be treated as an invariable feminine noun.

4. Conclusions

It is almost unavoidable that large-scale phylogenetic analyses
with dense sampling will contain some errors in species identity
of samples, especially because most organismal groups require
alpha-taxonomic revision. This is particularly true for taxa from
highly biodiverse developing countries where the lack of both
well-maintained in-country natural history collections and a
sufficiently high number of expert taxonomists precludes efficient
cataloguing of biodiversity (Paknia et al., 2015). Sample misidenti-

fication is insidious; at higher taxonomic levels, the impact of indi-
vidual misidentified samples is generally low, as their effect on
deep tree topology is weak, especially when taxon sampling is
dense. Investigating higher taxonomy using dense taxon sampling
almost inevitably leads to conclusions being made also at lower
taxonomic levels. Here, the impact of these misidentifications is
much higher, and can mislead conclusions and cause taxonomic
errors. Therefore, even when the main focus of a study is a higher
taxonomic question, proofing procedures (e.g. performing blast
searches of barcode sequences) should be implemented to ensure
maximum possible confidence in sample identity.

Our re-analysis of the cophyline members of the PEL dataset
revealed several misidentified taxa, partly caused by upstream
sample confusion (for which the authors are not to blame,
although precautionary procedures would have revealed these),
and partly by incorrect taxonomic identification. While these
misidentifications do not undermine the central conclusions of
PEL—having likely had little impact on deep tree topology—we
have here shown that they caused erroneous genus-level changes
within the Cophylinae.

Based on our densely sampled phylogeny, together with mor-
phological and osteological data, we have shown that (i) Cophyla
and Platypelis are highly similar but monophyletic, diagnosable
genera (although a thorough revision of their taxonomy will be
necessary in future); (ii) Rhombophryne and Stumpffia sensu stricto
are ecomorphologically distinct, monophyletic, diagnosable gen-
era; (iii) two species formerly considered as Stumpffia fall outside
the Rhombophryne + Stumpffia clade, and are transferred to the
new genus Anilany, which is diagnosable in osteology; and (iv)
two further clades of Stumpffia-like frogs may warrant recognition
as new genera.

As discussed elsewhere (Vences et al., 2013), genus names are
particularly relevant for the end users of taxonomies, such as con-
servation biologists and lawmakers. We therefore suggest that a
general principle of economy of change in these names should
apply. Making changes based on weakly supported clades can
necessitate repeated revision before reaching a stable and unam-
biguous taxonomy (see Supplementary Information, Appendix
A.6 for a brief discussion of the new microhylid subfamily
Chaperininae erected by PEL). Deep nodes in our phylogeny remain
poorly resolved, and our revised classification is not free of ambi-
guities in diagnosing genera by morphology alone. Future revisions
will doubtless refine this classification, as osteological datasets
expand, candidate species are described, and genetic coverage
improves. We are confident, though, that this will entail few
large-scale rearrangements.
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Appendix A. Comments and corrections on classificatory changes
(A.1-A.6); Appendix B. Supplementary Tables (Table B.1-B.2);
Appendix C. Supplementary Figures (Figure C.1-C.5). Supplemen-
tary data associated with this article can be found, in the online ver-
sion, at http://dx.doi.org/10.1016/j.ympev.2016.04.019.
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Chapter 9. MANUSCRIPT (accepted): Morphological and ecological convergence at the
lower size limit for vertebrates highlighted by five new miniaturised microhylid frog species
from three different Madagascan genera

In this chapter I present the description five new species of miniaturised cophyline frogs: three
species within the new genus Mini, a miniaturised species of Anodonthyla, and a miniaturised
species of Rhombophryne. These three lineages have independently evolved diminutive body size
less than 12 mm, converging on being among the smallest terrestrial vertebrates on earth. As es-
tablished in chapters 6-8, osteology is a rich source of taxonomic and evolutionary information.
The miniaturised Anodonthyla eximia, shows many of the hallmarks of the genus Anodonthyla, es-
pecially in the blade-like shape of the prepollex, which is pronounced among males of that genus,
and the arrangement of the bones of its palate, highlighting the phylogenetic contingency under
which miniaturisation evolves in these frogs. Two species of the genus Mini retain teeth despite
their small size, in contrast to the loss of teeth associated with miniaturisation in the diverse genus
Stumpffia (Rakotoarison et al. 2017). Finally, Rhombophryne proportionalis presents an unusu-
al case of so-called ‘proportional dwarfism’, that is, it has proportions resembling a larger frog
species but at a smaller size, which is in strong contrast to the paedomorphism that typifies most
miniaturised frogs. This paper highlights the ecological lability within the subfamily Cophylinae,
particularly with respect to their body size evolution.

Scherz, M.D., Hutter, C.R., Rakotoarison, A., Riemann, J.C., Rodel, M.-O., Ndriantsoa, S.H.,
Glos, J., Hyde Roberts, S., Crottini, A., Vences, M. & Glaw, F. (accepted) Morphological and
ecological convergence at the lower size limit for vertebrates highlighted by five new miniatur-
ised microhylid frog species from three different Madagascan genera. PLoS One.

Digital Supplementary Materials on appended CD:

Supplementary Table S1 — GenBank accession numbers for 3° 16S rRNA sequences used in this
study to calculate uncorrected pairwise distances.
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Abstract

Miniaturised frogs form a fascinating but poorly understood amphibian ecomorph and have
been exceptionally prone to taxonomic underestimation. The subfamily Cophylinae (family Mi-
crohylidae), endemic to Madagascar, has a particularly large diversity of miniaturised species
which have historically been attributed to the single genus Stumpffia largely based on their small
size. Recent phylogenetic work has revealed that several independent lineages of cophyline micro-
hylids evolved towards highly miniaturised body sizes, achieving adult snout—vent lengths under
16 mm. Here, we describe five new species belonging to three clades that independently miniatur-
ised and that are all genetically highly divergent from their relatives: (i) a new genus (Mini gen.
nov.) with three new species from southern Madagascar, (ii) one species of Rhombophryne, and
(ii1) one species of Anodonthyla. Mini mum sp. nov. from Manombo in eastern Madagascar is one
of the smallest frogs in the world, reaching an adult body size of 9.7 mm in males and 11.3 mm
in females. Mini scule sp. nov. from Sainte Luce in southeastern Madagascar is slightly larger and
has maxillary teeth. Mini ature sp. nov. from Andohahela in southeast Madagascar is larger than
its congeners but is similar in build. Rhombophryne proportionalis sp. nov. from Tsaratanana in
northern Madagascar is unique among Madagascar’s miniaturised frogs in being a proportional
dwarf, exhibiting far less advanced signs of paedomorphism than other species of similar size.
Anodonthyla eximia sp. nov. from Ranomafana in eastern Madagascar is distinctly smaller than
any of its congeners and is secondarily terrestrial, providing evidence that miniaturisation and ter-
restriality may be evolutionarily linked. The evolution of body size in Madagascar’s microhylids
has been more dynamic than previously understood, and future studies will hopefully shed light on
the interplay between ecology and evolution of these remarkably diverse frogs.

Keywords: Miniaturisation; Taxonomy; Systematics; Microhylidae; Amphibians; New Spe-
cies; Madagascar; Frogs; Morphology; Osteology; Evolution; Convergent Evolution; Cophylinae,
Mini gen. nov., Mini mum sp. nov., Mini scule sp. nov., Mini ature sp. nov., Anodonthyla eximia
sp. nov., Rhombophryne proportionalis sp. nov.

Introduction

Miniaturisation is a common phenomenon in amphibians [1-4], and is especially widespread
and extreme in frogs [4-6]. A large proportion of the world’s smallest frogs belong to the highly
diverse family Microhylidae [5-8]. Microhylid frogs exhibit high degrees of osteological variation,
especially in the morphology of elements of the skull, hands, feet, and pectoral girdle [9]. The
smallest species among the microhylids do not belong to a single clade however, but rather occur
in various different subfamilies spread across the tropics, including New Guinea [5, 6, 8], Borneo
[10, 11], South America [12, 13], and Madagascar [14, 15]. Even within single microhylid sub-
families, multiple independent instances of miniaturisation are evident from the interdigitation of
miniaturised and non-miniaturised species in the respective phylogenetic trees [8, 15]. One of the
best examples is the subfamily Cophylinae, endemic to Madagascar [15].

Cophylinae currently consists of 103 described species, divided across eight recognised genera.
Two of the largest microhylids, Platypelis grandis and Plethodontohyla inguinalis are members of
this subfamily, but it also contains frogs that are among the smallest in the world, such as Stumpffia
contumelia (adult snout—vent length [SVL] 8.0-8.9 mm [14]). Historically all small to miniaturised
terrestrial cophylines were placed in the genus Stumplffia, as they are superficially homogeneous
in external morphology, bioacoustics, and ecology, but even early molecular phylogenetic results
suggested that their diversity exceeded a single genus [16, 17]. Several lineages of cophylines have
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independently miniaturised, converging on a diminutive phenotype, and belonging to a number
of different genus-level clades which, however, have not yet all been taxonomically named. The
latest phylogenetic reconstructions [15, 18-21] have clarified this picture; Fig 1 illustrates a sim-
plified view of the latest phylogeny of Tu et al. [20], with emphasis on previously undescribed,
miniaturised lineages that do not belong to Stumpffia.

In 2016, we highlighted three deep clades of miniaturised frogs within the Cophylinae that we
considered probably distinct from Stumpffia [15]. These were: (i) ‘S.” helenae, which we trans-
ferred to a new genus Anilany in order to preserve the monophyly of Stumpffia—this decision was
challenged by Peloso et al. [22], who preferred to subsume Stumpffia, Anilany, and the generally
much larger and morphologically strongly distinct Rhombophryne into a single genus, but evidence
from morphology and genetics argues against this lumping approach [23]; (ii) a clade of two unde-
scribed lineages from south-eastern Madagascar (provisionally named “S.” spp. Cal5 and Calo6),
originally identified by Wollenberg et al. [17], which consistently fall sister to the large-bodied
Plethodontohyla—a third member of this clade, ‘S.” sp. Ca53 was sequenced and deposited in
GenBank by Rakotoarison et al. [14] and included in the phylogeny of Tu et al. [20]; and (iii)
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Fig 1. Stylised representation of the latest phylogeny of the microhylid subfamily Cophylinae.
Based on the phylogenetic tree of Tu et al. [20] (reconstructed from a concatenated multi-gene DNA
sequence data set) with numerous nomenclatural updates. See that paper for support values and phylo-
genetic context. The sister species of Rhombophryne proportionalis sp. nov. is an undescribed candidate
species (R. sp. Ca7) that is not included in this phylogeny; its taxonomy will be treated elsewhere. Taxa
highlighted in red are those described herein. Inset photos show a selection of the new species described
herein, and representatives of the other small-bodied genera, Stumpffia and Anilany. Inset photos are not
to scale.
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two frogs from Tsaratanana (Rhombophryne sp. Ca7 and ‘S.” sp. Ca34), which were topologically
unstable—these have since been found to fall within Rhombophryne ([20]; unpublished data), and
only the latter is miniaturised, while the former is a frog of moderate-size (SVL 23.5-26.5 mm).

The phylogenetic position of Stumpffia tridactyla was also unstable [15, 22, 23] and the species
was flagged as potentially divergent [23]. In light of our recent revision of the entirety of Stumpffia
[14] and osteological data (unpublished observations), this species and its sister species, S. con-
tumelia, form a clade sister to all other Stumpffia that we do not, at this time, consider to warrant
genus-level recognition.

In previous work, we overlooked another miniaturised species that was included in our phylog-
eny [15, 20, 24] but not morphologically examined, namely Anodonthyla sp. Ca04 Ranomafana
(ZCMV 204). The only available specimen of this species measures 11.3 mm SVL, and genetically
and morphologically can be ascribed to Anodonthyla, representing an additional miniaturisation
event within the Cophylinae.

In summary, there are three miniaturised species within an undescribed genus-level clade sister
to Plethodontohyla, one miniaturised species of Rhombophryne, and one miniaturised species of
Anodonthyla, all of which are awaiting taxonomic description. In the present paper, we provide
formal descriptions of these taxa, with the aim of facilitating future research on the convoluted
evolution of the frogs of the subfamily Cophylinae.

Materials and Methods
Ethics Statement

Approval for this study by an Institutional Animal Care and Use Committee (IACUC) was not
required by Malagasy law, but all work complied with the guidelines for field research compiled
by the American Society of Ichthyologists and Herpetologists (ASIH), the Herpetologists’ League
(HL), and the Society for the Study of Amphibians and Reptiles (SSAR). All field research, col-
lecting of specimens, including in situ euthanasia of specimens, were approved by the Madagascan
Ministére de I’Environnement des Eaux et des Foréts (Direction des Eaux et Foréts, DEF) under
the following permits:

64/10/MEF/SG/DGF/DCB.SAP/SLRSE, 238-MINENV.EF/SG/DGEF/DPB/SCBLF/RECH,
045/12/MEF/SG/DGF/DCB.SAP/SCB, 238-MINENVEF/SG/DGEF/DPB/SCBLF, 218-MEEF/
DEF/SPN/FFE/AUT, 198/16/MEEF/SG/DGF/DSAP/SCB.Re. Export of specimens was approved
by the DEF under permits: 135N-EA07/MG10, 103C-EA03/ MGO5, 044N-EA04/MG12, 094C-
EA03/MG04, 094C-EA03/MGO04, export 356N-EA12/MG16. Specimens were anaesthetised and
subsequently euthanized following approved methods (MS222 solution; approved by the Amer-
ican Veterinary Medical Association) that do not require approval by an ethics committee, after
consultation of the Animal Welfare Officer of TU Braunschweig.

Voucher specimens

Our study areas were as follows: Sainte Luce (ca. 24.75-24.76°S, 47.17-47.18°E); Tsaratanana
(ca. 14.08-14.12°S, 48.97-48.99°E); Manombo (ca. 23.02-23.03°S, 47.72—-47.73°E); Nahampoa-
na (ca. 24.98°S, 46.98°E); Andohahela (ca. 24.75°S, 46.85°E). Field numbers used in this study
refer to the zoological collections of Frank Glaw (FGZC), Miguel Vences (ZCMV), David R.
Vieites (DRV), Serge H. Ndriantsoa (NSH), Angelica Crottini (ACZCV), and Sam Hyde Roberts
(SHR). The following institutional acronyms are used: Zoologische Staatssammlung Miinchen,
Munich (ZSM), amphibian collections of the Mention Zoologie et Biodiversit¢ Animale of the
Université d’Antnanarivo (UADBA-A), Museum fiir Naturkunde, Berlin (ZMB), Muséum Na-
tional d’Histoire Naturelle, Paris (MNHN), Zoologische Forschungsmuseum Alexander Koenig,
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Bonn (ZFMK), Zoological Museum of Amsterdam (ZMA)—today part of the Naturalis Biodiver-
sity Centre, Leiden. Collected voucher specimens were fixed in the field in 90% ethanol and some
subsequently transferred to 70% ethanol for long-term storage. Tissue samples (muscle or a limb)
were preserved in 99% ethanol in the field, before specimen fixation.

Morphological measurements

Morphological examination was done under a binocular dissecting microscope. Measurements
were taken with a digital calliper to the nearest 0.01 mm by MDS and rounded to the nearest 0.1
mm, with ratios calculated prior to rounding to avoid compound rounding errors. Measurement
scheme followed our previous work [25-28]. The scheme is repeated here for convenience ver-
batim from Scherz et al. [25]: ‘SVL (snout—vent length), HW (maximum head width), HL (head
length, from the maxillary commissure to the snout tip. Note: this is measured along the jaw, and
not parallel to the longitudinal axis of the animal), ED (horizontal eye diameter), END (eye—nos-
tril distance, from the anterior eye to the posterior of the naris), NSD (nostril-snout tip distance,
from the centre of the naris), NND (internarial distance, from the centre of each naris), TDH
(horizontal tympanum diameter), TDV (vertical tympanum diameter), HAL (hand length, from
the carpal-radioulna articulation to the tip of the longest finger), LAL (lower arm length, from the
carpal-radioulna articulation to the radioulna—humeral articulation), UAL (upper arm length, from
the radioulna—humeral articulation to the trunk, measured along the posterior aspect of the arm),
FORL (forelimb length, given by the sum of HAL, LAL, and UAL), FOL (foot length, from the
tarsal-metatarsal articulation to the tip of the longest toe), TARL (tarsal length, from the tarsal—
metatarsal articulation to the tarsal-tibiofibular articulation), FOTL (foot length including tarsus,
given by the sum of FOL and TARL), TIBL (tibiofibula length, from the femoral—tibiofibular artic-
ulation to the tarsal-tibiofibular articulation), TIBW (maximum tibiofibula [=shank] width), THIL
(thigh length, from the vent to the femoral—tibiofibular articulation), THIW (thigh width at thickest
point, measured in supine position), HIL (hindlimb length, given by the sum FOL, TARL, TIBL,
and THIL), IMCL (maximum length of inner metacarpal tubercle), IMTL (maximum length of the
inner metatarsal tubercle).” Comparison to Stumpffia species based on external morphology is done
in relation to the data presented by Rakotoarison et al. [14]. Morphological terminology referring
to digits of the hands and feet is based on Rakotoarison et al. [14].

Micro-Computed Tomography

Micro-Computed Tomography (micro-CT) scans were produced in a nanotom m cone-beam
scanner (phoenix|x, GE Measurement & Control, Wunstorf, Germany). Specimens were placed in
small vessels such as Eppendorf tubes or film canisters and fixed in place using polystyrene and
thin wooden struts. A small volume of ethanol was added to the container to prevent desiccation,
and a lid was firmly shut to prevent excessive evaporation. Scan times were maximally 30 minutes.
Standard scanning parameters were 750 ms exposures at 140 kV and 80 pA for 2440 projections
under fastscan parameters, with a 0.1 mm copper filter and a tungsten target, but small deviations
were necessary in some cases. Scans were initially reconstructed in datos|x reconstruct software
(GE Measurement & Control) and were then visualised in 8-bit under phong volume rendering
settings in VG Studio Max 2.2 (Volume Graphics GMBH, Heidelberg, Germany) using a cus-
tom preset (available upon request). Osteological description was based on volume-renderings of
the micro-CT data, following recommendations of Scherz et al. [25]. Osteological terminology
follows Trueb [29-31] and Fabrezi and Alberch [32]. Rotational videos of micro-CT data were
produced in VG Studio Max 2.2 following the methods outlined in Scherz et al. [25], and these
together with DICOM image stacks of the scans produced in this study are available from http://
morphosource.org/Detail/ProjectDetail/Show/project 1d/464.
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Bioacoustics

Recordings were made in the field using digital recorders (Tascam DRO7 or DROS, Tascam
DR-40, Roland EDIROL R-09) with internal or external (Sennheiser ME66/K6) microphone, or
with an analogue Sony WM-D6C tape recorder with a Vivanco EM 238 external microphone in the
case of the new Anodonthyla and early recordings from Nahampoana. Call analysis was conducted
in Audacity 2.2.0 (https://github.com/audacity/audacity). Recordings with background wind were
run through a decaying hi-pass filter in Audacity set at ca. 3 kHz to clean the audio prior to anal-
ysis. Frequency information was obtained through Fast Fourier Transformation (FFT; width 1024
points). The spectrogram was obtained using the Hanning window function with 256 bands reso-
lution. Bioacoustic parameters are given as mean =+ standard deviation, with range in brackets. We
measured dominant frequency, call duration, inter-call silent interval, and, where relevant, notes
per call. Terminology follows the note-centred approach of Kohler et al. [33].

Molecular phylogenetics

We here present only minimal genetic data, because relevant genetic conclusions have been
reported elsewhere [15, 17-21]; see Fig 1. Sequences of a 3’ segment of the /65 yrRNA mtDNA
gene were downloaded from GenBank (see S1 Table for full list of GenBank accession num-
bers used) and complemented by sequences of 11 additional specimens to verify their identity
(GenBank accession numbers of new sequences: MK459307-MK459317). Separate alignments
were constructed for the three genera concerned here: (1) Mini gen. nov. and Plethodontohyla, (2)
Rhombophryne, and (3) Anodonthyla. Sequences were aligned using MUSCLE [34], and manu-
ally checked and trimmed in MEGA7 [35]. We herein also report uncorrected pair-wise distances
(p-distances) between species in the /6S rRNA gene, calculated in MEGA7 [35].

Taxonomic approach

Species described herein were identified initially based on molecular differentiation from other
species, and morphological characters were then interrogated for diagnostic features, taking into
account their phylogenetic position based on molecular data. Description schemes loosely follow
Rakotoarison et al. [14], especially in the respect of comparing new material with a minimum pos-
sible set of other species in order to promote brevity. We follow the recommendations of Vences et
al. [36] with regard to the economy of change in our consideration of the taxonomy of higher taxa.

Nomenclatural acts

The electronic edition of this article conforms to the requirements of the amended Interna-
tional Code of Zoological Nomenclature (ICZN), and hence the new names contained herein are
available under that Code from the electronic edition of this article. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration system for
the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated in-
formation viewed through any standard web browser by appending the LSID to the prefix ‘http://
zoobank.org/’. The LSID for this publication is: urn:lsid:zoobank.org:pub:91E597C8-7A80-46F9-
BOE8-61F2524400F7. The journal’s eISSN is 1932-6203. The article has been archived and is
available from the following repositories: PubMed Central and LOCKSS.

Miniaturisation terminology

Clarke [4] discussed the definition of miniaturisation in the different clades of amphibians. He
considered 25-30 mm SVL to represent the ‘critical division in anurans,” with specimens of small-
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er sizes ‘exhibiting physiological and ecological modifications’ associated with miniaturisation.
Thus, he considered 20-25 mm specimens ‘small’, and specimens below 20 mm ‘miniaturised’,
with no further refinement for smaller taxa. Trueb and Alberch [37] considered any frog smaller
than 25 mm to be ‘small’, with the further categorisation of ‘dwarf” for frogs under 14 mm. Clarke
[4] considered this scheme to be ‘too restrictive in the case of the extreme-small-size category’.
We here opt for a compromise between these two schemes and consider species below 12 mm to
be ‘extremely miniaturised’, below 16 mm to be ‘highly miniaturised’, below 20 mm to be ‘min-
1aturised’, and below 24 mm to be ‘small’.

Results

The miniaturised members of the subfamily Cophylinae, considering the described diversity
and the undescribed lineages outlined in the Introduction, are morphologically, ecologically, and
bioacoustically highly similar: they are terrestrial, leaf-litter dwelling frogs that predominantly
emit their advertisement calls during the day. Their calls (with few exceptions, including the unde-
scribed miniaturised Rhombophryne) consist of single, high-pitched, tonal notes emitted at regular
intervals. Most if not all use ‘slow-motion’ walking [38, 39] as their primary mode of locomotion
when undisturbed. All exhibit outward signs of reduction in length and/or number of digits, and
almost all lack strongly expanded terminal discs (present only in larger species of Stumpffia, and
in Anilany helenae). Eye size is rather small, but nevertheless relatively larger compared to head
length (ED up to 57% of HL; Table 1) than in non-miniaturised cophylines (e.g. maximum 45% in
the Rhombophryne serratopalpebrosa species group; [25]). Finally, they are all inconspicuous in
colour dorsally, with only a few larger species of Stumpffia possessing red on the hidden surfaces
of their legs and on their venters [14].

Despite these strong similarities, detailed morphological (including osteological) assessment of
the specimens representing the deep lineages outlined above (in the Introduction) yielded charac-
ters that differ significantly between them and all other cophylines. Of particular note are charac-
ters of the skull and hands, which show strong signs of miniaturisation and corresponding conver-
gence, but also retain hallmarks of their evolutionary history shared with their non-miniaturised
closest relatives.

Specimens belonging to the miniaturised clade sister to Plethodontohyla differ from all Stumpf-
fia species by their curved clavicles, broad contact between the neopalatine and the straight-edged
cultriform process of the parasphenoid (vs narrow contact and obliquely-edged), and a fused or
lost carpal 2 (present in Stumpffia). The three deep lineages within this clade (Fig 1) differ from
one another strongly in the state of the palate and dentition: the lineage from Manombo (‘Stumpf-
fia’ sp. Cal5 in Scherz et al. [15]) lacks teeth altogether, while that from Sainte Luce (‘Stumpffia’
sp. Cal6 in Scherz et al. [15]) has both maxillary and premaxillary teeth. The lineage from Ando-
hahela (‘Stumplffia’ sp. Ca53 in Tu et al. [20]) differs from both of these lineages in having a much
larger body size, from the lineage from Manombo by possessing teeth, and from the lineage from
Sainte Luce by a number of skull characters, including proportionally smaller braincase, broader
contact between quadratojugal and maxilla, and proportionally smaller nasals.

Specimens belonging to the miniaturised Rhombophryne species (‘Stumpffia’ sp. Ca34 in Scherz
et al. [15]) are morphologically (and genetically) homogeneous. This species differs from all other
miniaturised species of the subfamily Cophylinae by the presence of vomerine teeth. It also differs
from most Stumpffia by the total absence of clavicles, the presence of a strong lateral head colour
border (thus far known only in Anilany and two much larger Stumpffia species, S. be and S. hara
among small-sized cophylines), and very different hand and skull morphology, which is similar to
larger Rhombophryne in its possession of a distinct first finger and toe (strongly reduced or absent
in most Stumpffia species, especially those of similar size). Numerous characters separate this
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Mini mum gen. et sp. nov.

Mini scule gen. et sp. nov. Nooo
ZSM 861/2014 (ZCMV14788) 7501 5043/2005 (FGZC 2662) Mini ature gen. et sp. nov.

ZSM 86/2004 (FGZC 151)

Rhombophryne proportionalis sp. nov. Anodonthyla eximia sp. nov.
ZSM 1826/2010 (ZCMV 12404) ZMA 20246 (ZCMV 204)

Fig 2. Holotypes of the new species described in this paper and their hands.
Whole specimens in dorsal (left) and ventral (right) view. Hand images not to scale.

species from all other Rhombophryne species, the most distinct of which being its considerably
smaller body size. It also has a highly distinct call.

The sole available specimen of the miniaturised lineage within the genus Anodonthyla, ZMA
20246 (ZCMV 204), is an adult male, collected while presumably calling. It retains the synapo-
morphies of that genus, some of which are also related to sexual dimorphism in other members
of the genus: a long and cultriform prepollex exceeding the length of the first metacarpal (present
only in males of Anodonthyla), curved clavicles with distal knobs, and T-shaped terminal pha-
langes of toes 2—5 and the third finger. It differs from all Anodonthyla species by the absence of
ossification in the sphenethmoid, and by the absence of strongly expressed humeral spurs or crests
found in males of many species [24].

In summary, each of the five undescribed, species-level lineages of miniaturised frogs within
the Cophylinae possess diagnostic characters. The three species forming a genus-level clade share
synapomorphies that distinguish them from their sister genus, Plethodontohyla, and indeed all
other miniature frogs from Madagascar. We therefore describe a new genus containing three new
species, and one new species each of Rhombophryne and Anodonthyla.

Mini gen. nov.

urn:lsid:zoobank.org:act:67171236-00A2-428B-8194-584BF52E84E6
(Figs 2-9, Table 1)
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Fig 3. Currently known localities of the new taxa described in this paper.
The base map is USGS SRTM 1-Arc second digital elevation model.
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Type species. Mini mum sp. nov.

Contents. Mini mum sp. nov., M. scule sp. nov., and M. ature sp. nov.

Etymology. The genus name is derived from English prefix ‘mini-’, denoting a small version of
an object. We treat this name as an arbitrary combination of letters in the sense of the Internation-
al Code of Zoological Nomenclature Articles 30.1.4.1 and 30.2.2, and we assign it the feminine
gender. We have searched all available taxonomic databases and could not find any evidence that
this name has ever been used to refer to a genus of animals, and we therefore conclude that it is
available.

Diagnosis. Diminutive terrestrial frogs (adult SVL 8.2-14.9 mm), assigned to the Madagas-
car-endemic subfamily Cophylinae on the basis of divided vomers, procoelous vertebral column,
divided sphenethmoids, and genetic affinities. Skin smooth to slightly granular, occasionally iri-
descent. A lateral colour border is present but varies in intensity among species. Highly reduced
fingers and toes, fusion or loss of carpal 2, and paedomorphic skull morphology: laterally dis-
placed narrow nasals, teeth absent from vomer, in some species present on the maxilla and pre-
maxilla, otic capsule sometimes dorsally ossified, brain case comprising most of the skull’s length
and width.

All members of the genus Mini gen. nov. resemble miniaturised to extremely miniaturised
members of the genus Stumpffia. However, all species can be distinguished from Stumpffia on
the basis of their curving clavicles and a fused or lost carpal 2. In the species accounts below, we
provide detailed distinctions from Stumpffia relevant to each species.

Justification. The erection of the genus Mini is justified by significant genetic differentiation
from all other major cophyline lineages (see Fig 1), by the fact that it does not form a monophyletic
group with the genus Stumpffia, and furthermore by the strong morphological differences (includ-
ing but not restricted to the much smaller size) to all species of its sister clade, Plethodontohyla.
The following characters distinguish the genus from all Plethodontohyla species, including juve-
niles: digital reduction of the fingers and toes (vs no reduction), laterally displaced and reduced
nasals (vs large nasals situated anterior to frontal), parasphenoid cultriform process shorter than
frontoparietals (vs roughly equal in length to the frontoparietals) and considerably narrower than
alary processes (vs as wide or wider), vomerine teeth absent (vs present), carpal 2 absent (vs pres-
ent). Uncorrected p-distances between Mini and Plethodontohyla range from 8.3—13.3% in the 3’
fragment of /6S rRNA analysed here, and they have been found to be sister to Plethodontohyla in
all phylogenetic analysis since their first inclusion in genetic datasets [15, 17, 20, 22] (except the
DNA barcoding study of Vieites et al. [40], where they were placed at the base of Rhombophry-
ne+Stumplffia+Anilany, but that study lacks any resolution at deep nodes, and was not intended to
provide phylogenetic hypotheses at deep levels).

Distribution. The genus Mini is apparently endemic to low-elevation habitats (0350 m a. s. 1.)
of southeastern Madagascar (Fig 3).

Mini mum sp. nov.

urn:lsid:zoobank.org:act:237AA825-4612-4591-9CC8-764DAD646B48
(Figs 1-6, Tables 1, 2)
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Remark. This species was previously listed as Stumpffia sp. 10 [17]; Stumpffia sp. 15/Cal5 [15,
40]; Stumpffia sp. aff. tetradactyla “Southeast” [41]; and Stumpffia sp. 10 KCW-2008 (EU341082)
[20].

Holotype (Figs 2, 4, 6). ZSM 861/2014 (ZCMV 14788), an adult presumed male specimen
collected in Manombo Special Reserve (23.0294°S, 47.7312°E, 7 m a.s.l.), Atsimo-Atsinanana

Fig 4. Mini mum gen. et sp. nov. in life and its habitat in Manombo Special Reserve.

(a-c) ZSM 861/2014, holotype, in (a) anterolateral view on a thumbnail, (b) dorsolateral view on a leaf, (c)
ventral view. (d, ) ZSM 862/2014, paratype, in (d) ventral view, and (e) lateral view on a thumbnail. (f, g)
ZMB 83194, paratype, in (f) dorsolateral view, and (g) ventral view. (h) ZMB 81993, paratype, in dorsolat-

eral view. (i) ZMA 20172 in posterodorsolateral view. (j) Habitat of the new species in Manombo Special
Reserve.
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Region, former Fianarantsoa province, southeastern Madagascar on 30 November 2014 by A.
Rakotoarison and E. Rajeriarison.

Paratypes (Fig 4). ZSM 862/2014 (ZCMV 14789), an adult presumed male specimen with the
same collection data as the holotype; ZMA 20172 (ZCMV 557), an adult presumed male speci-
men, and ZMA 20191 (ZCMV 558, GenBank accession number EU341082 for /25 rRNA gene,
tRNA-Val, and 16S rRNA gene), an unsexed specimen collected in Manombo Special Reserve
(23.0284°8S, 47.7316°E, 44 m a.s.l.) on 2 February 2004 by D.R. Vieites and C. Woodhead; ZMB
81993 (NSH 2584) and ZMB 83194 (NSH 2583), adult male and female specimens (respectively)
collected in Manombo Special Reserve (23.0249°S, 47.7311°E, ca. 20 m a.s.l.) on 28 March 2012
by J.C. Riemann, S.H. Ndriantsoa, A. Rakotoarison, J. Glos and M.-O. Rodel.

Diagnosis. An extremely miniaturised frog assigned to Mini gen. nov. on the basis of its small
size, curved clavicles, laterally displaced and reduced nasals, and fusion or loss of carpal 2. This
assignment is supported by its genetic affinities (Fig 1; [15, 17, 20]). It is separated by uncorrected
p-distances of 10.0-11.2% in the analysed 3’ fragment of the /165 rRNA gene from other members
of the genus Mini gen. nov., and 8.3—12.4% from all members of the genus Plethodontohyla.

Mini mum sp. nov. is characterised by the unique combination of the following characters (n =
4 male specimens, 1 female specimen): (1) male SVL 8.2-9.7 mm, female SVL 11.3 mm; (2) ED/
HL 0.38-0.56; (3) HW/SVL 0.28-0.37; (4) FARL/SVL 0.30-0.38; (5) TIBL/SVL 0.39-0.50; (6)
HIL/SVL 1.47-1.72; (7) fingers 1, 2, and 4 strongly reduced; (8) toe 1 absent, toes 2 and 5 quite re-
duced; (9) maxillary and premaxillary teeth absent; (10) vomerine teeth absent; (11) strong lateral
colour border present; (12) black inguinal spots absent; (13) postchoanal vomer present, spatulate,
medially fused to parasphenoid; (14) nasal cultriform and laterally displaced; (15) quadratoju-
gal-maxilla contact weak; (16) zygomatic ramus of squamosal short, narrow, and horizontal; (17)
clavicles present, curving with simple lateral articulations, medially not bulbous; (18) prepollex
small or absent; (19) carpal 2 absent or fused to post-axial carpal 3—5 element; (20) finger phalan-
geal formula 1-2-3-2; (21) toe phalangeal formula 1-2-3-4-3; (22) single-note, unpulsed calls, not
emitted in series; (23) frequency modulated calls; (24) call dominant frequency 8089 + 140 Hz (n
=35); (25) call duration 74.8 = 7.0 ms (n = 35); (26) inter-call interval 4299.8 + 1604.9 ms (n = 34).

Within the genus Mini gen. nov., the new species is unique in lacking teeth, and possessing a
strong lateral colour border. See other species described below for respective diagnoses.

This species is particularly similar to some extremely miniaturised Stumpffia species, but it can
be distinguished from all Stumpffia based on the condition of the carpals, and all Stumpffia except
S. tridactyla, S. contumelia, and S. obscoena by the extent of reduction of its fingers and toes. It
differs from all of these in possessing curved clavicles (vs absent in S. contumelia and S. obscoena
and straight or absent in S. tridactyla; unpublished data), and presence of neopalatine and divid-
ed vomer (vs absence of neopalatine and non-divided vomer in S. obscoena, S. tridactyla, and S.
contumelia; unpublished data).

Calls resemble those of S. miery, S. tridactyla, S. contumelia, and S. obscoena, but are shorter in
duration and lower in frequency than S. obscoena (duration 74.8 £ 7.0 ms vs 144 + 8 ms; frequency
8089 + 140 Hz vs 8361 + 69 Hz); longer in duration and higher in frequency than S. contumelia
(duration 74.8 £ 7.0 ms vs 42 + 4 ms; frequency 8089 = 140 Hz vs 7493 + 50 Hz); shorter in dura-
tion and higher in frequency than S. tridactyla (duration 74.8 = 7.0 ms vs 132 £ 23 ms; frequency
8089 + 140 Hz vs 7244 + 200 Hz); and slightly longer inter-call interval than S. miery (4299.8 +
1604.9 ms vs 3102 + 456 ms).

Holotype description. Specimen in a good state of preservation, a piece of the left thigh re-
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moved as a tissue sample. Body oblong; head wider than long, narrower than body width; snout
rounded in dorsal view, pointed in lateral view; nostrils directed laterally, not protuberant, slightly
further from tip of snout than from eye; canthus rostralis indistinct, straight; loreal region flat, ver-
tical; tympanum indistinct, round, about 49% of eye diameter; round pupil; supratympanic fold ab-
sent; tongue long, broadening slightly posteriorly, attached anteriorly, not notched; maxillary teeth
absent; vomerine teeth absent; choanae small and round. Forelimbs slender; subarticular tubercles
single, indistinct except on third finger; outer metacarpal tubercle rounded; inner metacarpal tu-
bercle indistinguishable from reduced first finger; hand without webbing; first, second, and fourth
fingers strongly reduced, third finger basally broadened; relative length of fingers 1<4<2<3, fourth
finger slightly more reduced than second; finger tips not expanded into discs. Hindlimbs slender;
TIBL 50% of SVL; lateral metatarsalia strongly connected; inner metatarsal tubercle indistin-
guishable from completely reduced first toe; outer metatarsal tubercle absent; no webbing between
toes; first toe absent, second and fifth toes extremely reduced; relative length of toes 2<5<3<4;
fifth toe distinctly shorter than third. Skin on dorsum smooth, without distinct dorsolateral folds.
Ventral skin smooth.

After four years in 70% ethanol, the dorsum is metallic silver centrally on the trunk, bluish
silver on the head, and laterally light silver, with dark oblong markings in the inguinal region (Fig
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Fig 5. One-second spectrograms and oscillograms of the calls of the new species described here.

Insets represent the respective species but not the calling specimens. (a) Mini mum gen. et sp. nov.,
paratype ZMB 81993 from Manombo, (b) Mini scule gen. et sp. nov., ZSM 265/2018 from Sainte Luce,
(c) Rhombophryne proportionalis sp. nov., part of a call (note series) of a specimen from Bepia camp-
site, Tsaratanana (not collected), (d) Anodonthyla eximia sp. nov., specimen not collected, from Maharira

(Ranomafana).
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2). There is a strong dorsolateral colour border to the ebony lateral colouration, extending from the
side of the head to the legs. The lateral colouration fades to the more burnt umber ventral coloura-
tion, especially dark anteriorly, flecked with beige, fading posteriorly through larger fleck sizes to
beige at the posterior abdomen. Dorsally, the legs are mottled cream and grey brown with a dark
cloacal region. Ventrally the legs are brown flecked with beige. The arms are silvery dorsally and
ebony laterally and ventrally. Colour in life (Fig 4a-c) as in preservative but browner in every as-
pect and less obviously iridescent, with a red iris.

Variation. For variation in measurements among specimens, see Table 1. Non-ovigerous speci-
mens with darkened throats are presumed to be males, in keeping with the one call voucher, ZMB
81993. In general, all examined specimens agree with the holotype in morphology, but female
ZMB 83194 is more rotund in body shape in preservative, but had a longer, depressed body profile
in life (Fig 4f-g). ZMB 83194 and 83193 varied in life from smooth to slightly granular skin, with
a very faintly bulging vertebral line. The colouration in life varied rather strongly (Fig 4). Lateral
and ventral colouration was more or less consistently dark brown with light flecks, but ZMB 81993
had bright bluish-white flecks laterally. The strength of the flank colour border varied from stark in
ZSM 862/2014 to weak in ZMB 83194. Dorsal colouration varied from solid tan in ZSM 862/2014
to mottled beige and dark brown in ZMB 83194. Iris colouration was consistently red to reddish
copper. In preservative, paratypes are less iridescent than the holotype, and ZMB 81993 and 83914
are faded to light brown.

Bioacoustics. Calls recorded from specimen ZMB 81993 (Fig 5a, Table 2) during the day on
28 March 2012 (see paratype section for locality data). Air temperature was 21.7°C. The specimen
was calling under dense leaf litter. Estimated call parameters were as follows (n = 35 in all cases
except inter-call and call intervals, where n = 34): Calls consisting of a single note were emitted at
regular intervals without defined call series. Calls had linear upward frequency modulation with
a downward hooked tail, with an initial dominant frequency around 7000 Hz, rising gradually to
ca. 8250 Hz, and with a tail-end dropping down to ca. 7500 Hz again. For detailed parameters, see

Table 2. Bioacoustic parameters of new species of miniaturised cophyline microhylids.

Data on S. miery from Rakotoarison et al. [14], provided for comparison with the sympatric A. eximia. Val-
ues are presented as mean + standard deviation, with range in brackets. na = not applicable. *In all spe-
cies except R. proportionalis calls consist of a single note according to the definition herein, and in these

species call duration is therefore synonymous with note duration.

Dominant Inter-note  Notes Notes
frequency Call duration Inter-call interval Note dura- interval per anal-
(Hz) (ms)* (ms) tion (ms)*  (ms) series ysed*
Mini mum gen. et 8089 + 140 74.8+17.0 4299.8 + 1604.9 na na n=235
Sp. nov. (7676-83006) (57-87) (3136-10139)
Mini scule gen. et~ 6675 + 64 121.9+8.7 1905.1 + 398.3 na na n=>51
Sp. nov. (6549-6768) (108-140) (1589—4122)

ZSM 265/2018

Rhombophryne 5460 £ 117 1328.0 £284.1 62753 £20613 454+82 63.0+90 13<£3 n=79
proportionalis sp.  (5166-5732)  (905-1765,n  (38952-74744, n (27-60) (45-88) 9-17,n

nov. (Camp Bepia) =6) =3) =6)

Anodonthyla exi- 8406 + 78 59.6 £6.5 3749.0 £ 1149.9 na na n=>5

mia sp. nov. (8349-8540)  (53-68) (2654-5172)

Stumpffia miery 8057 £ 137 73£12 3102 £456 na na n=10
(7751-8225)  (51-88) (2679-4247)
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Table 2.

Osteology (Fig 6). Based on ZSM 861/2014 (figured), and ZSM 862/2014, ZMA 20172, ZMB
81993 and ZMB 83194 (not figured). Note that the skulls of ZSM 861-862/2014 are somewhat
distorted in fixation, especially with respect to the maxillary arcade and mandible. The skull and
pectoral girdle of ZMB 81993 are quite badly damaged, and both of its hindlimbs are fractured, as
are the coracoids and left ilium of ZMB 83194.

Cranium (Fig 6d-g). Shape and proportions. Skull short and rounded, longer than wide, widest
at the bowing of the quadratojugal roughly in line with the anterior face of the prootic. Braincase
proportionally broad, with an extremely short rostrum.

Neurocranium. Ossification generally high, lower in ZSM 862/2014 than other specimens. An-
terior cone of sphenethmoid ossified and in contact with the frontoparietals in ZSM 861/2014 and
ZMB 83194 and 81993, but no sphenethmoid ossification in the other specimens. Prootic in dorsal
contact with lateral flange of frontoparietal, ventral contact with parasphenoid alae, not approach-
ing contralateral ventrally. Septomaxilla miniscule, very tightly curled, not further discussed due
to low ossification and insufficient resolution. Columella (stapes) well ossified, pars media plectra
(stylus) long and nearly straight, broadening distally, posteriorly and dorsally oriented toward the
dorsally elongated pars interna plectra (baseplate). Nasal narrow and cultriform, laterally displaced
(in line with anterior end of frontoparietal), curved downward laterally, the acuminate maxillary
process not distinct and not closely approaching maxillary pars facialis, broadly separated from
contralateral. Frontoparietal with rounded anterior edge, laterally rather straight-edged, with short
lateral flange covering prootic, posteriorly strongly connected to exoccipital, anteroventrally con-
tacting sphenethmoid in ZSM 861/2014, lacking any dorsal process, separated from contralateral
by a narrow gap with a small rhomboid facet at the level of the prootics, possibly constituting the
pineal foramen.

Parasphenoid with narrow, rather straight-edged cultriform process and slightly broader per-
pendicular alae, considerably shorter than frontoparietals, in contact with exoccipitals postero-
dorsally, prootics dorsally along the edges of the alae, anteroventrally in contact with postchoanal
vomer and not in contact with neopalatine; posteromedial process not participating in foramen
magnum. Vomer divided into pre- and postchoanal portions; prechoanal portion narrow, simple,
sickle-shaped, without a lateral ramus; postchoanal portion spatulate and edentate, narrowly sep-
arated from its contralateral on the midline, in dorsal contact with the parasphenoid proximally
and the neopalatine distally, lacking an anterior projection. Neopalatine simple, straight, almost
indistinguishable from lateral postchoanal portion of vomer, laterally broadly separated from the
maxilla, not exceeding the lateral-most point of the postchoanal vomer.

Maxillary arcade gracile, maxilla and premaxilla edentate, anterior extension of maxilla not
exceeding lateral extent of premaxilla. Premaxilla with a narrow acuminate dorsal alary process
rising laterally, pars palatina shallowly divided into a narrow palatine process and broad, squared
lateral process. Maxilla with a low triangular pars facialis and a narrow pars palatina, its posteri-
or tip acuminate and barely contacting the quadratojugal, the lingual surface of the pars palatina
followed by but not contacting the anterior ramus of the pterygoid, presumably separated by the
pterygoid cartilage. Pterygoid with an exceptionally short medial ramus, long anterior ramus, and
broad posterior ramus, posteriorly weakly calcified to the quadratojugal complex. Quadratojugal
bowed laterally, broadly connected to the ventral ramus of the squamosal, bearing a small pos-
teroventral knob, weakly anteriorly connected to the maxilla; the articulation of the mandible is
apparently somewhat fortified by the mineralisation of the posterior ramus of the pterygoid+squa-
mosal+quadratojugal posteroventral knob. Squamosal with a slender, rather straight ventral ramus,
broadened, nearly vertical otic ramus, and short, thin, horizontal zygomatic ramus.
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Fig 6. Osteology of Mini mum gen. et sp. nov. holotype (ZSM 861/2014).

(a-c) Whole skeleton in (a) dorsal, (b) lateral, and (c) ventral view. (d-g) Skull in (d) lateral, (e) ventral,

(f) anterior, and (g) dorsal view. (h) Foot in ventral view. (i) Hand in ventral view. Abbreviations for all
osteological figures: angspl, angulosplenial; col.pip, pars interna plectra of columella; col.pmp, pars me-
dia plectra of columella; cpl(s), carpal(s); den, dentary; exoc, exoccipital; exoc.occ, occipital condyle of
exoccipital; fpar, frontoparietal; max, maxilla; max.fp, facial process of maxilla; mmk, mentomeckelian; n,
nasal; n.mp, maxillary process of nasal; npl, neopalatine; oc, otic capsule; prsph.ap, parasphenoid alary
process; prsph.cp, parasphenoid cultriform process; prsph.pmp, parasphenoid posteromedial process;
pmx, premaxilla; pmx.ap, premaxilla ascending process; pmx.lp, premaxilla lateral process; pmx.pp, pre-
maxilla palatine process; povom, postchoanal portion of vomer; pro, prootic; prvom, prechoanal portion of
vomer; pt.ar, pterygoid anterior ramus; pt.mr, pterygoid medial ramus; pt.vr, pterygoid ventral ramus; qj,
quadratojugal; smx, septomaxilla; spheth, sphenethmoid; sqg.or, squamosal otic ramus; sq.vr, squamosal
ventral ramus; sq.zr, squamosal zygomatic ramus; tsl(s), tarsals; vt, vomerine teeth.

Mandible slim and edentate, largely unremarkable, with a weakly raised coronoid process on
the angulosplenial. Mentomeckelians separated from the dentary, with small hooked ventrolateral
projections.

Posteromedial processes of hyoid proximally rounded with a broad medial crista.

Postcranial Skeleton (Fig 6a-c, h, i). Eight procoelous presacrals, all much broader than long,
lacking neural spines, with round posterior articular processes, presacral I with a complete neural
arch, presacrals II-1V with thicker and longer transverse processes than V—VIII. Sacrum with ex-
panded diapophyses, the leading and trailing edges roughly equally angled, the articulation type
IIB sensu Emerson [42]. Urostyle bicondylar, long, broadening posteriorly, with a somewhat flared
head and a low dorsal ridge.

Pectoral girdle without ossified prezonal or postzonal elements, with ossified clavicles. Clavicle
thin and weakly curved, with a simple lateral junction, slightly shorter than the coracoid. Cora-
coid fairly narrow, weakly flared laterally, strongly flared medially with a straight medial articular
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surface with the contralateral. Scapula slender, with a thin pars acromialis, the cleitheral border
straight. Cleithrum ossified for half the width of the scapular border, thickened anteriorly. Supras-
capula unossified.

Humerus with a well-developed crista ventralis and no medial or lateral cristae. Radioulna slen-
der with a distinct sulcus intermedius. Carpals apparently reduced, composed of radiale, ulnare,
element Y, prepollex, and a large post-axial element formed by carpals 3—5. Carpal 2 has either
been lost or fused to the latter element. Finger phalangeal formula is reduced (1-2-3-2), and the
terminal phalanges of the first, second and fourth fingers are small, round elements.

Pubis ossified; iliac shafts passing ventral to and beyond sacrum, oblong in cross-section, with a
weak dorsal crest, without a dorsal prominence and with a shallow oblique groove. Femur weakly
sigmoid, lacking a posterior crest. Tibiofibula slightly longer than femur in length, with a sulcus
intermedius. Tibiale and fibulare fused proximally and distally. T1 and T2+3 tarsals present, T1
considerably smaller than T2+3. Centrale present, slightly smaller than T2+3. Prehallux small.
Phalangeal formula reduced (1-2-3-4-3). Terminal phalanges of toes 3 and 4 with knobs, those of
other toes small, round elements.

Distribution, natural history, and conservation status. This species is known only from
Manombo Special Reserve, southeast Madagascar (Fig 3). The habitat consists of low, compara-
tively open forest with small trees, many lianas and a very thick layer of dead leaves (Fig 4j). Calls
were emitted by males during the day, hiding within the leaf litter or between roots, separated from
other calling males by several metres. The female paratype ZMB 83194 contains four eggs (visual-
ised by micro-CT scan, not extracted for physical examination). Manombo Special Reserve covers
an area of 52.66 km?. We estimate that this species occurs from 0—100 m a.s.l. within lowland for-
ests in and around this reserve. Although lowland species from areas with low topographical com-
plexity tend not to be extreme micro-endemics [43], extremely miniaturized frogs in Madagascar
almost always are [ 14, 17], so the full extent of this species’ range is not likely to be large. Littoral
forest in the area where the species occurs is extremely reduced, so other sites outside the Special
Reserve are likely to be small and under high pressure. We therefore recommend this species be
listed as Critically Endangered according to the IUCN Red List Criterion CR Blab(iii) [44], in line
with other endemics from Manombo Special Reserve (e.g. Guibemantis diphonus [45]).

The gut of ZSM 861/2014 contains four or five arthropods visible from micro-CT scans, tenta-
tively identified as oribatid mites.

Etymology. We use the specific epithet ‘mum’ as an arbitrary combination of letters, in order to
form a pun on ‘minimum’ from the name in apposition, in reference to the fact that this is among
the smallest known frogs from Madagascar and the world. It is to be regarded as an invariable
noun.

Mini scule sp. nov.
urn:lsid:zoobank.org:act: AC570728-78AE-4FDB-BI9BE-87DB553C5ABE
(Figs 1-3, 7, 8, Tables 1, 2)

Remarks. This species was previously listed as Stumpffia sp. 9 [17]; Stumpffia sp. 16/Cal6
[15, 40, 46]; Stumpffia sp. aff. tetradactyla “Southeast” [41]; and Stumpffia sp. 16 MV-2009
(KC351485) [20].

ZFMK 53775 (Fig 7d, e), a specimen from Nahampoana in southeastern Madagascar (ca.
24.975°S, 46.980°E, ca. 60 m a.s.l.), collected by F. Glaw and J. Miiller on 4 January 1992, is sim-
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Fig 7. Mini scule gen. et sp. nov. in life and its habitat in Sainte Luce Reserve.
(a, b) ZSM 5943/2005, holotype, in (a) dorsolateral and (b) ventral view. Black lines in the two pictures
are scanning artefacts from damaged analogue slides. (c) Probably ZSM 5942/2005, paratype, in dorso-
lateral view. (d-f) ZSM 265/2018 (SHR 09112018) in (d) dorsal, (e) dorsolateral, and (f) ventral view. Note
the numerous pink cf. Endofrombicula mites on the abdomen and legs. (g) Habitat in Sainte Luce Special
Reserve. (h, i) Mini cf. scule from Nahampoana, ZFMK 53775 in (h) lateral and (i) ventral view.
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ilar to M. scule sp. nov. and we consider it possible that it is a member of this species. However, in
the absence of genetic data from this specimen and population, we here do not consider it within
the definition of M. scule sp. nov. and refer to it as M. cf. scule.

Holotype (Figs 2, 7, 8). ZSM 5943/2005 (FGZC 2662, GenBank accession number KC351485
for 16S rRNA gene), an adult presumed male specimen collected in Sainte Luce Reserve forest
at the QMM climate station (24.7798°S, 47.1713°E, 23 m a.s.l.), Anosy Region, former Toliara
province, southeastern Madagascar on 4 February 2005 by F. Glaw and P. Bora.

Paratype (Fig 7). ZSM 5942/2005 (FGZC 2661, GenBank accession number EU341081 for
128 ¥RNA gene, tRNA-Val, and 16S rRNAe genes), an adult presumed male specimen with the
same collection data as the holotype. The hands and feet of this specimen were all removed as
tissue samples. ZSM 265/2018 (SHR 09112018), an adult male specimen collected while calling
in Sainte Luce Reserve parcel S9 (24.7606°S, 47.1732°E, 28 m a.s.l.) on 8 November 2018 by S.
Hyde Roberts. Additionally, the following five specimens collected by S. Hyde Roberts between 8
and 20 October 2016 in Sainte Luce Reserve: UADBA-A Uncatalogued (ACZCV 0386, GenBank
accession number MK459315 for /6S rRNA gene) an unsexed adult specimen, and UADBA-A
Uncatalogued (ACZCV 0387, GenBank accession number MK459316 for /16S ¥rRNA gene), a ju-
venile female specimen (sexed by incision, small dark brown egg follicles present), both collected
at 24.754-24.755°S, 47.173°E, ca. 20 m a.s.l.; ZSM 577/2016 (ACZCV 0383, GenBank acces-
sion number MK459312 for /6S rRNA gene), an adult unsexed specimen collected at 24.7600°S,
47.1746°E, ca. 20 m a.s.l.; UADBA-A Uncatalogued (ACZCV 0384, GenBank accession number
MK459313 for 16S ¥rRNA gene), an adult male specimen collected at 24.7604°S, 47.1737°E, ca.
20 m a.s.l.; ZSM 578/2016 (ACZCV 0385, GenBank accession number MK459314 for /16S rRNA
gene), an adult unsexed specimen collected at 24.7550°S, 47.1735°E, ca. 20 m a.s.l.

Diagnosis. An extremely miniaturised frog assigned to Mini gen. nov. on the basis of its small
size, curved clavicles, laterally displaced and reduced nasals, and fusion or loss of carpal 2. This
assignment is supported by its genetic affinities (Fig 1; [15, 17, 20]). It is separated by uncorrected
p-distances of 10.4—11.2% in the analysed 3’ fragment of the /165 rRNA gene from other members
of the genus Mini gen. nov., and 9.7-13.3% from all members of the genus Plethodontohyla.

Mini scule sp. nov. is characterised by the unique combination of the following characters (n
= 3 probable male and 3 adult unsexed specimens): (1) male SVL 9.9-10.5 mm (adult SVL up to
10.8 mm); (2) ED/HL 0.40-0.51; (3) HW/SVL 0.31-0.38; (4) FARL/SVL 0.34-0.39; (5) TIBL/
SVL 0.39-0.47; (6) HIL/SVL 1.41-1.68; (7) fingers 1, 2, and 4 strongly reduced; (8) toe 1 absent,
toes 2 and 5 quite reduced; (9) maxillary and premaxillary teeth present; (10) vomerine teeth ab-
sent; (11) lateral colour border occasionally present; (12) black inguinal spots generally absent;
(13) postchoanal vomer present, spatulate, medially fused to parasphenoid; (14) nasal cultriform
and laterally displaced; (15) quadratojugal-maxilla contact weak; (16) zygomatic ramus of squa-
mosal short, thick, and horizontal; (17) clavicles present, curving with simple lateral articulations,
medially not bulbous; (18) prepollex small or absent; (19) carpal 2 absent or fused to post-axial
carpal 3-5 element; (20) finger phalangeal formula 0-2-3-2; (21) toe phalangeal formula 1-2-3-4-
3; (22) single-note, unpulsed calls, not emitted in series; (23) non-frequency modulated calls; (24)
call dominant frequency 6675 £+ 64 Hz (n =51); (25) call duration 121.9 = 8.7 ms (n = 51); (26)
inter-call interval 1905.1 £ 398.3 ms (n = 50).

Within the genus Mini gen. nov., the new species can be distinguished from M. mum sp. nov.
by the presence of maxillary and premaxillary teeth (vs absence), and less distinct lateral colour
border. For diagnosis against M. ature sp. nov., see the diagnosis of that species, below.
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This species is particularly similar to some extremely miniaturised Stumpffia species, but it can
be distinguished from all Stumpffia based on the condition of the carpals, from almost all Stumpffia
by the possession of maxillary and premaxillary teeth (present only in S. spandei, S. miovaova, S.
makira, S. diutissima; unpublished data), and from all Stumpffia except S. tridactyla, S. contume-
lia, and S. obscoena by the extremely reduced fingers and toes. It differs from these latter three
species in lacking a strong lateral colour border (vs present), curved clavicles (vs absent in S. con-
tumelia and S. obscoena and straight or absent in S. tridactyla; unpublished data), and presence of
neopalatine and divided vomer (vs absence of neopalatine and non-divided vomer in S. obscoena,
S. tridactyla, and S. contumelia; unpublished data).

Calls differ significantly from M. mum sp. nov. in frequency, duration, and inter-call intervals
(see Table 2), but resemble those of numerous Stumpffia species. For distinction, compare the
values given in Table 5 of Rakotoarison et al. [14]. In call duration, the calls are most similar to S.
gimmeli, S. larinki, and S. tridactyla, but they are higher in dominant frequency than S. gimmeli
and S. larinki (6675 = 64 Hz vs 4823 + 302 Hz in S. gimmeli and 2914 + 124 Hz in S. larinki), and
lower in dominant frequency with a longer inter-call interval than S. tridactyla (dominant frequen-
cy 6675 + 64 Hz Hz vs 7244 + 200 Hz; inter-call interval 1905.1 £+ 398.3 ms vs 1012 & 39 ms).

Holotype description. Specimen in a moderately good state of preservation, the left arm re-
moved as a tissue sample. Body oblong; head wider than long, narrower than body width; snout
rounded in dorsal view, squared in lateral view; nostrils directed laterally, not protuberant, equidis-
tant between tip of snout and eye; canthus rostralis indistinct, straight; loreal region flat, vertical;
tympanum indistinct, round, about 55% of eye diameter; supratympanic fold absent; tongue long
and thin, attached anteriorly, not notched; maxillary teeth present; vomerine teeth absent; choa-
nae small and round, located very far forward. Forelimbs slender; subarticular tubercles single,
indistinct; outer/palmar metacarpal tubercle rounded; inner metacarpal tubercle small and indis-
tinct; hand without webbing; first, second, and fourth fingers strongly reduced, third finger basally
broadened; relative length of fingers 1<4<2<3, fourth finger slightly more reduced than second;
finger tips not expanded into discs. Hind limbs slender; TIBL 43% of SVL; lateral metatarsalia
strongly connected; inner metatarsal tubercle indistinguishable from completely reduced first toe;
outer metatarsal tubercle absent; no webbing between toes; first toe absent, second and fifth toes
extremely reduced; relative length of toes 2<5<3<4; fifth toe distinctly shorter than third. Skin on
dorsum smooth, without distinct dorsolateral folds. Ventral skin smooth.

After 12 years in 70% ethanol, the dorsum is metallic silver over the whole body, excepting
brown colour in the inguinal region and the posterior surface of the thigh (Fig 2). There is a mod-
erately distinct colour border between the dorsal and ventral colouration that runs the length of
the flank. The side of the head is dark brown, but this becomes increasingly flecked with cream
posteriorly. The ventral and lower lateral colouration is cream flecked with brown, most densely
on the anterior abdomen, and most loosely at the posterior abdomen. This flecking becomes akin
to ocelli on the ventral surfaces of the legs. Colour pattern in life was the same as in preservative,
but dorsal colouration was bronze instead of silver (compare Fig 7a, b with Fig 2). Iris was rust red.

Variation. For measurements, see Table 1. The paratypes strongly resemble the holotype in
morphology. Colouration among paratypes is highly variable. ZSM 5942/2005 resembles the ho-
lotype but is steelier in colour (Fig 7c). Dark markings in the inguinal region are present in ZSM
5942/2005 and ZSM 265/2018, and both specimens have a more distinctly black flank than the
holotype (Fig 7c-f). ZSM 265/2018 additionally has broad burnt umber crossband on its thighs
and shanks.
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Bioacoustics. Calls recorded from ZSM 265/2018 by S. Hyde Roberts (Fig 4b, Table 2) on
8 November 2018 at 10h16, at an air temperature of 30.4°C. The individual was found in forest
habitat (parcel S9 at 24.7606°S, 47.1732°E, 28 m a.s.l.), ca. 3 m from a lentic stream, with an es-
timated canopy height of 11 m and canopy cover of ~70% after a night of heavy rain. Call details
(n =51 in all cases except inter-call intervals, where n = 30): Calls consisted of a single note and
were emitted at regular intervals without defined call series. Calls were not or only very slightly
frequency modulated. For detailed call parameters, see Table 2.

Osteology (Fig 8). Based on ZSM 5942/2005 (not figured) and ZSM 5943/2005 (figured).

Cranium (Fig 8c-f). Shape and proportions. Skull narrow, longer than wide, widest at the level
of the dorsal end of the squamosal and the anterior edge of the otic capsule. Braincase proportion-
ally broad, with a short rostrum.

Neurocranium. Ossification varies: highly ossified in ZSM 5942/2005 with ossified otic cap-
sules, less ossified in ZSM 5943/2005, without otic capsule ossification. Only the anterior cone
of the sphenethmoid is ossified and contacts the frontoparietal dorsally but is not in contact with
any other bones. Prootic in dorsal contact with lateral flange of frontoparietal, ventral contact with
parasphenoid alae, not approaching contralateral ventrally. Septomaxilla miniscule, very tightly
curled, with a long and thin posterior ramus. Columella (stapes) well ossified, pars media plec-
tra (stylus) long and nearly straight, posteriorly and dorsally oriented toward the elongated pars
interna plectra (baseplate). Nasal narrow and cultriform, laterally displaced, curved downward
laterally, the acuminate maxillary process not closely approaching maxillary pars facialis, broadly
separated from contralateral. Frontoparietal with rounded anterior edge, laterally rather straight-
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Fig 8. Osteology of Mini scule gen. et sp. nov. holotype (ZSM 5943/2005).

(a, b) Whole skeleton in (a) dorsal and (b) ventral view. (c-f) Skull in (c) lateral, (d) ventral, (e) anterior,
and (f) dorsal view. (g) Foot in ventral view. (h) Hand in ventral view. For abbreviations, see Fig 6.
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edged, with short lateral flange covering prootic, posteriorly strongly (ZSM 5942/2005) or weakly
(ZSM 5943/2005) connected to exoccipital, anteroventrally contacting sphenethmoid, lacking any
dorsal process, separated from contralateral by a narrow gap, with a clear, rhomboid facet at the
level of the prootics, which may represent a pineal foramen.

Parasphenoid with narrow, rather straight-edged cultriform process and slightly broader pos-
terior-curved alae, considerably shorter than frontoparietals, in contact with exoccipitals postero-
dorsally, prootics dorsally along the edges of the alae, anteroventrally in contact with postchoanal
vomer and not in contact with neopalatine; posteromedial process not participating in foramen
magnum. Vomer divided into pre- and postchoanal portions; prechoanal portion narrow, simple,
curved, with a suggestion of a lateral ramus; postchoanal portion spatulate and edentate, narrowly
separated from its contralateral on the midline, in dorsal contact with the parasphenoid proximally
and the neopalatine distally, lacking an anterior projection. Neopalatine simple, straight, weakly
distinguishable from lateral postchoanal portion of vomer, laterally broadly separated from the
maxilla, not exceeding the lateral-most point of the postchoanal vomer.

Maxillary arcade gracile, maxilla and premaxilla bearing numerous small teeth, anterior exten-
sion of maxilla exceeding lateral extent of premaxilla but not in contact with it. Premaxilla with
a narrow acuminate dorsal alary process rising laterally, pars palatina shallowly divided into a
narrow palatine process and broad lateral process. Maxilla with a low triangular pars facialis and
a narrow pars palatina, its posterior tip acuminate and barely contacting the quadratojugal, the lin-
gual surface of the pars palatina in contact with the anterior ramus of the pterygoid. Pterygoid with
an exceptionally short medial ramus, long anterior ramus, and broad posterior ramus, posteriorly
calcified to the quadratojugal complex. Quadratojugal weakly bowed laterally, broadly connected
to the ventral ramus of the squamosal, bearing a small posteroventral knob, weakly anteriorly con-
nected to the maxilla; the articulation of the mandible is apparently fortified by the mineralisation
of the posterior ramus of the pterygoid+squamosal+quadratojugal posteroventral knob. Squamosal
with a slender, sigmoid ventral ramus, broadened otic ramus, and short, thick zygomatic ramus, the
otic ramus oriented dorsally and posteriorly, the zygomatic ramus horizontal.

Mandible slim and edentate, largely unremarkable, with a moderately raised coronoid process
on the angulosplenial. Mentomeckelians separated from the dentary, with slightly bulbous, almost
hooked ventrolateral projections sometimes present (present in ZSM 5942/2005, absent in ZSM
5943/2005).

Posteromedial processes of hyoid proximally rounded with a broad medial crista.

Postcranial skeleton (Fig 8a, b, g, h). Eight procoelous presacrals, with some differentiation
errors in ZSM 5942/2005 leading to a transverse process forming on the head of the urostyle; all
presacrals much broader than long, lacking neural spines, with round posterior articular process-
es, presacral I with a more or less complete neural arch, presacrals II-IV with thicker and longer
transverse processes than V—VIII. Sacrum with expanded diapophyses, the leading and trailing
edges roughly equally angled, the articulation type IIB sensu Emerson [42]. Urostyle bicondylar,
long, not broadening posteriorly, with a somewhat flared head in ZSM 5943/2005 and with a low
dorsal ridge.

Pectoral girdle without ossified prezonal or postzonal elements, with ossified clavicles, badly
fractured in ZSM 5942/2005. Clavicle thin and weakly curved, with a simple lateral junction,
shorter than the coracoid. Coracoid fairly narrow, not flared laterally, strongly flared medially with
a curved medial articular surface with the contralateral. Scapula slender, with a thin pars acromia-
lis, the cleithral border straight. Cleithrum ossified for two thirds the width of the scapular border,
thickened anteriorly. Suprascapula unossified.

Arms and legs described only from ZSM 5943/2005, as the limbs of ZSM 5942/2005 were
removed for DNA sequencing. Humerus with a well-developed crista ventralis and no medial or
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lateral cristae. Radioulna slender with a distinct sulcus intermedius. Carpals poorly ossified, com-
posed of radiale, ulnare, element Y, and large post-axial element formed by carpals 3—5. Carpal 2
has either been lost or fused to the latter element. Finger phalangeal formula is reduced (0-2-3-2),
and the terminal phalanges of the second and fourth fingers are small, round elements. Prepollex
absent.

Pubis unossified in ZSM 5943/2005 and fully ossified in ZSM 5942/2005; iliac shafts passing
ventral to and beyond sacrum, oblong in cross-section, with a weak dorsal crest and without a
dorsal prominence and with a shallow oblique groove. Femur weakly sigmoid, lacking a posterior
crest. Tibiofibula equal to femur in length, with a sulcus intermedius. Tibiale and fibulare fused
proximally and distally. T1 and T2+3 tarsals present, T1 considerably smaller than T2+3. Centrale
present, slightly smaller than T2+3. Prehallux diminutive. Phalangeal formula reduced (1-2-3-4-
3). Terminal phalanges of toes 3 and 4 with knobs, those of other toes small, round elements.

Distribution, natural history, and conservation status. This species is known only from
Sainte Luce, southeast Madagascar (Fig 6). Records of ‘Stumpffia tridactyla’ from Mandena [47],
and Vohimena mountains and the southern Anosy mountain chain [48], and of ‘Stumpffia sp. aff.
tetradactyla “Southeast” from Tsitongambarika [49] may refer to this species but require verifica-
tion. A specimen from Nahampoana (ZFMK 53775) resembles this species, but due to the lack of
genetic data, we cannot confirm its identity. Calls of Stumpffia-like frogs from Nahampoana were
described in Glaw and Vences [50], but these were lower in dominant frequency (ca. 5 kHz), and
longer in call duration (ca. 250 ms) than those recorded in Sainte Luce that are here assigned to
M. scule sp. nov. Two separate ‘Stumpffia’ calls from Nahampoana were included in Vences et al.
[51], one as Track 51, ‘Stumpffia sp. (Nahampoana)’, and a second as Cut 2 of Track 37, ‘Stumpffia
tetradactyla’.

This species appears restricted to areas of deep leaf litter concomitant with semi-permanent
water bodies such as shallow and slow-moving forest streams. Individuals call from concealed
positions on adjacent stream banks during the day. Sainte Luce consists of 17 forest fragments
(numbered S1-S17), covering approximately 1600 Ha of littoral forest. At present we assume
that this species is microendemic to these forest fragments, and we have directly observed it in
fragments S7, S8, and S9, but it appears to be absent from S1 and S2. It may also occur in other
parcels of lowland forest nearby. Based on its current estimated Extent of Occurrence (=Area of
Occupancy) of < 10 km? in forest that is threatened and declining in quality despite protection
status, we recommend this species be listed as Critically Endangered according to the [IUCN Red
List Criterion CR Blab(iii) [44]. So far, no other described amphibian species are known to be
restricted to Sainte Luce.

Etymology. We use the specific epithet ‘scule’ as an arbitrary combination of letters, in order to
form a pun on ‘miniscule’ from the name in apposition, in reference to the fact that it is among the
smallest known frogs from Madagascar and in the world. It is to be regarded as an invariable noun.

Mini ature sp. nov.
urn:1sid:zoobank.org:act:0C1C4CE2-419A-4030-86D1-B1B89793697D
(Figs 1-3, 9, Table 1)

Remark. This species was previously listed as Stumpffia sp. Ca53 MV2017(MF867231) by Tu
et al. [20], though with incorrect accession number (correct number is MF768231).
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Holotype (Figs 2, 9). ZSM 86/2004 (FGZC 0151, GenBank accession numbers MF768231
and MK459307 for 5’ and 3’ fragments of the /65 rRNA gene, respectively, and MF768147 for
coxl gene), a presumed adult specimen collected in Andohahela National Park between Isaka and
Eminiminy above ‘Camp 1’ (ca. 24.75°S, 46.85°E, ca. 350 m) between 29 and 31 January 2004 by
F. Glaw, M. Puente, M. Teschke (née Thomas), and R.D. Randrianiaina.

Diagnosis. A highly miniaturised frog assigned to Mini gen. nov. on the basis of its small size,
curved clavicles, laterally displaced and reduced nasals, and fusion or loss of carpal 2. This assign-
ment is supported by its genetic affinities (Fig 1; [20]). It is separated by uncorrected p-distances
0f 10.0-10.6% in the analysed 3’ fragment of the /65 ¥RNA gene from other members of the genus
Mini gen. nov., and 10.8-13.7% from all members of the genus Plethodontohyla.

Mini ature sp. nov. is characterised by the unique combination of the following characters (n = 1
specimen): (1) SVL 14.9 mm; (2) ED/HL 0.38; (3) HW/SVL 37.2; (4) FARL/SVL 0.32; (5) TIBL/
SVL 0.34; (6) HIL/SVL 1.18; (7) finger 1 strongly reduced, 2 and 4 reduced; (8) toe 1 absent, toes
2 and 5 quite reduced; (9) maxillary and premaxillary teeth present; (10) vomerine teeth absent;
(11) lateral colour border absent; (12) black inguinal spots present; (13) postchoanal vomer pres-
ent, spatulate, medially fused to parasphenoid; (14) nasal cultriform and laterally displaced; (15)
quadratojugal-maxilla contact strong and broad; (16) zygomatic ramus of squamosal long, thin,
curved, and horizontal; (17) clavicles present, curving with simple lateral articulations, medially
not bulbous; (18) prepollex thin and cultriform; (19) carpal 2 absent or fused to post-axial car-
pal 35 element; (20) finger phalangeal formula 1-2-3-3; (21) toe phalangeal formula 1-2-3-4-3;
(22-26) calls unknown.

Within the genus Mini gen. nov., the new species can be distinguished by its distinctly larger
body size (14.9 mm vs 8.2—11.3 mm), shorter relative hindlimb length (HIL/SVL 1.18 vs 1.41—
1.72) and phalangeal formula of fingers (1-2-3-3 vs 1-2-3-2 in M. mum sp. nov. and 0-2-3-2 in
M. scule sp. nov.). Additionally, it can be distinguished from M. mum sp. nov. by the presence of
maxillary and premaxillary teeth (vs absence), and less distinct lateral colour border, and M. scule
sp. nov. by proportionally smaller nasals and braincase, broader quadratojugal-maxillary contact,
and vertical dorsal process of premaxilla (vs anterior).

This species is particularly similar to some highly miniaturised Stumpffia species, but it can be
distinguished from all Stumpffia based on the condition of the carpals and the presence of curved
clavicles, and most Stumpffia by the presence of maxillary and premaxillary teeth.

Holotype description. Specimen in a moderately good state of preservation, the left arm re-
moved as a tissue sample, the whole body somewhat dorsoventrally flattened in preservative.
Body oblong; head wider than long, narrower than body width; snout slightly pointed in dor-
sal view, pointed in lateral view; nostrils directed laterally, not protuberant, equidistant between
tip of snout and eye; canthus rostralis rounded, indistinct, slightly concave; loreal region flat,
vertical; tympanum indistinct, round, ~48% of eye diameter; supratympanic fold absent; tongue
long, broadening posteriorly, attached anteriorly, not notched; maxillary teeth present; vomerine
teeth present; choanae small and round. Forelimb slender; subarticular tubercles single, elongat-
ed; outer/palmar metacarpal tubercle small and round; inner metacarpal tubercle slightly smaller
than outer/palmar; hand without webbing; first finger strongly reduced, second and fourth fingers
reduced, third finger basally broadened; relative lengths of fingers 1<2=4<3, fourth and second
finger equal in length; finger tips not expanded into discs. Hindlimbs stocky; TIBL 34% of SVL;
lateral metatarsalia strongly connected; inner metatarsal tubercle indistinguishable from first toe;
outer metatarsal tubercle absent; no webbing between toes, second and fifth toes reduced; relative
lengths of toes 2<5<3<4, fifth toe distinctly shorter than third; toe tips slightly pointed distally.
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terminal phalanx

0.5 mm

Fig 9. Osteology of Mini ature gen. et sp. nov. holotype (ZSM 86/2004).

(a-c) Whole skeleton in (a) dorsal, (b) lateral, and (c) ventral view. (d-g) Skull in (d) lateral, (e) ventral, (f)
anterior, and (g) dorsal view. (h) Foot in ventral view. (i) Hand in ventral view. For abbreviations, see Fig 6.

Skin on dorsum smooth without a distinct dorsolateral fold, but with a distinct colour border, see
below. Ventral skin smooth.

After 14 years in 70% ethanol, the dorsum is light brown, paler—almost beige—Ilaterally, and
slightly translucent, with a thin beige vertebral stripe and a darkened area on the posterior head.
The skin above the eyes is translucent and dark in colour through the presence of the eyes beneath.
The dorsal forelimb is beige flecked with brown, the hand is lighter medially, and the fingers have
faint cream annuli. The dorsal hindlimb is beige in base colour with several brown crossbands on
the thigh and shank that line up when the leg is folded together. A trapezoid of brown is present
around the vent. The foot is dorsally as the forelimb with a light annulus before each distal pha-
lanx. A distinct colour border that is not straight is present laterally, running along the canthus
rostralis from the nostril through the eye, through the supratympanic region along the torso to the
inguinal region. Small oblong dark brown spots are present in the inguinal region. The side of the
head is dark brown. Ventral to this colour border the frog is mocha speckled with beige, lightening
ventrally to beige with loose cream speckles. The ventral skin is translucent, and some of the or-
gans can be seen through it. The chin is not differently coloured than the rest of the ventral body.
This pattern continues onto the ventral limbs. No data on life colouration are available.

Variation. This species is currently known from a single specimen only.
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Osteology (Fig 9). Based on ZSM 86/2004 (figured).

Cranium (Fig 9d-g). Shape and proportions. Skull almost equilateral, roughly as wide as long,
widest at quadratojugal-squamosal junction, lateral to the otic region. Braincase moderately broad,
rostrum not shortened.

Neurocranium. Well ossified, including the otic capsules. The anterior cone of the spheneth-
moid is ossified and contacts the frontoparietal dorsally but is not in contact with any other bones;
small isolated lateral mineralisations of this bone are also present anterodorsal to the anterior tip of
the cultriform process of the parasphenoid. Prootic in dorsal contact with lateral flange of frontopa-
rietal, ventral contact with parasphenoid alae, not approaching contralateral ventrally. Septomax-
illa miniscule, relatively poorly mineralised, and therefore not further discussed here. Columella
(stapes) well ossified, pars media plectra (stylus) long and nearly straight, weakly posteriorly and
dorsally oriented toward the reniform, dorsally elongated pars interna plectra (baseplate). Nasal
narrow and cultriform, laterally displaced, curved downward laterally, acuminate maxillary pro-
cess not closely approaching maxillary pars facialis, broadly separated from contralateral. Fron-
toparietal with rounded anterior edge, laterally bulging, with short lateral flange covering prootic,
posteriorly strongly connected to exoccipital, anteroventrally contacting sphenethmoid, lacking
any dorsal process.

Parasphenoid with narrow, rather straight-edged cultriform process and broad perpendicular
alae, considerably shorter than frontoparietals, in contact with exoccipitals posterodorsally, proot-
ics dorsally along the edges of the alae, anteroventrally in contact with postchoanal vomer and
not in contact with neopalatine; posteromedial process excluded from participating in foramen
magnum by exoccipitals. Vomer divided into pre- and postchoanal portions; prechoanal portion
narrow, arcuate, triradiate, with a short lateral and anterior ramus and long, curving posterior
ramus; postchoanal portion spatulate and edentate, contacting its contralateral on the midline, in
dorsal contact with the parasphenoid proximally and the neopalatine distally, lacking an anterior
projection. Neopalatine simple, straight, almost indistinguishable from lateral postchoanal portion
of vomer, laterally broadly separated from the maxilla, not exceeding the lateral-most point of the
postchoanal vomer.

Maxillary arcade fairly slight, maxilla and premaxilla bearing numerous diminutive teeth, ante-
rior extension of maxilla exceeding lateral extent of premaxilla but not in contact with it. Premax-
illa with a broad acuminate dorsal alary process rising laterally, pars palatina shallowly divided
into a narrow palatine process and broad lateral process. Maxilla with a low triangular pars facialis
and a narrow pars palatina, its posterior tip acuminate and broadly overlapping the quadratojugal,
the lingual surface of the pars palatina running parallel to but not touching the anterior ramus of
the pterygoid.

Pterygoid with a short medial ramus, long anterior ramus, and broad posterior ramus and pos-
terolaterally calcified to the quadratojugal complex. Quadratojugal weakly bowed laterally, broad-
ly connected to the ventral ramus of the squamosal, bearing a small posteroventral knob; the
articulation of the mandible is apparently fortified by the mineralisation of the posterior ramus of
the pterygoid+squamosal+quadratojugal posteroventral knob. Squamosal with a slender ventral
ramus, broadened otic ramus, and long, thin zygomatic ramus, the otic ramus oriented slightly
dorsally and posteriorly, the zygomatic ramus horizontal and strongly curved.

Mandible slim and edentate, largely unremarkable, with a low coronoid process on the angu-
losplenial. Mentomeckelians separated from the dentary, with slightly bulbous, almost hooked
ventrolateral projections.

Posteromedial processes of hyoid proximally rounded with a broad medial crista.

Postcranial skeleton (Fig 9a-c, h, i). Eight procoelous unfused presacrals, much broader than
long, lacking neural spines, with round posterior articular processes, presacral I with a complete
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neural arch, presacrals I[I-IV with thicker and longer transverse processes than V—VIII. Sacrum
with expanded diapophyses, the leading and trailing edges roughly equally angled, the articulation
type IIB sensu Emerson [42]. Urostyle bicondylar, long, not broadening posteriorly, without lateral
processes and with a low dorsal ridge.

Pectoral girdle without ossified prezonal or postzonal elements, with ossified clavicles. Clavicle
thin and curved, with a simple lateral junction, shorter than the coracoid. Coracoid fairly narrow,
not flared laterally, strongly flared medially with a large medial articular surface with the contralat-
eral. Scapula slender, with a thin pars acromialis, the cleithral border concave. Cleithrum ossified
for two thirds the width of the scapular border, thickened anteriorly. Suprascapula unossified.

Humerus with a well-developed crista ventralis and no medial or lateral cristae. Radioulna
slender with a distinct sulcus intermedius. Carpals poorly ossified, composed of radiale, ulnare,
prepollical element, element Y, and large post-axial element formed by carpals 3—5. Carpal 2 has
either been lost or fused to the latter element. Finger phalangeal formula is reduced (1-2-3-3), and
the terminal phalanx of the first finger is a small, round element. Small distal knobs on terminal
phalanx of finger 3. Prepollex thin and cultriform and extending only to the base of the first meta-
carpal.

Pubis calcified, iliac shafts passing ventral to and beyond sacrum, nearly cylindrical, without a
dorsal crest and with a weak dorsal prominence and shallow oblique groove. Femur weakly sig-
moid, almost lacking a posterior crest. Tibiofibula shorter than femur, with a sulcus intermedius.
Tibiale and fibulare fused proximally and distally. T1 and T2+3 tarsals present, T1 considerably
smaller than T2+3, plus a small additional ossification (possibly a sesamoid) between the bases of
metatarsals 2 and 3. Centrale present, roughly the size of T2+3. Prehallux subtriangular. Phalan-
geal formula reduced (1-2-3-4-3). Terminal phalanges of toes 2—4 with almost T-shaped knobs.

Distribution, natural history, and conservation status. This species is known only from a
single specimen from Andohahela National Park in southeast Madagascar (Fig 6). The species
is larger than the other members of the genus Mini, and its ecology may differ accordingly. Ad-
vertisement calls were not recorded. At present it is not possible to estimate its distribution or
population status, and we prefer to suggest this species be considered Data Deficient until more
information is available.

Etymology. We use the specific epithet ‘ature’ as an arbitrary combination of letters, in order
to form a pun on ‘miniature’ from the name in apposition, in reference to the small size of this
species. It is to be regarded as an invariable noun.

Rhombophryne proportionalis sp. nov.
urn:lsid:zoobank.org:act:1A79607B-E9D4-4214-BF47-9BC0B4320ESF
(Figs 1,2, 3,5, 10, 11, Tables 1, 2)

Remark. This species was previously referred to as Stumpffia sp. Ca34 [15, 46] and as Stumpf-
fia sp. 39 MV-2012 (KC351481) [20].

Holotype. ZSM 1826/2010 (ZCMV 12404, GenBank accession number KC351380 and
KU937808 for 5’ and 3’ fragments of the /65 rRNA gene, respectively, and KF611640 for the
coxl gene), an adult male specimen (seen calling, not recorded) collected at Bepia Campsite on
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Fig 10. Rhombophryne proportionalis sp. nov., holotype ZSM 1826/2010, in life.
(a) dorsolateral, (b) dorsal, and (c) ventral view.

the Tsaratanana massif (Camp 3; 14.1182°S, 48.9782°E, 2294 m a.s.l.), Diana Region, former
Antsiranana province, northern Madagascar on 16 June 2010 by M. Vences, D.R. Vieites, R.D.
Randrianiaina, S. Rasamison, and E. Rajeriarison.

Paratypes. ZSM 1840/2010 (ZCMV 12405, GenBank accession number KC351481 and
MK459317 for 5° and 3’ fragments of the /65 ¥rRNA gene, respectively), adult male specimen with
the same collection data as the holotype; and ZSM 636/2014 (DRV 6224), an adult presumed male
specimen collected at Andranomadio Campsite in Tsaratanana (Camp 4; 14.0801°S, 48.9854°E,
2503 m a.s.l.) on 16 June 2010 by the same collectors.

Diagnosis. A diminutive frog assigned to the genus Rhombophryne on the basis of absence of
clavicles, presence of vomerine, maxillary, and premaxillary teeth, short and broad skull, and ge-
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netic affinities. It is separated by uncorrected p-distances of 7.0-12.9% in the analysed 3’ fragment
of the 165 ¥rRNA gene from other members of the genus Rhombophryne.

Rhombophryne proportionalis sp. nov. is characterised by the unique combination of the fol-
lowing characters (n = 3 male specimens): (1) male SVL 11.0-12.3 mm; (2) ED/HL 0.40-0.48; (3)
HW/SVL 0.33-0.37; (4) FARL/SVL 0.33-0.35; (5) TIBL/SVL 0.34-0.36; (6) HIL/SVL 0.21-1.32;
(7) finger 1 reduced, 2 and 4 short; (8) toe 1 highly reduced, 2 somewhat reduced; (9) maxillary
and premaxillary teeth present; (10) vomerine teeth present; (11) lateral colour border absent; (12)
black inguinal spots sometimes present; (13) postchoanal vomer present, spatulate, medially fused
to parasphenoid; (14) nasal broad and not laterally displaced; (15) quadratojugal-maxilla contact
strong and broad; (16) zygomatic ramus of squamosal long, thick, curved, and horizontal; (17)
clavicles absent; (18) prepollex short and triangular; (19) carpal 2 present; (20) finger phalangeal
formula 2-2-3-3; (21) toe phalangeal formula 2-2-3-4-3; (22) unpulsed calls emitted in series of
9—17 calls at irregular intervals; (23) non-frequency modulated calls; (24) call dominant frequency
5460 = 117 Hz (n =79); (25) call duration 45.4 + 8.2 ms (n = 79); (26) inter-call interval 63.0 = 9.0
ms (n = 73).

Among extremely miniaturized cophylines, this species is unique in possessing vomerine teeth.
It can be distinguished from almost all other miniaturised species in lacking clavicles (also absent
in S. contumelia, S. obscoena, S. davidattenboroughi, S. makira, S. achillei, and S. analanjirofo,
and some specimens of S. tridactyla, unpublished data). It is also characterised by a dark coloura-
tion of the lateral surface of the head with a distinct colour border, and less reduced fingers and
toes. Confusion with juvenile Rhombophryne species is still possible, but these have much larger
teeth proportional to their skull size, and most lack the distinct lateral head colouration and possess
clavicles. The call is unique among the frogs of Madagascar and is instantly distinctive in being
emitted as a rapid, high-pitched series of tonal notes.

Holotype description. Specimen in a good state of preservation, part of the right thigh removed
as a tissue sample. Body somewhat rhomboid; head wider than long, narrower than body; snout
rounded in dorsal view, squared in lateral view; nostrils directed laterally, not protuberant, closer to
eye than to tip of snout; canthus rostralis rounded, concave; loreal region flat, vertical; tympanum
indistinct, round, about 57% of eye diameter; supratympanic fold distinct, weakly raised, curving
slightly from posterior corner of eye over tympanum toward axilla; tongue very broad, disc-like,
posteriorly free, unlobed; maxillary teeth present; vomerine teeth present in two tiny patches either
side of the midline; choanae rounded. Forelimbs slender; subarticular tubercles faint, single; outer
metacarpal tubercle faint, paired; inner metacarpal tubercle distinct, elongated; hand without web-
bing; first finger reduced, second and fourth short; relative length of fingers 1<2=4<3; finger tips
not expanded. Hind limbs robust; TIBL 34% of SVL; lateral metatarsalia strongly connected; inner
metatarsal tubercle thin and indistinct; outer metatarsal tubercle small and indistinct; no webbing
between toes; first toe highly reduced, second toe short; relative length of toes 1<2<5<3<4; fifth
toe distinctly shorter than third. Skin on dorsum smooth in preservative, without distinct dorsolat-
eral folds. In life, the dorsal skin was smooth was scattered tubercles, and distinct ridges above the
scapular region (Fig 10). Ventral skin smooth in preservative, granular in life.

After eight years in 70% ethanol, the dorsum is chocolate brown in colour, darker over the head,
with a faint dark brown line running from the inguinal region anteriorly toward the eye. The dorsal
leg has a dark brown crossband on the shank. The lateral head has a distinct colour border to the
dorsum, being a much darker brown, its border defined by the supratympanic fold. The flank has
an indistinct colour border to the venter. The venter is brown with cream flecks, slightly darker
and less flecked on the chin. The ventral legs and arms are as the ventral abdomen in colour. The
bottom of the foot is dark brown along the medial half. Colour in life as in preservative but more
vibrant.
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Variation. For measurements, see Table 1. The paratypes are in general very similar to the
holotype in morphology. ZSM 636/2014 is slightly smaller than the other specimens, and has a
slightly shorter, more rounded head. Its supratympanic fold is also less curved than those of the
other specimens, being rather more straight from the eye to above the arm. ZSM 1840/2010 has
a more massive body than the others. The colouration of the specimens is relatively consistent,
with the whole venter of ZSM 1840/2010 being darker than those of the other two specimens.
The dorsolateral lines of the holotype are present in ZSM 1840/2010, but not in ZSM 636/2014,
instead being broken in that specimen into spots above the suprascapular region and lines in the
inguinal region. The crossbands of the shanks are less distinct in ZSM 1840/2010 than the other
two specimens.

Bioacoustics. Specimens called only during the day, from open, shrubby landscape between
dense vegetation, on the ground. In some areas, numerous specimens could be heard calling in
a chorus. Calls were recorded from an uncollected specimen by M. Vences (Fig 5c, Table 2) at
around 11h40 on 15 June 2010 in Camp Bepia (14.11822°S, 048.97822°E, 2294 m a.s.l.), and
further calls were heard but not recorded at Camp Andranomadio (14.0801°S, 048.9854°E, 2503
m a.s.l.). A precise description of the call structure is difficult; the vocalization is a series of short
tonal units that cannot readily be assigned to units. In past studies, we have described roughly
comparable structures differently: in Stumpffia psologlossa, where the units have a very short du-
ration, as a single call composed of pulses [14], in Rhombophryne mangabensis as a series of notes
[52], and in R. minuta two closely spaced units were seen as components of a single note [52]. To
allow comparison within Rhombophryne we here define the tonal units in the vocalizations of the
new species as notes, and the entire series as a call, but emphasize that it also would be possible
to define each unit as call and the entire series as call series, or to consider each unit as a pulse as
their duration falls within the 5-50 ms range for which the pulse category was recommended by
Kohler et al. [33].

Calls are rapid series of high-pitched slightly frequency modulated notes. Each call consists
of a series of 9—17 notes, and calls are repeated at long and irregular intervals. For detailed call
parameters, see Table 2.

Osteology (Fig 11). Based on ZSM 1826/2010 (figured) and ZSM 636/2014 (not figured).

Cranium (Fig 11c-f). Shape and proportions. Skull short and stout, relatively wide, widest at
quadratojugal anterior to the otic region. Short rostrum. Braincase broad.

Neurocranium. Well ossified except the weakly calcified otic capsules. Sphenethmoid well
ossified, in contact with the frontoparietal in ZSM 1826/2010 but not in ZSM 636/2014, with a
calcified anterior medial cone; broadly separated from prootic. Prootic in dorsal contact with lat-
eral flange of frontoparietal, ventral contact with parasphenoid alae, not approaching contralateral.
Septomaxilla miniscule, roughly spiralled, similar in shape to those of other Rhombophryne (see
[25]). Columella (stapes) well ossified, pars media plectra (stylus) steeply sloping upwards prox-
imally to its broad, bilobed, flattened pars interna plectra (baseplate). Nasal broad, curved over
the nasal capsule, triangular, acuminate maxillary process not closely approaching maxillary pars
facialis, broadly separated from contralateral, situated anterior to frontoparietal. Frontoparietal
with slanted anterior edge, laterally bulging, with short lateral flange covering prootic, posterior-
ly weakly connected to exoccipital, anteroventrally contacting sphenethmoid, lacking any dorsal
process (suggestions of such processes in ZSM 1826/2010).

Parasphenoid with broad, squared cultriform process and broad perpendicular alae, shorter than
frontoparietals, posteromedial process not participating in foramen magnum, anteroventrally in
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Fig 11. Osteology of Rhombophryne proportionalis sp. nov. holotype (ZSM 1826/2010).

(a, b) Whole skeleton in (a) dorsal and (b) ventral view. (c-f) Skull in (c) lateral, (d) ventral, (e) anterior,
and (f) dorsal view. (g) Foot in ventral view. (h) Hand in ventral view. For abbreviations, see Fig 6.

contact with postchoanal vomer and not in contact with neopalatine. Vomer divided into pre- and
postchoanal portions; prechoanal portion narrow, arcuate, triradiate, with a short lateral and an-
terior ramus and long posterior ramus; postchoanal portion spatulate bearing a single vomerine
tooth or a pair thereof, separated from contralateral by a narrow space, in dorsal contact with the
parasphenoid proximally and the neopalatine distally, lacking an anterior projection. Neopalatine
laminar, broader than lateral postchoanal portion of vomer, laterally approaching but not contact-
ing the maxilla, exceeding the lateral-most point of the postchoanal vomer to approach the anterior
tip of the parasphenoid but not in contact with it, such that the vomer contacts the neopalatine near
its midpoint and not at its terminus.

Maxillary arcade quite robust, maxilla and premaxilla bearing numerous diminutive teeth, pre-
maxilla and maxilla in narrow contact anteriorly. Premaxilla with a broad acuminate dorsal alary
process rising vertically, pars palatina shallowly divided into a narrow palatine process and broad
lateral process. Maxilla with a low triangular pars facialis and a narrow pars palatina, its posterior
tip acuminate and broadly overlapping the quadratojugal, the lingual surface of the pars palatina in
broad contact with the anterior ramus of the pterygoid.

Pterygoid with a short medial ramus, long anterior ramus with broad contact with the maxilla,
leaving a channel for the pterygoid cartilage, posterior ramus broad and posterolaterally calcified
to the quadratojugal complex. Quadratojugal bowed laterally, broadly connected to the ventral
ramus of the squamosal, and with a broad articular surface with the maxilla, bearing a large pos-
teroventral knob. Squamosal with a broadened ventral ramus and narrow otic and zygomatic rami,
the otic ramus long and thin and oriented dorsally, the zygomatic ramus short and thin, oriented
anteriorly.

Mandible slim and edentate, largely unremarkable, with a low coronoid process on the angu-
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losplenial. Mentomeckelians strongly connected to the dentary, with unusual, flat ventrolateral
projections.

Posteromedial processes of hyoid proximally pointed with a broad medial crista.

Postcranial skeleton (Fig 11a, b, g, h). Eight procoelous unfused presacrals, much broader
than long, lacking neural spines, with round posterior articular processes, presacral I with a mostly
complete neural arch, presacrals II-IV with thicker and longer transverse processes than V—VIII.
Sacrum with expanded diapophyses, the leading and trailing edges roughly equally angled, the ar-
ticulation type IIB sensu Emerson [42]. Urostyle bicondylar, long, broadening posteriorly, without
lateral processes and with a low dorsal ridge.

Pectoral girdle without ossified prezonal or postzonal elements, lacking ossified clavicles. Cora-
coid broad, strongly flared with a large medial articular surface with the contralateral. Scapula also
robust, with a broad pars acromialis distinct from the pars glenoidalis. Cleithrum ossified for half
the width of the scapular border, acuminate, thickened anteriorly. Suprascapula unossified.

Humerus with a well-developed crista ventralis and no medial or lateral cristae. Radioulna
broad with a distinct sulcus intermedius. Carpals well ossified in ZSM 1826/2010 and poorly ossi-
fied in ZSM 636/2014, composed of radiale, ulnare, prepollical element, element Y, carpal 2, and
large post-axial element formed by carpals 3—5. Finger phalangeal formula is standard (2-2-3-3).
Small distal knobs on terminal phalanges of the fingers. A very small prepollex is present in ZSM
1826/2010 but is not visible in ZSM 636/2014.

Pubis partly calcified, iliac shafts passing ventral to and beyond sacrum, nearly cylindrical,
without a dorsal crest and with a weak dorsal prominence and shallow oblique groove. Femur
weakly sigmoid with a low posterior crest. Tibiofibula shorter than femur, with a sulcus interme-
dius. Tibiale and fibulare weakly fused proximally and distally. T1 and T2+3 tarsals present, T1
considerably smaller than T2+3. Centrale present but not large. Prehallux unossified. Phalangeal
formula standard (2-2-3-4-3).

Distribution, natural history, and conservation status. Rhombophryne proportionalis sp.
nov. is known from two localities (Bepia and Andranomadio) on the Tsaratanana massif in north-
ern Madagascar. Both of these sites fall within the Tsaratanana National Park (formerly a Strict
Nature Reserve). It is a terrestrial species that lives among the leaf litter. Two other cophyline
frogs, Platypelis alticola and P. tsaratananaensis, are also known from these locations, and both
are currently listed as Endangered, due to their small distribution <2000 km?, presence in a single
threat-defined location, and potentially on-going decline in habitat quality. We therefore suggest R.
proportionalis sp. nov. also to be Endangered, following the same rationale.

Etymology. The species epithet is the Latin adjective proportionalis meaning ‘proportional’, in
reference to the comparatively proportional dwarfism that this species has apparently undergone
(see discussion). It is a feminine adjective in the nominative singular.

Anodonthyla eximia sp. nov.

urn:lsid:zoobank.org:act:2C419E74-C13D-447D-BDCF-312324515EAE

(Figs 1,2, 3,5, 12,13, Tables 1, 2)

Remark. This species was previously listed as A. sp. Ranomafana (Maharira) [24], 4. sp. Ca04
Ranomafana (ZCMV204) [15] and Anodonthyla sp. 4 Ranomafana [20].
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Fig 12. Anodonthyla eximia sp. nov. holotype (ZMA 20
(a) dorsolateral, (b) ventral, and (c) posterodorsal view.

Holotype. ZMA 20246 (ZCMYV 204, GenBank accession number GU177052 and FJ559111 for
the 5’ and 3’ fragments of the /165 rRNA gene, respectively, and GU177063 for the cox/ gene), an
adult male specimen (vocal sac inflated when collected) collected from a campsite at the base of
Maharira mountain (21.3258°S, 47.4025°E, approx. 1248 m a.s.l.) in Ranomafana National Park,
Vatovavy-Fitovinany Region, former Fianarantsoa province, southeastern Madagascar on 25 Jan-
uary 2004 by M. Vences, 1. de la Riva, and E. Rajeriarison.

Diagnosis. An extremely miniaturised frog assigned to the genus Anodonthyla on the basis of
the possession of a large, cultriform prepollex, T-shaped terminal phalanges, absence of postcho-
anal vomer, and by its genetic affinities. It is separated by uncorrected p-distances of 9.3—17.0% in
the analysed 3’ fragment of the /65 rRNA gene from all other members of the genus Anodonthyla.

Anodonthyla eximia sp. nov. is characterised by the unique combination of the following char-
acters (n = 1 male specimen): (1) male SVL 11.3 mm; (2) ED/HL 0.45; (3) HW/SVL 0.31; (4)
FARL/SVL 0.30; (5) TIBL/SVL 0.39; (6) HIL/SVL 1.34; (7) finger 1 highly reduced, other fingers
small; (8) toe 1 absent, toes 2 and 5 quite reduced; (9) maxillary and premaxillary teeth absent;
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(10) vomerine teeth absent; (11) lateral colour border absent; (12) black inguinal spots absent; (13)
postchoanal vomer absent; (14) nasal subrectangular with an acuminate maxillary process, not
displaced; (15) quadratojugal-maxilla contact absent; (16) zygomatic ramus of squamosal short,
thin, and anterodorsally oriented; (17) clavicles present, curving with simple lateral articulations,
medially bulbous; (18) prepollex cultriform, longer than first metatarsal; (19) carpal 2 present;
(20) finger phalangeal formula 1-2-3-3; (21) toe phalangeal formula 2-2-3-4-3; (22) single-note,
unpulsed calls, not emitted in series; (23) weakly frequency modulated calls; (24) call dominant
frequency 8406 + 78 Hz (n =5); (25) call duration 59.6 + 6.5 ms (n = 5); (26) inter-call interval
3749.0 £ 1149.9 ms (n =4).

This species is considerably smaller than all other Anodonthyla species (11.3 mm vs 15-34
mm), and as such is only possible to confuse with juveniles of its congeners. In addition to its
small size, it can be distinguished from all other Anodonthyla species by the absence of flared
crests on the humerus in adult males. Among similarly sized adult frogs in Madagascar, it can be
distinguished by the possession of a large inner metacarpal tubercle with a large, cultriform pre-
pollex (present only in male Anodonthyla, much smaller in all other species except Anilany, where
it is broad and triangular instead of cultriform), and a laterally displaced neopalatine not in contact
with the sphenethmoid or vomer (neopalatine either in contact with sphenethmoid or in contact
with vomer in all other species; in some species of Stumpffia, the neopalatine is lost, unpublished
data).

Holotype description. Specimen in a good state of preservation, a piece of the right thigh
removed as a tissue sample. Body oblong; head wider than long, narrower than the body width;
snout rounded in dorsal and lateral view; nostrils directed laterally, not protuberant, closer to eye
than to tip of snout; canthus rostralis rounded, straight; loreal region concave, vertical; tympanum
indistinct, round, about 46% of eye diameter; supratympanic fold weak, not raised, straight from
posterior corner of eye to axilla; tongue long, thin, attached anteriorly, not notched; maxillary teeth
absent, vomerine teeth absent; choanae oblong, very small. Forelimbs relatively broad; subarticu-
lar tubercles indistinct, single; outer metacarpal tubercle small, indistinct, single; inner metacarpal
tubercle large and distinct, bulging outward strongly, underlain by cultriform prepollex; hand with-
out webbing; all fingers short, first highly reduced and only marginally longer than the prepollex;
relative length of fingers 1<2=4<3, fourth finger equal in length to second; tip of third finger mar-
ginally expanded, other fingers not expanded into discs. Hind limbs robust; TIBL 39% of SVL;
lateral metatarsalia strongly connected; inner metatarsal tubercle rounded, indistinguishable from
first toe; outer metatarsal tubercle absent; no webbing between toes; first toe practically absent,
second and fifth toes shortened; relative length of toes 2<5<3<4; fifth toe distinctly shorter than
third. Skin on dorsum smooth, without distinct dorsolateral folds. Ventral skin smooth.

After 13 years in 70% ethanol, the dorsum is pale brown with a faint darker brown chevron over
the scapular region (Fig 2). The dorsal legs have faint dark brown crossbands, especially on the
shanks. The dorsal colouration fades over the shanks to cream, which is continuous on the venter.
The lateral head is dark brown, with a distinct border to the dorsum and flank formed by the su-
pratympanic fold. The chin is a lighter brown than the dorsum but distinctly not the cream of the
abdomen. The ventral legs are translucent cream. Colour in life as in preservative but more vibrant;
the venter was slate grey with blue-cream flecks.

Bioacoustics. Calls recorded from an unknown specimen by M. Vences at 08h45, on 26 Janu-
ary 2004 at Maharira in Ranomafana National Park (21.3258°S, 047.4025°E, 1248 m a.s.l.) in the
leaf litter of primary rainforest, referred to this species (Fig 4d, Table 2). The holotype and single
known specimen of this species was collected during careful searches of the leaf litter from the
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Fig 13. Osteology of Anodonthyla eximia sp. nov. holotype (ZMA 20246).

(a-c) Whole skeleton in (a) dorsal, (b) lateral, and (c) ventral view. (d-g) Skull in (d) lateral, (e) ventral, (f)
anterior, and (g) dorsal view. (h) Foot in ventral view. (i) Hand in ventral view. For abbreviations, see Fig 6.

exact spot where similar calls were heard, and upon capture, had an apparent partially inflated
vocal sac. No other calls assignable to a miniature frog were heard in the area at this time in the
morning. Assignment of the calls to this species therefore is the most likely hypothesis but remains
tentative. The call bears remarkable resemblance to that of Stumpffia miery (Table 2), which is also
known from lower elevations in Ranomafana National Park, and detailed future field study will be
required to confirm its assignment to Anodonthyla eximia sp. nov.

Calls were emitted as part of a large chorus in the early hours of the morning following cyclonic
rainfall after the retreat of major flooding of the area. Calls consisted of a single note and were
emitted at regular intervals without defined call series. Calls were weakly frequency modulated
with an increase in pitch, but recording quality is too poor for detailed analysis. For approximate
call parameters, see Table 2.

Osteology (Fig 13). Based on ZMA 20246 (figured).

Cranium (Fig 13d-g). Shape and proportions. Skull short and rounded, longer than wide, wid-
est at the bowing of the quadratojugal roughly in line with the anterior face of the prootic. Brain-
case proportionally broad, with an extremely short rostrum.

Neurocranium. Moderately ossified, otic capsules partly ossified. Sphenethmoid unossified.
Prootic in dorsal contact with lateral flange of frontoparietal, ventral contact with parasphenoid
alae, not approaching contralateral. Septomaxilla miniscule, very tightly curled, not further dis-
cussed due to low ossification and insufficient resolution. Columella (stapes) well ossified, pars
media plectra (stylus) long and slightly curved, posteriorly and dorsally oriented toward the broad-
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ened, somewhat posteriorly oriented pars interna plectra (baseplate). Nasal narrow, retaining the
shape of larger cophylines: subrectangular with an elongated, acuminate maxillary process that
does not closely approach the maxillary pars facialis; displaced laterally, broadly separated from
contralateral. Frontoparietal with rounded anterior edge, laterally rather straight-edged, with short
lateral flange covering prootic, posteriorly strongly connected to exoccipital, lacking any dorsal
process, separated from contralateral by a narrow gap with a small rhomboid facet at the level of
the prootics, which may represent a pineal foramen.

Parasphenoid with narrow, rather straight-edged cultriform process and roughly equally broad
perpendicular alae, considerably shorter than frontoparietals, in contact with exoccipitals postero-
dorsally, prootics dorsally along the edges of the alae, anteroventrally free; posteromedial process
long but not participating in foramen magnum. Vomer lacking postchoanal portion (typical of An-
odonthyla); prechoanal portion strongly curved, bearing a small lateral ramus. Neopalatine simple
and very thin, laterally displaced, not contacting any other ossified elements.

Maxillary arcade gracile, maxilla and premaxilla edentate, anterior extension of maxilla not ex-
ceeding lateral extent of premaxilla. Premaxilla with a narrow dorsal alary process rising laterally,
pars palatina shallowly divided into a narrow palatine process and broad lateral process. Maxilla
practically lacking a pars facialis and bearing a narrow pars palatina, its posterior tip acuminate
and not contacting the quadratojugal, the lingual surface of the pars palatina contacting the ante-
rior ramus of the pterygoid, which has taken over the articulation. Pterygoid with a short medial
ramus, long and strongly curved anterior ramus, and broad posterior ramus, posteriorly calcified
to the quadratojugal complex. Quadratojugal bowed laterally, rather short, broadly connected to
the ventral ramus of the squamosal, bearing a small posteroventral knob, anteriorly dividing and
with decreasing ossification, not connected to the maxilla; the articulation of the mandible is ap-
parently somewhat fortified by the mineralisation of the posterior ramus of the pterygoid+squa-
mosal+quadratojugal posteroventral knob. Squamosal with a slender, rather straight ventral ramus,
thin, posterodorsally oriented otic ramus, and short, thin, anterodorsally oriented zygomatic ramus.

Mandible slim and edentate, largely unremarkable, with a weakly raised coronoid process
on the angulosplenial. Mentomeckelians separated from the dentary, with small, poorly ossified
hooked ventrolateral projections.

Posteromedial processes of hyoid proximally rounded without an obvious medial crista.

Postcranial skeleton (Fig 13a-c, h, i). Eight procoelous presacrals, all much broader than long,
lacking neural spines, with round posterior articular processes, presacral I with a complete neural
arch, presacrals II-IV with thicker and longer transverse processes than V—VIII. Sacrum with
flared diapophyses, the leading and trailing edges roughly equally curved, the articulation type IIB
sensu Emerson [42]. Urostyle bicondylar, long, broadening gently posteriorly, with a somewhat
flared head and a low dorsal ridge.

Pectoral girdle without ossified prezonal or postzonal elements, with ossified clavicles. Clav-
icle thin and curved, with a simple lateral junction, equal in length to the coracoid, medially bul-
bous. Coracoid broad, flared laterally and strongly flared medially with a curving medial articular
surface with the contralateral. Scapula robust, with a broad pars acromialis, the cleithral border
straight. Cleithrum ossified for three-quarters the width of the scapular border, thickened anterior-
ly. Suprascapula unossified.

Humerus with a well-developed crista ventralis and no medial or lateral cristae. Radioulna slen-
der with a distinct sulcus intermedius. Carpals composed of radiale, ulnare, element Y, prepollex,
carpal 2, and a large post-axial element formed by carpals 3-5. Prepollex extremely long and
acuminate, longer than first metacarpal. Finger phalangeal formula is reduced (1-2-3-3), and the
terminal phalanx of the first finger small and columnar, others bearing T-shaped knobs.

Pubis ossified; iliac shafts passing ventral to and beyond sacrum, oblong in cross-section, with
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a weak dorsal crest, a distinct dorsal prominence, and a shallow oblique groove. Femur weakly
sigmoid, bearing a distinct posterior crest. Tibiofibula slightly shorter than femur in length, with a
sulcus intermedius. Tibiale and fibulare fused proximally and distally. T1 and T2+3 tarsals present,
T1 considerably smaller than T2+3. Centrale present, larger than other tarsals. Prehallux elongat-
ed, half the length of first metatarsal. Phalangeal formula standard (2-2-3-4-3). Terminal phalanx
of toe 1 a small round element, those of toes 2—5 with T-shaped knobs.

Etymology. The species epithet eximia is the feminine form of the Latin adjective eximius
meaning ‘remarkable’ or ‘special’, in reference to the surprisingly small body size and terrestrial
habits of this Anodonthyla species.

Distribution, natural history, and conservation status. Anodonthyla eximia sp. nov. is known
only from Maharira in Ranomafana National Park (Fig 6). It is a terrestrial species. Nothing else
is known of its natural history. It is likely that this species should be classified as Vulnerable like
other species from Maharira (e.g. Gephyromantis runewsweeki), but as we know almost nothing
of its range and ecology, we instead recommend that it be considered Data Deficient until more
data are available.

Discussion
Genus-level taxonomy of the Cophylinae

Mini adds a ninth genus to the Cophylinae for a unique clade of miniaturised frogs that falls sis-
ter to the large-bodied Plethodontohyla (Fig 1). Although body size is the most obvious character
that differentiates these two sister genera, they are also distinguished by a number of osteological
features, and can be identified without skeletal analysis by their digital reduction (present in Mini,
absent in Plethodontohyla) and vomerine teeth (absent in Mini, present in Plethodontohyla). De-
spite these differences and consistent recovery of the two genera as being reciprocally monophy-
letic in genetic analyses, the uncorrected p-distances between these genera in the 3° fragment of
the 765 rRNA mitochondrial gene analysed here are at first glance surprisingly small at 8.3—13.3%
(these distances would be distinctly higher if insertions and deletions would be considered in their
calculation). Nevertheless, we consider the differences between these clades sufficiently great and
robust that we regard them as constituting separate genera. Aside from their morphological and os-
teological differentiation, a further argument for their classification in distinct genera comes from
the strength of support for their sister-group relationship; while the two clades here seen as genera
Plethodontohyla and Mini have been placed sister to each other in most molecular analyses so far,
support values for this grouping often were low, and typically lower than the respective support
for each of the two clades. The clade stability criterion [36] is therefore better served considering
both clades as separate genera.

The relationship of Mini to Plethodontohyla is analogous to the relationship of Stumpffia to
Rhombophryne: a genus-level sister clade of miniaturised frogs (although Stumpffia also con-
tains several non-miniaturised species), recovered in robust genetic phylogenies as reciprocally
monophyletic, and distinguished by several diagnostic characters [14, 15, 23]. Peloso et al. [19]
argued for the lumping of Stumpffia, Rhombophryne, and later also Anilany [22] into a single ge-
nus, Rhombophryne. In response, we showed that the initial argument for lumping was based on
misidentified specimens [15], and subsequently incorrectly coded morphology, ignoring various
unique diagnostic features of Anilany, and the relationships of particularly unstable taxa (most
notably Stumplffia tridactyla) [23]. We revised the taxonomy of the genus Stumpffia, describing
26 new species, and providing a more robust phylogeny that resolved the phylogenetic position
of Stumpffia tridactyla [14]. Despite this progress, the Amphibian Species of the World database
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(ASW) currently continues to use the lumped taxonomy, in contrast to AmphibiaWeb and other
researchers that have adopted our proposed taxonomy (e.g. [20, 53]). The newly described Rhom-
bophryne proportionalis, which is the only miniaturised Rhombophryne so tfar known, is high-
ly distinct from Stumpffia, lacking, for example, the externally obvious digital reduction that is
present in all miniaturised species of Stumpffia, and differing in body shape and proportions [14].
This demonstrates that even miniaturised Rhombophryne species can be distinguished by external
morphology from Stumpffia species, providing still further support for the recognition of Rhombo-
phryne, Stumplffia, and Anilany as separate genera.

More than one way to shrink a frog

Paedomorphosis constitutes the retention of characteristics typical of earlier developmental
stages of an ancestor in later stages of development [54-56]. The vast majority of amphibians
achieve reduced body size via paedomorphosis, retaining in particular paedomorphic head mor-
phology (relatively larger eyes, larger relative brain-case size) [5-8, 13, 14, 57-62]. The species we
have described here of the genera Mini and Anodonthyla fit this pattern, but Rhombophryne pro-
portionalis demonstrates that this is not the only way that anurans can achieve reduced body size.

Rhombophryne proportionalis would probably have been considered by Alberch et al. [55] and
Gould [54] to represent a case of ‘proportional dwarfism’, that is, a reduction in body size without
alteration of body proportions, relative to the ancestral shape. Klingenberg [56] considered cases
of proportional dwarfism sufficiently rare that he more or less dismissed them and considered it
impossible for body size to reduce without resulting in related changes in shape. Yet, while the
proportions of R. proportionalis do not perfectly match those of larger Rhombophryne species, it
certainly is nearer to their proportions than any other cophyline frog of comparable size (compare
[14], and note its short and rounded snout in Fig 2) and its skull morphology in particular is almost
unmodified compared to other Rhombophryne species (e.g. compare Fig 11 with R. serratopa-
Ipebrosa species group [25]), except in the anterior shift of the jaw joint, which is common in
miniaturised frogs [62]. Its proportions differ from those of juvenile Rhombophryne, for example
in having a proportionally shorter head (HL/SVL 0.20-0.24 vs 0.31 and 0.33 in juvenile R. ornata
and R. regalis, respectively; unpublished data). It is also the smallest of the cophylines to retain
vomerine teeth, and these again are not like those of juvenile Rhombophryne (which are dispropor-
tionally large) but rather more like those of adult, large-bodied species. Thus, R. proportionalis is
a remarkable case of miniaturisation through proportional dwarfism.

Loss of digits, while a corollary of miniaturisation, is not a form of paedomorphosis [63], but
rather a commonly arising morphological homoplasy resulting from miniaturisation through func-
tional constraint of the limb primordium [2, 63, 64]. In our recent revision of the genus Stumpffia,
we commented on the pattern of digit loss across that genus [14], and noted that it apparently de-
parted from known patterns of digit reduction in reduced frogs [62, 63]. Mini has reduced its digits
in a manner comparable with Stumpffia, and its reduction is further accentuated by the apparent
loss of carpal 2. Curiously, although M. mum is smaller than almost all Stumpffia species, its toes
are less reduced than the smallest Stumpffia, suggesting that absolute adult body size is not the only
factor determining the degree of digital reduction; data on the embryos of extremely miniaturised
cophylines are needed to understand if limb bud size may be responsible for this change.

The digits of Anodonthyla eximia retain the hallmarks of Anodonthyla, most obviously in the
long cultriform prepollex that characterises males of that genus, but also in the possession of a
T-shaped phalanx on the third finger. Its digital formula is also only weakly reduced. In this con-
text, it is, once again, remarkable that R. proportionalis has undergone only minimal digital loss,
having reduced the first phalanx of the first toe, and has not undergone any loss of the fingers,
which sets it apart from comparatively miniaturised cophylines. More notably still, its relative
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finger lengths (see Fig 11) are highly similar to those of larger Rhombophryne (e.g. [25]). Both
of these cases suggest that miniaturisation is occurring in a contingent, rather than a deterministic
fashion in these frogs.

Underestimated diversity of miniaturised frogs

Globally, miniaturised frogs are thought to comprise a unique ecomorph, specialised to hide in
small places and occupy a lower position in the trophic ladder than larger species [5]. Part of the
reason this ecomorph has only recently been acknowledged [6] is taxonomic underestimation; it
was not possible to understand how many lineages have evolved independently to occupy the min-
iaturised frog niche while so much of the diversity was undescribed. The diversity was also further
obscured by morphology-based supraspecific taxonomy influenced by homoplastic characters [2]
that suggested fewer instances of miniaturisation than revealed by DNA-based phylogenetics. In
light of the recent taxonomic descriptions (e.g. [5, 6, 10, 14, 57, 60, 65-69]) and strongly support-
ed phylogenetic studies of miniaturised frogs however (e.g. [8, 14, 58, 65, 70-74]), it is becoming
clear that the diversity of these frogs is astonishingly high, at both the species and supraspecific
levels. The emerging picture of the diversity of miniaturised lineages of cophyline microhylids is
a perfect example: newly discovered small microhylids from Madagascar were generally assigned
ad hoc to Stumpffia based on their size, although keys for described species did exist [75, 76].
Genetic differentiation of different undescribed lineages initially assigned to Stumpffia flagged
them as belonging to separate deep clades, prompting closer inspection that has yielded the new
species described here. This transition of understanding drives home the importance of genetics
in shedding light on groups with potentially extensive ecology-linked homoplasy, like fossorial
squamates (e.g. [77, 78]).

Based on current understanding of the phylogeny of the Cophylinae [15, 20], the five new
species of miniaturised frogs described here represent three additional separate cases of extreme
miniaturisation of body size. The total evolutionary lability of cophyline body size is thus only just
emerging: Stumpffia and Anilany have also miniaturised, but due to instability of their relationships
in available phylogenetic hypotheses with respect to Rhombophryne, we cannot currently establish
if they reduced in size independently or if they stem from a small or miniaturised common ances-
tor. Platypelis karenae (SVL 16.1-18.3 mm) and P. tetra (17.5-19.4 mm among the type series)
are also miniaturised species [79], but uncertainty surrounding their taxonomic position means
that body size evolution in Platypelis is unclear. Finally, and perhaps most remarkably, two of the
largest species of microhylids in the world, Plethodontohyla inguinalis and Platypelis grandis, are
also members of this subfamily. To understand the apparently volatile evolution of body size with-
in cophylines, and indeed other aspects of their evolutionary history such as ecology (see below)
and digits (see above), detailed analysis will need to be conducted on a robust and densely sampled
phylogeny—a project on which we are currently working. Further future expansions should look
at patterns across the whole of the Microhylidae, as the Cophylinae are just one of the several sub-
families that exhibit remarkably extensive, interdigitated miniaturisation [8, 11, 13, 65].

Drivers of miniaturisation in frogs

Lehr and Coloma [7] suggested that miniaturisation may enable frogs to exploit new food re-
sources that are not available to larger frogs. Kraus [5] expanded on this hypothesis, suggesting
that miniaturisation may evolve as a means to exploit leaf-litter or mossy habitats; doing so may
simultaneously open access to prey that is inaccessible to larger species that cannot penetrate
these complex habitats, while also providing enhanced shelter from predators. But exploiting this
opportunity comes at the cost of a higher surface-area—volume ratio, leading to more rapid desic-
cation [80], which Kraus [5] considered as an explanation for the distribution of the smallest frogs
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exclusively in wet, tropical forests.

Our current data, especially with regard to the new species described here, appears to cor-
roborate these hypotheses. Almost all of Madagascar’s miniaturised microhylids are leaf-litter
dwellers, except some few Stumpffia species from high elevations (e.g. S. tridactyla) that are also
associated with moss. Anodonthyla eximia in particular seems to support the hypothesis of Kraus
[5] that miniaturisation is an evolutionary means of exploiting leaf-litter and mossy habitats: In
general, Anodonthyla are arboreal or scansorial frogs [24, 41]. Anodonthyla eximia is not only con-
siderably smaller than any other member of the genus (11.3 mm SVL; the next smallest species is
A. pollicaris at 16.3—18.3 mm SVL) but is also the only apparently terrestrial, leaf-litter-dwelling
member of the genus. The transition to miniaturisation in this species thus seems to have come
hand-in-hand with a transition to terrestriality. Complementing the very rudimentary natural histo-
ry information available for this enigmatic species should be a high priority for future field studies
in Ranomafana National Park.

Curiously, the miniaturised and arboreal species Platypelis karenae (mentioned above) seems
to contradict this prediction. Perhaps leaf-axil phytotelmic habits of this species have allowed it to
miniaturise without ecological transition by exploiting smaller leaf axils than are available to larg-
er frogs—a hypothesis compatible with our own observations, and, for example, Microhyla born-
eensis, an extremely miniaturised microhylid that breeds in pitcher plants [10, 11]. As a further
deviation, the pyxicephalid Microbatrachella capensis (15—18 mm SVL) occurs in the South Afri-
can fynbos shrubland vegetation, with acidic water and a dense humus layer, and breeds in swamps
where its regular exotrophic tadpoles develop, while other miniaturized species of Cacosternum,
such as C. boettgeri, (1819 mm SVL) even occur in drier grassland areas, without apparent de-
pendence on large quantities of leaf litter [81]. These cases indicate potential for uncoupling of
typical trends of ecological change that accompany miniaturisation, similar to the pattern observed
in African puddle frogs, Phrynobatrachidae, wherein terrestrialisation from predominantly aquatic
habits was found to be uncoupled from miniaturisation [70]. Studying these exceptional cases in
greater detail may reveal additional factors involved in miniaturisation, and drivers of miniaturi-
sation without terrestrialisation.
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Chapter 10. MANUSCRIPT (in prep.): Ecomorphological evolution of Madagascar’s nar-
row-mouthed frogs (Anura, Microhylidae)

In this chapter I present an unpublished manuscript that features the latest work on the subfamily
Cophylinae. In this manuscript, my colleagues and I present a new reconstruction of the subfam-
ily Cophylinae based on a phylotranscriptomic tree, a phylogenomic tree produced using target
capture methods, and a supermatrix tree of the entire subfamily using a rigid skeleton based on ge-
nomic trees. We discuss the taxonomic implications of our robust phylogenetic relationships. We
show that the ancestrally terrestrial frogs originated in northeastern Madagascar, and subsequently
diversified across the expanding biomes during the Paleogene, transitioning repeatedly toward ar-
boreality following the humidification of the island. We find that fossoriality and arboreality have
strongly influenced morphometric evolution, and that miniaturisation has been accompanied by a
homogenisation of morphology.

Scherz, M.D., Hutter, C.R., Rddel, M.-O., Rancilhac, L., Kiinzel, S., Rakotoarison, A., Drehlich,
C., Philippe, H., Glaw, F., Vences, M. Ecomorphological evolution of Madagascar’s nar-
row-mouthed frogs (Anura, Microhylidae). Unpublished manuscript

Digital Supplementary Materials on appended CD:

Supplementary Figure 1 — Six-category ancestral state reconstruction of ecology in the Co-
phylinae.

Supplementary Figure 2 — Log , maximum body size by ecology in the Cophylinae.
Supplementary Table 1 — The 50 smallest frogs in the world.

Supplementary Table 2 — Supermatrix table of single gene sequences of Cophylinae at individual
level.

Supplementary Table 3 — Supermatrix table of single gene sequences of Cophylinae at species
level.

Supplementary Table 4 — Cophyline frog measurement database.

Supplementary Table 5 — Newly assigned species numbers based on 3’ 16S rRNA mitochondrial
genes.

Supplementary Table 6 — Ancestral sizes of clades and their 95% Confidence Intervals (CI).
Supplementary Trees
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Introduction

The emerging picture of convergent evolution shows that apparent determinism in phenotyp-
ic outcome of adaptation into a similar niche or due to similar selective pressures often shows
signs of contingency upon close inspection (e.g. Bergmann and Morinaga in press). Ecomorphs
(sometimes called ‘ecological guilds’ or ‘ecotypes) represent astonishingly repetitive convergent
evolution. The best-examined examples stem from the anoles of Central America and the islands
of the Caribbean. Island radiations may harbour the same anole ecomorphs, yet they are generally
convergently derived from single colonists (reviewed in Losos 2011). Such examples of serial
convergence are excellent systems in which to study the principles of phenotypic evolution.

Frogs exhibit a remarkably conserved set of ecomorphs, only few of which are unique to sin-
gle clades. Globally, communities consist of a limited number of oft repeated ecomorphs, from
the stereotypical treefrog with its broad toe pads, to the pond frogs with highly webbed feet and
long powerful legs, to digging frogs with broad heads and short limbs. In several cases, these eco-
morphs have evolved within single radiations (e.g. Bossuyt and Milinkovitch 2000), making them
anuran parallels of the anole convergence story. Narrow-mouthed frogs (family Microhylidae) are
a curious case among frogs. They are a diverse (657 species; AmphibiaWeb 2019) comparatively
old family (Feng et al. 2017) distributed throughout the tropics, and globally exhibit a wide range
of ecomorphs, including tree frogs, litter frogs, aquatic or semi-aquatic frogs, scansorial boulder-
ing or karst-living frogs, and especially burrowers and miniaturised frogs.

Of particular note is the propensity of microhylid frogs to become miniaturised. Indeed, among
the top 50 smallest frogs in the world, 35 are microhylids (Supplementary Table 1). Miniaturisation
in microhylids is almost always accompanied by terrestriality and constitutes a unique ecomorph
(Clarke 1996; Rittmeyer et al. 2012; chapter 9). Smaller body size opens up novel ecological
niches (Clarke 1996; Miller 1996; Lehr and Coloma 2008; Lee et al. 2014), allows exploitation
of new nutrition sources (Clarke 1996; Lehr and Coloma 2008), and can be strongly favoured by
selection (Clarke 1996). Miniaturised frogs are an important ecomorph in the tropics (Kraus 2011).
Yet, aside from miniaturisation, little about ecomorphological evolution in microhylids has been
studied (but see Blackburn et al. 2013; Rivera et al. 2017).

In this study, we look at morphological evolution across the Madagascar-endemic microhylid
subfamily Cophylinae. The nine cophyline genera (chapter 9) currently consist of 108 species
(AmphibiaWeb 2019). Molecular phylogenetic work revealed that these frogs have been ecolog-
ically highly labile in their evolutionary past, with ecomorphology in several cases belying evo-
lutionary relationships (Andreone et al. 2005; Wollenberg et al. 2008). In recent work, we have
shown that miniaturised frogs in this subfamily are not only extremely speciose (Rakotoarison et
al. 2017a), but also phylogenetically diverse, belonging to four separate genera (see chapter 9
for an overview). A similar diversity and non-monophyly is seen among burrowing and arboreal/
scansorial lineages. At the same time as they have diversified ecologically, these frogs have spread
across Madagascar, and their biogeography is nearly as complex as their ecomorphological evo-
lution.

In this chapter, we examine the biogeography, and the evolution of body size and morphology
within the microhylid subfamily Cophylinae, based on a new phylogeny with a backbone con-
strained on topologies recovered from two genomic datasets (transcriptome and target enrichment).

Methods
Sequencing and molecular phylogenetics

Sanger sequences. We compiled all of the sequences of cophyline frogs present on GenBank,
and sorted them into a supermatrix, giving a row to each specimen and a column to each marker.
This method was designed to get explicit information on the specimen-sequence matchup of every
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sequence, so that even chimeric sequences in our supermatrix could be traced to specimens for
morphological verification. This is intended as a quality control step to reduce the risk of misiden-
tification and prevent mixed-species chimeras in our supermatrix. We expanded this dataset with
numerous additional new sequences produced using primers and protocols from previous studies
(Table 1). This resulted in a supermatrix of 1300 specimens (Supplementary Table 2). In a second
step, we reduced this supermatrix to include a single tip per species, with each component of the
chimera identified (Supplementary Table 3). Specimens were chosen for maximum coverage, so

Table 1. Primers used for Sanger sequencing in this study.

Gene Primer- Name Sequence (5°-3") Source
Cytb Cytb-a CCATGAGGACAAATATCATTYTGRGG 1
Cytb-c CTACTGGTTGTCCTCCGATTCATGT 1
128 12SA-L AAACTGGGATTAGATACCCCACTAT 2
12SB-H GAGGGTGACGGGCGGTGTGT 2
16S 3° 16SA-L CGCCTGTTTATCAAAAACAT 2
16SBH-NEW CCTGGATTACTCCGGTCTGA 2
16S 5°¢ 16SL3 AGCAAAGAHYWWACCTCGTACCTTTTGCAT 3
16SAH ATGTTTTTGATAAACAGGCG 3
ND1 L3914 GCCCCATTTGACCTCACAGAAGG 4
H4419 GGTATGGGCCCAAAAGCT 4
ND2/ L4437 AAGCTTTCGGGCCCATACC 5
COlI H6564 GGGTCTCCTCCTCCAGCTGGGTC 6
COlI dgL.CO1490 GGTCAACAAATCATAAAGAYATYGG 7
dgHCO2198 TAAACTTCAGGGTGACCAAAR AAY CA 7
SACS SACSF2 AAYATHACNAAYGCNTGYTAYAA 8
SACSR2 GCRAARTGNCCRTTNACRTGRAA 8
SACSNF2 TGYTAYAAYGAYTGYCCNTGGAT 8
SACSNR2 CKGTGRGGYTTYTTRTARTTRTG 8
KIAA1239 KIAAI1239F1 CARCCTTGGGTNTTYCARTGYAA 8
KIAA1239R1 ACMACAAAYTGGTCRTTRTGNGT 8
KIAA1239NF1I  GAGCCNGAYATHTTYTTYGTNAA 8
KIAA1239NR1 TTCACRAANCCMCCNGAAAAYTC 8
TTN TTNF1 TATGCTGARAAYATNGCNGGNAT 8
TTNRI1 CCMCCRTCAAAYARNGGYTT 8
TTNNF1 GATGGNMGKTGGYTNAARTGYAA 8
TTNNR1 AGRTCRTANACNGGYTTYTTRTT 8
BDNF BDNF-F2 CCATCCTTTTCCTKACTATGGT 9
BDNF-R2 TATCTTCCCCTTTTAATGGTCA new
RAGI MartFL1 AGCTGGAGYCARTAYCAYAARATG 10
MartR6 GTGTAGAGCCARTGRTGYTT 10
Amp F2 ACNGGNMGICARATCTTYCARCC 10
RAG1 UC R TTGGACTGCCTGGCATTCAT 11
H3 H3F ATGGCTCGTACCAAGCAGACVGC 12
H3R ATATCCTTRGGCATRATRGTGAC 12

'Bossuyt and Milinkovitch (2000), 2Palumbi et al. (1991), Vences et al. (2003), “Macey et al. (1998b),
SMacey et al. (1997), ®Macey et al. (1998a), "Meyer (2003), 8Shen et al. (2012), °Lee et al. (2005), °Chiari
et al. (2004), ""Rakotoarison et al. (2015), '2Colgan et al. (1998)
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that a chimera consisted of a minimum number of specimens positively identified as conspecifics.
Chimeras were only produced from specimens confirmed to be conspecific by close matches in at
least one gene fragment.

Probe design. The sequence capture probe set used for this study is the FrogCap Ranoidea
vl probe set (https://github.com/chutter/FrogCap-Sequence-Capture; Hutter et al. in prep). Probe
design is summarized here and will be published in detail by Hutter et al. (in prep.). Probes were
synthesized as biotinylated RNA oligos in a myBaits kit (Arbor Biosciences, formerly MY croarray
Ann Arbor, MI) by matching 25 publicly available transcriptomes to the Nanorana parkeri and
Xenopus tropicalis genomes using the program BLAT (Kent 2002). Matching sequences were
clustered by their genomic coordinates to detect presence/absence across species and to achieve
full locus coverage. To narrow the locus selection to coding regions, each cluster was matched to
available coding region annotations from the Nanorana genome using the program EXONERATE
(Slater and Birney 2005). Loci from all matching species were then aligned using MAFFT (Katoh
and Standley 2013) and subsequently separated into 120 bp-long bait sequences with 2x tiling
(50% overlap among baits) using the myBaits-2 kit (40,040 baits) with 120mer sized baits. These
loci have an additional bait at each end extending into the intronic region to increase the coverage
and capture success of these areas. Baits were then filtered, retaining those: without sequence re-
peats; with a GC content of 30—50%; and baits that did not match to their reverse complement or
multiple places in the genome. Additionally, 700 ultra-conserved elements (UCEs) and 40 com-
monly used Sanger-based legacy loci from phylogenetic analyses of frogs (i.e. RAG1, POMC,
TYR) were included to enable direct comparisons and inclusion of publicly available data from
past phylogenetic studies.

Library preparation and sequencing. Genomic DNA was extracted from 25 tissue samples
using a PROMEGA Maxwell bead extraction robot. The resultant DNA was quantified using a
Quantus DNA Broad-range assay (PROMEGA). Approximately 500 ng total DNA was acquired
and set to a volume of 50 ul through dilution (with H,0) or concentration (using a vacuum centri-
fuge) of the extraction when necessary.

The genomic libraries for the samples were prepared by Arbor Biosciences library preparation
service. Prior to library preparation, the genomic DNA samples were quantified with fluorescence
and up to 4 pg was then taken to sonication with a QSonica Q800R instrument. After sonication
and SPRI bead-based size-selection to modal lengths of roughly 300 nt, up to 500 ng of each
sheared DNA sample were taken to Illumina Truseq-style sticky-end library preparation. Follow-
ing adapter ligation and fill-in, each library was amplified for 6 cycles using unique combinations
of 17 and 15 indexing primers, and then quantified with fluorescence. For each capture reaction,
125 ng of 8§ libraries were pooled, and subsequently enriched for targets using the MYbaits v 3.1
protocol. Following enrichment, library pools were amplified for 10 cycles using universal primers
and subsequently pooled in equimolar amounts for sequencing. Samples were sequenced on an
[Mlumina HiSeq 3000 with 150 bp paired-end reads.

Data processing pipeline. A bioinformatics pipeline for filtering adapter contamination, assem-
bling loci, and exporting alignments is coded in R and available at (https://github.com/chutter/
FrogCap-Sequence-Capture). The pipeline is scripted in R statistical software (R Core Team 2014)
using the BIOCONDUCTOR suit of packages (Ramos et al. 2018) in addition to open source soft-
ware publicly available and commonly used in bioinformatics. First, the raw reads were cleaned
of adapter contamination, low complexity sequences, and other sequencing artefacts using the
program FASTP (default settings; Chen et al. 2017). Adapter-cleaned reads were then matched to
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a database of bacterial and other genomes to ensure that no contamination was in the final dataset
(Hutter et al. in prep will contain a reference genome list). We decontaminated the adapter-cleaned
reads with the program BWA (Li and Durbin 2009), where we matched the cleaned reads to each
contamination genome at >95 percent similarity. Each reference was indexed (function: bwa index)
and reads were mapped to each reference (function: bwa mem), using SAMTooLs (Li et al. 2009)
to convert between file-types (functions: view and fastq). Next, we merged paired-end reads us-
ing BBMERGE (Bushnell et al. 2017) from BBTooLs (https://jgi.doe.gov/data-and-tools/bbtools/).
BBMERGE also fills in missing gaps between non-overlapping paired-end reads by assembling
the missing data from the other paired-end reads. Exact duplicates were also removed when both
read pairs were duplicated using ‘dedupe’ from BBTooLs. Additionally, duplicates from the set of
merged paired-end contigs were removed if they were exact duplicates or were contained within
another merged contig.

The merged singletons and paired-end reads were next de novo assembled using the program
SPADEs v.3.12 (Bankevich et al. 2012), which runs BavyesHammMmer (Nikolenko et al. 2013) error
correction on the reads internally. Data were assembled using several different k-mer values (21,
33, 55, 77, 99, 127), where orthologous contigs resulting from the different k-mer assemblies
were merged. We used the piPSPADEs (Sofanova et al. 2015) function from this program to better
assemble exons that were polymorphic by generating a consensus sequence from both haplotypes
from orthologous regions.

The consensus haplotype contigs were then matched against reference loci sequences from the
N. parkeri genome used to design the probes with BLAST (dc-megablast), keeping only those
contigs that matched uniquely to the reference probe sequences. Contigs were discarded if they did
not match to at least 30 percent of the reference locus. Finally, we merged all discrete contigs that
matched to the same reference locus, joining them together with Ns based on their match position
within the locus. The final set of matching contigs were named with the name of the locus followed
by the sample name in a single file to be parsed out separately for multiple sequence alignment.

Finally, we assembled mitochondrial genomes for each sample, separating, and annotating
genes from Illumina sequence data. We used an assembly pipeline using a ‘bait fishing” approach
that uses SPADES. We used the Nanorana parkeri mitochondrial genome as a reference and ex-
tracted the cleaned raw reads that matched to this genome. We next assembled the separated reads
and using the resulting contigs and we matched the cleaned reads again to these contigs and as-
sembled them. We continued this process iteratively until no new portions of the mitochondrial
genome could be assembled. Next, we used BLAST to match the assembled contigs to the separat-
ed mitochondrial markers and trimmed them to reference markers. This resulted in a collection of
assembled mitochondrial markers that were aligned and trimmed as described in the next section.

Alignment and trimming. The final set of matching loci was next aligned on a locus-by-locus
basis using MAFFT local pair alignment (max iterations = 1000; ep = 0.123; op = 3). We screened
each alignment for samples that were greater than 40 percent divergent from the consensus se-
quence, which are almost always incorrectly assigned contigs. Alignments were kept if they had
greater than 3 taxa, had more than 100 base pairs, and a mean breadth of coverage of greater than
50 percent across the alignment. Alignments were next saved into usable datasets for phyloge-
netic analyses and data type comparisons: 1) all-markers, includes all the unique alignments that
matched to target loci, unfiltered for exons and introns; 2) exons, each alignment was adjusted to
be in an open-reading frame and trimmed to the largest reading frame that accommodated >90%
of the sequences and alignments with no clear reading frame were discarded; 3) introns, the exon
previously delimited was trimmed out of the original contig and the two remaining intronic re-
gions were concatenated; 4) proteins, exon nucleotide sequences were translated into their corre-
sponding amino acid protein sequences; 5) genes, exons from the same gene were concatenated
and treated as a single locus; and 6) mitochondrial, markers that were assembled separately from
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the raw reads (described above). We applied internal trimming only to the all-markers dataset and
alignments that were non-coding (i.e. rRNA, UCEs, introns) using TRIMAL (automaticl function;
Capella-Gutiérrez et al. 2009). All alignments were externally trimmed to ensure that at least 50
percent of the samples had sequence data present.

Transcriptomics. We used transcriptomics as a secondary source of deep phylogenomic node
resolution (Irisarri et al. 2017; Rodriguez et al. 2017) to ratify the phylogenetic relationships re-
constructed from the target capture method outlined above. Samples of ten ingroups and two
outgroups (Scaphiophryne calcarata and Dyscophus guineti) were taken from freshly euthanised
specimens and deposited in RNAlater. RNA was extracted using a trizol-extraction protocol from
pooled tissue samples (skin, muscle, liver) from single individuals. Libraries were prepared fol-
lowing the Illumina TruSeq mRNA protocol and sequenced on an Illumina NextSeq machine.
Reads were pre-processed, and transcriptomes assembled de novo in Trinity v. 2.1.0 (Grabherr
et al. 2011). Orthologs were translated into amino acid sequences and added to the multi-gene
alignment of vertebrates of Irisarri et al. (2017) in Forty-Two (https://bitbucket.org/dbaurain/42/).
Contaminations (non-vertebrates, cross-contaminations), misalignments, and possible paralogues
were removed following Irisarri et al. (2017). The specific pipeline used is detailed in chapter
11, but briefly consists of (1) invertebrate sequence fishing using BLAST, (2) redundancy and
implausible divergence exclusion, (3) patristic-distance outlier exclusion, (4) removal of highly
divergent paralogs (possible orthologs). Nucleotide sequences were then recovered from retained
AA alignments from the original assemblies using LEEL (written by D. Baurain) and assembled
using SCaFos (Roure et al. 2007).

Phylogeny estimation

Concatenated tree datasets. We first estimated concatenated phylogenetic trees by creating sep-
arate datasets with variable amounts of missing sequence data for the FrogCap and transcriptome
datasets. For the transcriptome dataset, several samples with a relatively small amount of data
sequenced were excluded in case the missing data gave no clear support. We separated alignment
matrices into three different amounts of completeness (70, 80, and 90 percent), where individual
markers were only retained if the number of samples in each alignment met that completeness
threshold. We used maximum likelihood (ML) and Bayesian inference (BI) approaches to gen-
erate phylogenetic hypotheses from each of the three resulting datasets. First, we used the maxi-
mum-likelihood method IQ-TREE v.1.6.7 (Nguyen et al. 2015) to estimate phylogenetic trees from
concatenated data. For these analyses, we employed models of molecular evolution identified via
MobeLFINDER (Kalyaanamoorthy et al. 2017) built into 1Q-Tree, which identified an optimal par-
titioning scheme and models of molecular evolution for each partition. We assessed support for
the resulting topology using 1000 ultrafast bootstrap replicates (Minh et al. 2013). Additionally,
we also used ExaBaves (Aberer et al. 2014) for BI analyses, which can analyse genome-scale data
while being computationally tractable. With ExaBAvEs, we analysed a fully partitioned dataset by
marker, where we used the GTR+GAMMA model (the only model available) for the nucleotide
sequences. Two coupled chains were run twice independently for 200,000 generations to verify
independent convergence. We checked for convergence by ensuring that ESS values were greater
than 100 for all parameters.

Concatenated gene jackknifing. We scripted a gene-jackknifing workflow to estimate concate-
nated trees utilizing full model selection and partitioning across data matrices, which were often
not computationally tractable on full datasets. In addition, this approach allowed us to verify that
the topology was consistent across the jackknife replicates. The jackknifing approach used ML
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with IQ-TRreE and followed the procedure: 1) Genes for the data matrix were randomly selected
without replacement, where genes were selected up until a threshold of 200,000 bp had been
reached so that each matrix was nearly the same size; 2) We partitioned by codon position for
exons and by marker for non-coding regions; 3) We used MopELFINDER to select the best model
for each partition; 4) we ran the analysis 1000 times to generate 1000 jackknife tree replicates;
and 5) the 1000 replicate trees were summarized by generating a maximum clade credibility tree,
which collapsed nodes into polytomies that were not supported by at least 50% of the jackknife
replicates. The script was coded in R and is available on GitHub (https://github.com/chutter/Frog-
Cap-Sequence-Capture).

Gene trees and species trees. Recent studies have suggested that concatenation analyses can be
statistically inconsistent in the presence of incomplete lineage sorting or anomaly zones that result
in species trees that are different from their gene trees (Degnan and Rosenberg 2009; Roch and
Steel 2015). To address this possibility, we used the software ASTRAL-III (Zhang et al. 2018),
which conducts a summary-coalescent species tree analysis that is statistically consistent under
the multi-species coalescent model. As input for ASTRAL-III, individual trees for each gene and
marker were needed, so we performed maximum likelihood (ML) concatenation analyses on each
alignment using 1Q-TrRee. We ran the analyses separately on the exon, intron, protein, and gene
datasets; and we also combined the exon and intron datasets together in a final analysis. To im-
prove accuracy, we collapsed branches that were below 10% bootstrap support (Zhang et al. 2018).
Finally, we used local branch support to assess topological support for the coalescent trees gen-
erated by ASTRAL-III because this method out-performs multi-locus bootstrapping (Sayyari and
Mirarab 2016).

Time-calibrated phylogeny estimation. We generated time calibrated phylogenetic trees from
the topologies generated via ASTRAL III using the MCMCTree program in the PAML package
(Yang 1997, 2007). For these analyses, we follow this program’s requirement by setting all branch
lengths in the input phylogeny to the same length. We then used PAML’s BASEML function to
generate branch lengths for the input topology via Maximum Likelihood as a single partition with
the GTR + Gamma model (dividing the alignment into multiple partitions would be computa-
tionally intractable). For the calibration ages, we calibrated the phylogeny using divergence dates
estimated from Feng et al. (2017) for shared nodes, which estimated a time-calibrated phylogeny
across all anurans using 8 fossil calibration points and 95 loci. We selected three calibration points
using the highest posterior density 95% confidence intervals (HPD 95% CI), which were: 1) The
crown age of Cophylinae (all genera except basal Madecassophryne which was not included in
Feng et al. 2017) of 27.6—44.1 Myr; 2) the crown age of Scaphiophryninae of 41.4-58.2 Myr; and
3) the age of Scaphiophryninae + Cophylinae at 50.2—66.1 Myr.

For MCMCTree analyses of the input phylogeny with branch lengths generated via BASEML,
we set priors as follows: (a) overall substitution rate: rgene gamma = (1, 16.7, 1), (b) rate drift
parameter: sigma2 gamma = (1, 4.5, 1); (c) alpha for gamma rates at sites = 0.5. We next applied
a T probability distribution between the age ranges above with soft bounds and 2.5 percent tail
probabilities. We set rate priors for internal nodes using the independent rates model. We ran MC-
MCTree for 100,000 generations, sampling every 100 generations, with a burn-in of 25 percent
and ran each analysis twice to assess convergence.

Morphological and ecological data collection

Morphometrics. External morphometric measurements were taken from specimens by the first
author using a digital calliper to the nearest 0.01 mm, rounded to 0.1 mm. The following measure-
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ments were taken: SVL, snout—vent length; HW, head width at widest point; HL, head length, from
the commissure of the law to the anterior-most point of the jaw diagonally; ED, eye diameter at
widest point; END, eye—nostril distance, from the anterior edge of the eye to the centre of the na-
ris; NND, nostril-nostril distance, from their centres; TDH, horizontal tympanum diameter; TDV,
vertical tympanum diameter; Hal, hand length, from the base of the manus to the tip of the longest
(third) finger; LAL, lower-arm length, from the base of the manus to the humero-radioulnar articu-
lation; UAL, upper arm length, posteriorly along the brachium from its insertion to the humero-ra-
dioulnar articulation; FARL, forearm length, given by the sum of HaL and LAL; FORL, forelimb
length, given by the sum of Hal, LAL, and UAL; THIL, thigh length, from the cloaca to the knee;
THIW, thigh width, at the widest point lateral to the abdomen; TIBL, tibia length, from the knee
to the tibiotarsal articulation; TIBW, tibia width at widest point; TARL, tarsus length, from tibio-
tarsal articulation to the tarsal-metatarsal articulation; FOL, foot length, from the tarsal-metatarsal
articulation to the end of the longest (fourth) toe; HIL, hindlimb length, given by the sum of THIL,
TIBL, TARL, and FOL; IMCL, inner metacarpal tubercle length; IMTL, inner metatarsal tubercle
length. A complete database of measured specimens is provided as Supplementary Table 4. Size
dimorphism was calculated by the largest known male body size divided by the largest known
female body size of each species, where available.

We followed the terminological scheme of chapter 9 to refer to miniaturised lineages, expand-
ed also to include larger body size ranges: ‘extremely miniaturised’ < 12 mm < ‘highly miniatur-
ised’ < 16 mm < ‘miniaturised’ < 20 mm < ‘small’ < 24 mm < ‘medium’ < 36 mm < ‘large’. These
cut-offs were used in reconstructing the number of miniaturisation events within the subfamily
(see below).

Ecology. Ecological data on species was coded based on our own observations and data avail-
able in the literature, primarily Glaw and Vences (2007) and subsequent publications. Species were
coded as being terrestrial, arboreal, scansorial, fossorial, or rupicolous.

Comparative evolutionary analysis.

Comparative evolutionary analysis was conducted in R 3.5.2 (R Core Team 2014), mostly in the
RStudio 1.1.423 environment (RStudio Team 2016).

Biogeographic reconstruction. Biogeography was reconstructed using BioGeoBEARS (Bio-
Geography with Bayesian (and Likelihood) Evolutionary Analysis in R Scripts; Matzke 2014).
Our approach followed that recently employed for Madagascan frogs of the genus Boophis (Hutter
et al. 2018). Distribution of tips was coded based on published and unpublished data into the ten
ecoregions Boumans et al. (2007), which are based on Wilmé et al. (2006): Sambirano, North,
North East, North Central-East, South Central-East, South East, South, West, Central, and North
West. We tested the LaGrange DEC (Dispersal-Extinction-Cladogenesis), DIVALIKE (Disper-
sal-Vicariance Analysis), and BayArea-like models. Founder events (models +J) were not run, due
to concerns that these violate the time-dependent nature of biogeographic reconstructions (Ree
and Sanmartin 2018), and because Madagascar, as a continent-like setting, is a priori considered
unlikely to have founder-event speciation. Maximum ancestral range was set as five areas (the
maximum in our extant taxon set). Models were compared based on Akaike Information Criterion
(AIC) weights.

Phylogenetic Principal Component Analysis. Phylogenetic Principal Component Analysis
(pPCA) was conducted on morphometric data using the pHyL.pcAa() function in the pHYTOOLS 0.6-
60 package in R (Revell 2012). We performed phylogenetic regression of data against body size
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(Revell 2009) using the pHYL.RESID() function in pHYTOOLS, and performed pPCA on the covari-
ance matrix of SVL and measurement residuals, under Pagel’s A model. By doing so, pPCA axes
are rendered both evolutionarily orthogonal and phylogenetically uncorrelated (Revell 2009), and
capture shape variation, so downstream analyses were conducted on principal components (PCs).

Ancestral state reconstruction. Ancestral state reconstruction was conducted using PHYTOOLS.
Continuous characters were mapped using the conTMap() function, which uses ML estimation of
states at nodes with the rFasTANC() function by re-rotting the tree at all internal nodes and comput-
ing the contrasts state of the root under each configuration (Revell 2012), and interpolates states
along edges following Felsenstein (1985). Ecological evolution was mapped using the ML-based
Aci() function in the package ape (Paradis et al. 2004), which uses a joint estimation procedure
from tip and branch data descending from each node to estimate the state at the node. We imple-
mented a model with equal rates.

Testing ecological correlation of traits. We tested for differences in continuous variables and
PCs between species ecologies using phylogenetic ANOVA with the function PHYLANOVA() in
pHYTOOLS (Revell 2012). Ecological niches were supplied as the grouping factors. P-values were
based on 1000 simulations (Garland et al. 1993). Post-hoc tests were conducted with Holm-adjust-
ed P-values (Holm 1979). We also performed these tests for miniaturised versus non-miniaturised
species, using a threshold of 20 mm as the boundary between these classes.

Phylogenetic signal. We tested the phylogenetic signal of ecological and morphological evolu-
tion of characters using the function PHYLOSIG() in PHYTOOLS. This function evaluates the strength of
phylogenetic signal according to Pagel’s A (Pagel 1999) and Blomberg’s K (Blomberg et al. 2003).
Phylogenetic signal analysis was not conducted on PCs, as pPCA results in phylogenetically un-
correlated axes.

Results

Molecular phylogeny of the Cophylinae

Transcriptomes were produced from ten ingroup taxa (all nominal genera except Anilany) and
two outgroups (Dyscophus guineti and Scaphiophryne calcarata). The sequence-capture (SC)
dataset consisted of 31 ingroup taxa and five species of the subfamilies Scaphiophryninae and
Dyscophinae as hierarchical outgroups. Due to the minimal overlap in the alignments between
the transcriptomic and SC datasets, we consider them to constitute pseudo-independent tests of
phylogenetic relationships. These two genomic approaches produced a congruent backbone for the
phylogeny of genera within Cophylinae (Fig. 1; full trees are provided as Supplementary Trees):
A basal split between all taxa and Madecassophryne, followed by a major divide between the
Rhombophryne-clade (Rhombophryne, Stumpffia, and Anilany) and the Cophyla-clade (Cophyla,
Platypelis, Plethodontohyla, Mini, and Anodonthyla) were found in all phylogenies and configu-
rations. Within the Cophyla-clade, Anodonthyla was always the most basally diverging genus, and
Plethodontohyla+Mini were always recovered as sister to the Cophyla+Platypelis clade.

The transcriptome dataset lacked Anilany and was therefore inadequate for testing the hypoth-
esis of reciprocal monophyly of Stumpffia and Rhombophryne. SC datasets recovered reciprocal-
ly monophyletic Rhombophryne and Stumpffia, with Anilany always placed sister to Stumpffia.
Rhombophryne proportionalis fell sister to other Rhombophryne in the SC dataset, but sampling
of that genus was not adequate to test whether or not the species falls within it or sister to it. This
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Cophyla (Paracophyla) sp.
Cophyla (Paracophyla) tuberifera
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Scaphiophryne calcarata
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Fig. 1. Multiple Species Coalescent Model phylogenomic trees reconstructed from codons within
Sequence Capture and Transcriptome datasets in ASTRAL-III

Numbers at nodes represent quartet support (a metric of the degree of gene tree conflict around the
branch; Sayyari and Mirarab 2016).

genomic support for the monophyly and distinctness of these genera provides unequivocal support
for the continued recognition of all three genera as taxonomically valid, supported also on mor-
phological grounds (see below).

In transcriptomic trees, Platypelis was found to be paraphyletic, with P. barbouri sister to a
clade consisting of P. grandis and Cophyla (Fig. 1). In SC trees, Platypelis grandis was recovered
as paraphyletic in trees constructed under the Multiple Species Coalescent Model (reconstructed
in ASTRAL-III), with one lineage basally diverging from the whole clade and another sister to
Cophyla (Fig. 1). Most phylogenies lacked this second P. grandis, and placed P. grandis sister to
Cophyla+Platypelis (Supplementary Trees). Below, we discuss the ramifications of these findings
and propose taxonomic changes to accommodate them.

Our species-level phylogeny contains 204 tips. Our dated phylogeny (conducted with MCMC-
Tree) suggests that Cophylinae and Scaphiophryninae diverged in the late Palaeocene, 54.71—
75.53 Ma b.p. (Fig. 2). Madecassophryne diverged in the early Eocene, 50.21-66.18 Ma b.p.
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Fig. 2. Dated phylogeny and ancestral size reconstruction of log, (SVL ) of the Cophylinae.
Inset frog photos are scaled to be equal in size.
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Stumpffia betampona FAZC13833
Stumpffia sp. Ca58 MRSNA5835
Stumpffia spandei ZCMV8802
Stumpffia dolchi ZCMV2143
Stumpffia makira ZCMV11257
Stumpffia miovaova FGZC3650
Stumpffia sp. Ca59 FAZC1552
Stumpffia sp. Ca59 CRH287
Stumpffia diutissima FGZC2751
Stumpffia edmondsi FGZC2677
Stumpffia sp. Ca42 FG/MV2002-2505
Stumpffia garraffoi ZCMV8687
Stumpffia nigrorubra AMCC138177
Stumpffia tetradactyla ZCMV3395
Stumpffia sp. Ca60 FAZC14391
I:L_Stumpfﬁa sp. Ca61 MRSNA3045
Stumpffia jeannoeli FAZC13622
Stumpffia achillei FGZC2729
Stumpffia analanjirofo ZCMV890
Stumpffia kibomena ZCMV3319
Stumpffia fusca FGZC4207
Stumpffia sp. Ca11 MRSNA2583
Stumpffia grandis FGZC2820
L— Stumpffia pardus FAZC7021
L—  Stumpffia roseifemoralis FGZC2858
'I: Stumpffia meikeae ZCMV12372
Stumpffia sp. Ca62 MSZC199
_E Stumpffia davidattenboroughi ACP2004
Stumpffia obscoena FGZC2666
Stumpffia mamitika FGZC2725
Stumpffia sp. Ca63 MSTIS00796
Stumpffia maledicta FGZC1243
Stumpffia huwei ZCMV13514
Stumpffia sp. Ca64 MSZC0744
Stumpffia angeluci FGZC434 16S3-12S FGZC1901
Stumpffia gimmeli FG MV2001-G6
Stumpffia iharana AMNHA167359
Stumpffia larincki FGZC1620
Stumpffia cf. sorata (Ca07) ZCMV15187
Stumpffia cf. sorata (Ca07) FGZC2826
Stumpffia cf. sorata (Ca07) RAX10283
Stumpffia sorata FGZC3621
Stumpffia psologlossa FG/MV2000-G54
Stumpffia be FGZC1643
Stumpffia hara FGZC1813
Stumpffia megsoni FGZC1951
Stumpffia cf. megsoni MSZC0768
Stumpffia sp. Ca65 MSZC0728
Stumpffia staffordi FGZC1674
Stumpffia sp. Ca30 DRV6487
Stumpffia sp. Ca66 Saha0028
Stumpffia pygmaea MV2001-F21
Stumpffia madagascariensis FGZC1034
Stumpffia sp. Ca25 FGZC1103
Stumpffia analamaina ZCMV12159

[
'L_ i
Stumpffia yanniki ZCMV12601
- Stumpffia sp. Ca29 MRSNA2653
— Stumpffia miery ZCMV5868
Stumpffia tridactyla ZCMV15282
_@mpfﬂa tridactyla FGZC2844
Stumpffia contumelia FGZC4252
Anilany helenae FGZC2101
Anilany sp. Ca14 FGZC713

Rhombophryne diadema FGZC3631
Rhombophryne tany ZCMV 12359
Rhombophryne guentherpetersi DRV6220
Rhombophryne ormata ZCMV12384
Rhombophryne vaventy AMNHA167315
Rhombophryne vaventy FGZC2842
Rhombophryne regalis FN7292
Rhombophryne coronata MV2001-199
Rhombophryne sp. Ca13 CRH457
Rhombophryne longicrus FGZC3653
Rhombophryne minuta FGZC2899

Rhombophryne sp. Ca07 FAZC11129
Rhombophryne sp. Ca14 MSZC0534
Rhombophryne sp. Ca15 DLR620
Rhombophryne sp. Ca10 FAZC10312
Rhombophryne matavy FGZC1888

Rhombophryne testudo FGMV2000-277
Rhombophryne mangabensis ZCMV886
Rhombophryne savaka ZCMV2065
Rhombophryne sp. Ca16 RAX10368

— Rhombophryne laevipes FGZC423
- Rhombophryne botabota RXIV FGZC2896
'I_ Rhombophryne sp. Ca01 RJS!

R

hombophryne sp. Ca01 ZCMV9I
Rhombophryne nilevina KU340893
Rhombophryne nilevina MRSNA4598
Rhombophryne sp. Ca03 FAZC11002

_‘—_Rhombophryne coudreaui FAZC13653

Rhombophryne sp. Ca09 RIl FN7705
Rhombophryne proportionalis ZCMV12404
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with the major clades mentioned above
diverging in the Eocene 45.07-54.19
Ma b.p. By ca. 40 Ma b.p., all currently
recognised genera had diverged.

We reconstructed a taxon-dense 3’
16S rRNA tree in order to identify un-
described species-level lineages within
the Cophylinae that do not yet bear can-
didate numbers, in order to update our
estimate of the taxonomic gap present
in this subfamily (Fig. 3). It contained
176 ingroup tips, constituting 141 lin-
eages differing by at least 3% uncor-
rected p-distance from all other tips.
Five pairs of nominal taxa were found
to differ by less than 3% in this frag-
ment, but all differed by at least 2%
except Anodonthyla nigrigularis and
A. moramora (1.5%), which howev-
er differ by 3.7% in the 5’ fragment of
the 16S rRNA gene. Of the recognised
lineages, 32 are newly identified in this
study or have been found in previous
studies but not assigned candidate spe-
cies status. Following thresholds estab-
lished previously (Vieites et al. 2009),
we consider these to constitute new
candidate species and assign them new
candidate numbers in Supplementary
Table 5. In several cases, species com-
plexes exist where the nominal species
cannot be distinguished among the pos-
sible lineages, namely Platypelis gran-
dis (four potential lineages), Pletho-
dontohyla ocellata (two), P. notosticta
(two), P. tetra (five), and Anodonthyla
boulengeri (five). In these instances, we
have tentatively assigned the name to

<— Fig. 3. Maximum likelihood recon-
struction of the 3’ 16S rRNA mitochon-
drial gene fragment for the Cophylinae.

Red tips are candidate species, red
shaded lineages together represent a
singly candidate species. Bolded names
are those established for the first time in
this study. Continued below. Outgroups
(Scaphiophryninae and Dyscophinae)
omitted for graphical purposes.
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Cophyla puellarum ZCMV13521
Platypelis sp. Ca20 FGZC180
Platypelis sp. Ca21 ACZCV0260
Platypelis cf. grandis FGZC383
Platypelis cf. grandis FG/MV2002-0198
Platypelis sp. Ca19 MSZC0062
Plethodontohyla sp. Ca01 ZCMV595
Plethodontohyla sp. Ca01 ZCMV555.
Plethodontohyla laevis PBZT-RJS1830
Plethodontohyla alluaudi FGZC161
Plethodontohyla tuberata FG/MV2000-411

Plethodontohyla sp. Ca04 RJS0575
Plethodontohyla sp. Ca04 FN7849
Plethodontohyla bipunctata FAZC15250
Plethodontohyla cf. ocellata BT0447
Plethodontohyla mihanika RAX8174
Plethodontohyla guentheri CRH2017
Plethodontohyla guentheri FGZC2814
Plethodontohyla notosticta North ACZCV0207
Plethodontohyla sp. Ca05 ZCMV471
Plethodontohyla fonetana FGZC917
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Anodonthyla pollicaris ZCMV2207
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Anodonthyla eximia ZCMV204
Anodonthyla jeanbai FGZC2405
Anodonthyla sp. Ca08 ZCMV13
Anodonthyla sp. Ca09 CRH483
Anodonthyla montana FGMV2001-530
Anodonthyla rouxae FGZC2422
Anodonthyla vallani FGZC2103
Anodonthyla emilei ZCMV214
Anodonthyla cf. boulengeri ZSM264-2002
Anodonthyla sp. Ca10 BT0024
Anodonthyla sp. Ca11 ZCMV8913
Madecassophryne truebae ZCMV 14819

Plethodontohyla sp. Ca04 ZCMV88 l
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Plethodontohyla brevipes FGMV2002-193

either (a) the lineage known to
occur closest to the type local-
ity, or (b) the most widespread
lineage. These cases will need
to be studied in more detail to
establish the correct assign-
ment of names.

Taxonomic reconciliation of
Platypelis and Cophyla

The paraphyly of Platypelis
must be taxonomically recon-
ciled. There are two alternative
solutions: (1) synonymising the
clade within the genus Cophy-
la as proposed by Peloso et al.
(2016, 2017), or (2) dividing
the clade into three separate
genera. There are advantages
to either option: with the for-
mer, the diagnosability of the
clade becomes indisputable,
and its long-term stability is
assured. With the latter, more
subtle distinctions are possible
among genera, and the diver-
gent morphology of P. grandis
no longer need be reconciled
within the diversity of Platype-
lis, enhancing diagnosability of
both genera. We opt for a com-
promise: we herewith formally
sink these taxa into Cophyla,
but we erect three subgenera:
Cophyla Boettger, 1880 (con-
tents unchanged), Platypelis
Boulenger, 1882 (restricted to
P. grandis and P. cowanii [type
species], which are morpholog-
ically undoubtedly closely re-
lated), and we resurrect Para-
cophyla Millot & Guibé, 1951
(type species P. tuberculata, a
synonym of P. barbouri) for
the third subgenus, containing
all other Platypelis species. For
distinction among these subge-
nera, see the discussion.
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Fig. 4. Biogeographic reconstruction of the subfamily Cophylinae under the DIVALIKE model of
BioGeoBEARS.

Squares at nodes indicate most likely distributions, and colours correspond regions on the map. Out-
groups (Scaphiophryninae and Dyscophinae) omitted for graphical purposes.

Biogeography

BioGeoBEARS recovered DIVALIKE as the optimal model (Table 2, Fig. 4). This model plac-
es the origin of the subfamily in the North East of Madagascar, and the major division between the
Cophyla- and Rhombophryne-clades being one between the South Central East and North East,
respectively. The largely terrestrial genera of the latter clade apparently originated in the north of

Table 2. BioGeoBEARS model values.

Model Log likelihood Parameters Dispersal Extinction  AIC

DIVALIKE -749.89382 2 0.01 0.01 1503.8
DEC -772.47225 2 0.01 0.01 1548.9
BAYAREALIKE -865.98532 2 0.01 0.01 1736.0
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the island, whereas the largely arboreal species originated in the Central East. Both clades subse-
quently exchanged lineages, starting with a move northward in Cophyla around 40 Ma, and several
clades of Rhombophryne and Stumpffia moving southwards around 30 Ma.

Body size evolution

Body size evolution within Cophylinae was found to have strong phylogenetic signal (Pagel’s A
1.039541, P =3.808702 x 10-*; Blomberg’s K =2.082735, P =0.001). Ancestral size reconstruc-
tion estimated the ancestral body size of all cophylines at 29.4 mm (95% CI: 22.0-39.1 mm; Fig.
2, Supplementary Table 6). The first major divide within the subfamily, that between the Cophy-
la-clade and the Rhombophryne-clade, came with a slight decrease in body size of the latter (23.7
mm, 95% CI: 20.0-28.1 mm) compared to the former (27.0 mm, 95% CI: 22.4-32.5 mm). Three
genera, namely Stumplffia, Anilany, and Mini have an estimated ancestral body size under 20 mm
(Stumpffia 18.4 mm [95% CI: 15.4-22.1 mm)], Anilany 17.4 mm [13.1-23.2 mm], Mini 18.3 mm
[13.6-24.4 mm]). Body size over 30 mm was reconstructed at the base of Platypelis s. s. (33.6 mm,
95% CI: 26.5-42.7 mm) and Plethodontohyla (33.2 mm, 95% CI: 27.0-40.8 mm).

Nine species-level lineages consist of species under 12 mm, but only two pairs (Stumpffia tri-
dactyla and S. contumelia, and Mini scule and M. mum) stem from an ancestor reconstructed as
probably being also extremely miniaturised—all other lineages have apparently achieved these
sizes independently, meaning seven lineages have independently converged on extremely minia-
turised body sizes. Additionally, Rhombophryne proportionalis, though not an extremely miniatur-
ised species, has apparently reached a highly miniaturised state from a medium to large ancestor,
making it remarkable within the subfamily.

Stumpffia appears to have originated from a highly miniaturised ancestor, and within Stumpffia
two moderately diverse lineages (S. be species group and S. grandis species group) have apparent-
ly transitioned back to larger body sizes from miniaturised states, and S. meikeae and S. nigrorubra
also apparently have returned to larger body sizes from clades with highly miniaturised ancestors.

Ecomorphological evolution

Ancestral state reconstruction of arboreality vs. non-arboreal habits found the ancestral state of
cophylines to be non-arboreal, with a likelihood of 0.999 (Fig. 5). Transition rate between arboreal
and terrestrial and back under an equal rates model was 0.2475 (SE = 0.0538). The divergence of
the two major clades (Rhombophryne-clade and Cophyla-clade) was not initially linked with an
ecological transition, but rather the major transitions to arboreality are reconstructed as having
occurred twice in the Cophyla-clade, i.e. once within Anodonthyla subsequent to the divergence
of A. montana, and once at the base of Cophyla s. 1. The scansorial species of Plethodontohyla do
not form a monophyletic group and are reconstructed instead as three independent transitions to
arboreality. Within Cophyla s. 1. and Anodonthyla, one lineage each has transitioned to terrestri-
ality. In the former, this is a montane species, C. (P.) olgae, which has apparently become rupico-
lous or terrestrial, whereas in Anodontohyla, the hyper-miniaturised 4. eximia has transitioned to
becoming terrestrial. For a more extensive ecomorphological reconstruction using finer ecological
classes, see Supplementary Figure 1.

Body sizes do not differ between arboreal and non-arboreal species (phyloANOVA, F =
4.792862, P = 0.435), but finger and toe widths do (third finger tip width, phyloANOVA, F =
31.047117, P = 0.001; fourth toe tip width, phyloANOVA, F = 56.367296, P = 0.001).

In a pPCA of the morphometric data on cophylines (Fig. 6; corrected for body size, see methods
above), the first principal component (PC1) is strongly weighted by hindlimb length (thigh, tibia,
and foot length, all negative), PC2 is strongly negatively weighted by head and thigh width and
positively weighted by upper and lower arm length, PC3 is strongly weighted by foot length (neg-
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Fig. 6. Phylogenetic Principal Component Analysis plots of cophyline morphometric data.

ative) and its inverse relationship with thigh length and head width (positive), and PC4 is strongly
negatively weighted by hand length and head width. Together, these four PCs account for 82% of
the variation in the data, and ten components are required to account for 95%.

In phylogenetic ANOVA on the first ten PCs, only three were found to differ significantly among
arboreal and non-arboreal species: PC2 (F = 75.333178, P = 0.002), PC8 (weighted strongly only
by foot length; F = 23.440843, P = 0.031), and PC9 (weighted strongly positively by tarsus length
and negatively by upper arm length and thigh width; F = 26,604865, P = 0.019). In pairwise tests
based on more refined ecological classifications, significant differences were found in PC1 be-
tween fossorial and terrestrial species (t = 3.753434, P = 0.04), suggesting that fossoriality invokes
major morphological changes related to head and thigh width (typified by the Rhombophryne te-
studo species group, which have exceptionally short limbs and broad heads). PC2 was significant-
ly different among finer ecology classifications (F = 27.696988, P = 0.001). Of the non-arboreal
species, only rupicolous species do not differ from arboreal species in PC2 (rupicolous vs arboreal,
t=13.032399, P =0.352; rupicolous vs scansorial, t = 2.067363, P = 0.477), indicating that rupico-
lous species strongly resemble arboreal species in head and thigh widths, and in forelimb lengths,
consistent with their clambering behaviour, lending credence to our combining these factors in our
ancestral state reconstruction, above. Finger and toe tip measurements had only weak weights in
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all of these first ten components.

Of the first ten PCs, only PC5 was found to be significantly associated with miniaturisation
(phyloANOVA, F = 14.650061, P = 0.039), and miniature and non-miniaturised species differed
strongly in variance (F-test, F; . = 0.1115, P=4.447 x 10-%). PCS was loaded most strongly pos-
itively by thigh length and width, and negatively by tibia length.

Discussion

We have here provided the most robust phylogenetic analysis of the subfamily Cophylinae to
date. Our genomic analyses, composed of both sequence capture (SC) and transcriptomic data,
have resolved most of the phylogenetic relationships within the subfamily, including confident-
ly showing that (1) Madecassophryne is the basal-most member of the subfamily, and is highly
isolated from all other taxa, (2) Anilany is consistently recovered as sister to Stumpffia (present
in SC datasets only), and these are sister to Rhombophryne, forming one of the two major clades
within the subfamily, (3) a second major clade is composed of Anodonthyla, Plethodontohyla and
Mini, and Cophyla s. 1., in which Anodonthyla diverged first, followed by the divergence between
Cophyla s. 1. and Plethodontohyla and Mini, and (4) Platypelis as formerly defined is taxonomi-
cally unstable and occasionally recovered as paraphyletic. The overall topology corroborates that
recovered in the most recent study on microhylids as a whole (Tu et al. 2018).

Although the resolution is dramatically improved in comparison to previous work, containing
several orders of magnitude more sequence data, some nodes within the subfamily remain unre-
solved. In particular the nodes within the redefined genus Cophyla are unstable. It is not clear to
which subgenus Platypelis is most closely related; it was reconstructed as basally divergent, and
sister to subgenus Cophyla in various different analyses. A broader taxon sampling within these
clades will be needed to establish whether this is an artefact of our sampling, or whether other pat-
terns such as incomplete lineage sorting may be responsible for the lack of resolution.

In order to reconcile the non-monophyly of Platypelis as previously defined, we have subsumed
it as a subgenus within Cophyla, restricted it to Platypelis grandis and P. cowanii, and resurrected
the former genus-level name Paracophyla for the other taxa formerly assigned to Platypelis. This
action is in accordance with the proposed criteria for economy of changes to Linnaean classifica-
tion schemes (Vences et al. 2013), specifically:

(1) the Monophyly Criterion: the newly defined genus is unquestionably monophyletic, where-
as Platypelis as previously defined was found to be paraphyletic. The proposed subgenera are also
monophyletic according to our current knowledge.

(2) the Clade Stability Criterion: under our revised taxonomy, the genus Cophyla is unques-
tionably stable and monophyletic. We have opted to erect subgenera instead of recognising the
individual clades as genera in order to ensure that that Clade Stability of the genus is upheld.
Our analyses showed that the relationships among Platypelis s. s. and the other subgenera are not
wholly stable, and therefore treating these as separate genera would be a less stable solution than
subsuming them within a single genus, while also erecting subgenera for the three diagnosable
clades within the genus.

(3) the Phenotypic Diagnosability Criterion: the genus Cophyla as redefined here is much easier
to diagnose than previously; it contains most of the arboreal members of the Cophylinae, and can
be distinguished from Anodonthyla (mostly arboreal) by the presence of teeth in most individuals
and absence of flared humeral crests and cuneate prepollex in males (the prepollex can be long,
but when it is, it is also very broad and not pointed, as in Anodonthyla), and from arboreal Pletho-
dontohyla by the different body shape and the absence of a distinct colour border between the
dorsum and the venter. The individual subgenera are also more easily diagnosable than the previ-
ous two-genus taxonomy, because Platypelis and Paracophyla are now restricted, and differences
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between them can be highlighted. The circumscription of the three subgenera is straightforward:
Platypelis s. s. are comparatively large-bodied frogs (SVL 30-106 mm) with broad heads (HW/
HL 1.35-1.89), generally rough skin, strongly expanded terminal discs, clavicles present, and
paired post-choanal vomers; Paracophyla are small to moderate-sized frogs (SVL 16.1-39.3 mm)
with moderately broad heads (HW/HL 0.96-1.54), smooth to rough skin, moderately to strongly
expanded terminal discs, clavicles present, and paired or reduced post-choanal vomers; and Co-
phyla s. s. are moderate-sized frogs (SVL 17.5-33.6 mm) with moderately broad heads (HW/HL
1.03—1.42), generally smooth skin, moderately expanded terminal discs, lacking clavicles except
in one species, and all possessing a single, medial post-choanal vomer.

Peloso et al. (2016) previously proposed also that Platypelis and Cophyla be subsumed into a
single genus. Scherz et al. (2016) argued that this decision was premature for three reasons: (1)
most of their samples concerning Platypelis and Cophyla were misidentified (two of their three
‘Cophyla’ samples were Platypelis [now Paracophyla] species); (2) previous studies looking spe-
cifically at these two genera had recovered them as reciprocally monophyletic and osteologically
diagnosable (Rakotoarison et al. 2012, 2015); and (3) in our re-analysis with correctly identified
specimens and considerably more data pertaining to this clade, we too recovered the genera to be
reciprocally monophyletic, albeit with modest support (Scherz et al. 2016). In that study, we rec-
ommended that the taxonomic changes proposed by Peloso et al. (2016) be rejected pending more
information. Here we have provided that additional information and found that the clade does
indeed merit recognition as a single genus.

Revising the number of candidate species in Cophylinae

The formal numbering of candidate species of Vieites et al. (2009) recognised 57 candidate
species within the Cophylinae. 38 of those original candidates have since been taxonomically
addressed, with five being assigned to existing names (Rakotoarison et al. 2017a, in press; Bellati
et al. 2018), and the rest becoming new species. New candidate numbers within this scheme have
also been assigned (Klages et al. 2013; Perl et al. 2014; Rakotoarison et al. 2015, 2017a; Scherz
et al. 2016). However, in several cases candidate numbers within Stumpffia have been given to
two separate clades. Several publications following Klages et al. (2013) made use of candidate
numbers submitted to GenBank by those authors that were not published in the text—published
were numbers up to and including Stumpffia sp. 31, but numbers spp. 32—43 were submitted to
GenBank. More confusingly still, this has not been done in a consistent manner. For example,
the candidate numbers S. spp. Ca35, Ca37, and Ca4l1 used in Scherz et al. (2016) refer to those
numbers from the GenBank series of Klages et al. (2013), but Ca32 in Scherz et al. (2016) refers
to the Ca32 of Perl et al. (2014), not that of Klages et al. (2013). Similarly, Ca53 was deposited in
GenBank by Rakotoarison et al. (2017a) but never mentioned in the text, and was published for the
first time in a phylogeny by Tu et al. (2018) (it is not a Stumpffia but a species of Mini, see chapter
9). In addition to these numbered candidate species, several have been identified without assigning
new numbers (Scherz et al. 2016; Penny et al. 2017; Bellati et al. 2018), and a number of taxa in
Peloso et al. (2016) were identified as distinct candidate species by Scherz et al. (2016).

The production of our specimen-level supermatrix allowed us to reconcile the various informal
names applied to significant lineages within the Cophylinae. In Fig. 3 and Supplementary Table 5,
we have provided new candidate numbers for all hitherto unnumbered candidate lineages follow-
ing the justifications and thresholds of Vieites et al. (2009). This results in a total of 52 candidate
species. The genus breakdown of these candidates is as follows: Anodonthyla (5), Mini (0), Made-
cassophryne (0), Rhombophryne (9), Plethodontohyla (3), Cophyla (Paracophyla: 14, Cophyla:
3, Platypelis: 3), Stumpffia (14), and Anilany (1). In summary, despite ten years of taxonomic
progress, including the description or resurrection of 54 species, the number of candidate species
has decreased by just five. Species discovery is almost keeping pace with our rate of description.
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We note also that additional candidate numbers will eventually need to be given for lineages that
are present in other genes in our supermatrix but not the analysed segment of the 16S rRNA gene.

Biogeography

It has long been clear that the Cophylinae have their centre of diversity and endemism in north-
ern Madagascar (Wollenberg et al. 2008; Brown et al. 2014, 2016). Our analysis also found the
North East of the island also to be the centre of origin of the subfamily. This is surprising for two
reasons: (1) one of the major clades originated in the South East or South Central East, and (2)
the most basally divergent lineage, Madecassophryne, is restricted to the South East of the island
(Rakotoarison et al. 2017b). This suggests that Madecassophryne and the Cophyla-clade may have
independently expanded from the North East southwards, along with several additional south-
ward expansions of individual taxa or small clades.

The divergence between the Rhombophryne-clade (Rhombophryne, Stumpffia, and Anilany) and
the Cophyla-clade (Cophyla, Platypelis, Plethodontohyla, Mini, and Anodonthyla) was associated
with a major geographic shift in the early Eocene, with the former clade originating in the North
East, while the latter clade originated in the South Central-East. Within the Rhombophryne-clade,
most species remained in the north, with transitions between the North East, North, and Sambirano
regions, with a few taxa moving south into the North Central-East repeatedly. The origin of An-
ilany is associated with a movement into Central and West Madagascar, away from Stumpffia and
Rhombophryne. Within the Cophyla-clade, Anodonthyla originated in the South Central East and
spread southwards. Cophyla and Platypelis moved northwards, with radiations occurring in the
North Central-East, and the origin of Cophyla in particular associated with a diversification in the
North. Plethodontohyla radiated northwards from the South Central-East, while their sister clade
moved south to the South East.

In the mid-to-late Eocene, between 35 and 40 Ma, two clades, namely Paracophyla + Cophyla
s.s. and a major clade within Stumpffia moved into the Sambirano region and thence into the North.
In the former clade, this transition was preceded by a spread north through the North Central East.
The timing of these movements coincide with warming and increasing moisture across the whole
of the island, and in the Sambirano region in particular (see Ali and Huber 2010).

Andreone et al. (2005) suggested that if microhylids were present in Madagascar during the
Mesozoic, they would likely have been adapted to seasonal, drier climes initially, and later col-
onised forests as they spread across Madagascar. Our reconstruction places the diversification of
these frogs post-Mesozoic, but is still consistent with their diversification being associated with the
humidification of the island during the Eocene. The initial spread of the frogs may have been tied
with the expansion of rainforests along the east of the island, but this remains speculative.

Ecomorphological evolution

The evolution of ecomorphology within the Cophylinae has been dynamic, involving repeated
transitions between states. This fact was highlighted already in the first genetic study to look at
the subfamily in detail (Andreone et al. 2005). In that study, it was stated that it was ‘difficult to
make statements about their ancestral life style, i.e., whether they were terrestrial or arboreal.’ This
we have now clarified: Cophylinae were ancestrally terrestrial and evolved to become arboreal or
scansorial around nine times independently. Andreone et al. (2005) suggested that Anodonthyla
montana represented a transition to terrestriality from an arboreal ancestor. Interestingly, our an-
cestral state reconstruction suggests rather than the genus was ancestrally terrestrial and became
arboreal only after the divergence of A. montana, with one transition to terrestriality occurring
in the highly miniaturised 4. eximia. However, it should be noted that the ancestral state of Ano-
donthyla is recovered with a partial likelihood of being arboreal, and 4. montana, as a high-ele-
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vation species, is consistent with the overall pattern of high-elevation endemics becoming more
terrestrial. The only other transition from arboreality to terrestriality present in our reconstruction,
namely Cophyla (Paracophyla) olgae, is also consistent with this pattern. We thus think it likely
that the ecology of 4. montana is secondarily terrestrial, and that elevation has indeed played a role
in evolution of terrestriality in these frogs.

In our pPCA of morphometric relationships, the two axes explaining most variation (PCs 1 and
2) were related to fossoriality and arboreality. Morphologically, rupicolous cophyline species are
highly similar to arboreal species, suggesting similar adaptive pressures between these two ecol-
ogies. This is consistent also with Australian microhylids living in boulder fields, with similarly
enlarged fingers and scuttling locomotion (e.g. Hoskin 2013). Despite a significant association be-
tween arboreal habits and relatively broader finger and toe discs, these were not weighted strongly
in PCs; the dominant axes of variation were related to proportions of the limbs and head.

Miniaturisation is perhaps the most remarkable evolutionary feature of the Cophylinae, as our
phylogeny shows that they have repeatedly independently converged on body sizes under 12 mm,
among the smallest frog species in the world (Supplementary Table 1). By correcting for body
size in our pPCA, we were able to establish syndromes of miniaturisation beyond isometric scal-
ing factors. PC5 was significantly correlated with miniaturisation; no other significant component
correlations were found. This indicates that miniaturised species typically have relatively broad-
er, longer thighs and relatively shorter tibias than non-miniaturised species. Variance in PC5 de-
creased dramatically with decreasing body size, suggesting that there may be constraints on this
suite of characters in smaller frogs that do not act on larger species. Reduced body size is also
associated with terrestrialisation (Supplementary Figure 2).

Osteology of the Cophylinae will be an important avenue for future exploration of ecomorpho-
logical evolution in these frogs. All nine instances of the evolution of arboreality reconstructed
here are tied with the expansion of terminal phalanges into T- or Y-shaped elements. In chapter 9
we showed that miniaturisation is associated with contingent, and not deterministic, osteological
changes. In future, it will be interesting to establish the connection between ecology and osteology
to features more likely to be driven by homoplasy through convergence than phylogeny.

Within the Microhylidae, only the subfamily Asterophryinae has more species than Cophylinae,
and the two have approximately the same level of ecological diversity (Zweifel 1972; Burton
1986; AmphibiaWeb 2019). Numerous parallels exist between these two subfamilies. Both, for ex-
ample, have high levels of variation in the state of the pectoral girdle, the shape and proportions of
the skull, especially with respect to the palate, and terminal phalanges of the digits (Burton 1986).
Comparison of the innumerable niche transitions within these two radiations will shed light on the
way in which microhylids evolve morphological syndromes.
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Section 4: Consolidating taxonomic datasets for macroevolutionary studies

In this section, I present a single chapter pertaining to the evolution of chameleons. This study is
based on harvesting data from taxonomic descriptions and field guides and using these data to shed
light on the evolution of ornamentation in chameleons.

Chapter 11. MANUSCRIPT (in prep.): Genital and external ornaments are evolutionarily
uncoupled in chameleons

In this chapter, I present an analysis of the evolution of sexual ornamentation of chameleons.
Chameleons are among the most physically ornamented of all vertebrates, and thus an excellent
group of organisms for the study of sexual communication. For this chapter, we constructed a
morphological dataset by harvesting information largely from existing taxonomic literature and
photographs in field guides. We analysed these data on a dated species-level phylogeny with a
phylotranscriptomic backbone using phylogenetic comparative methods. We compared the impor-
tance of body size, ecology, and sexual selection on ornamentation evolution. The results show
that genital and external ornamentation are evolutionarily uncoupled yet are both under sexual
selection. This study demonstrates the extent of macroevolutionary questions that can be answered
using a taxonomy-based data collection strategy.

Scherz, M.D., Rancilhac, L., Garcia-Porta, J., Bruy, T., Irisarri, 1., Kiinzel, S., Stiitzer, D., Glaw,
F., Protzel, D., Tolley, K.A., Meyer, A., Bohme, W., Philippe, H. & Vences, M. Genital and
external ornaments are evolutionarily uncoupled in chameleons. Unpublished manuscript.

Digital Supplementary Materials on appended CD:
Supplementary Data 1 — Legacy gene sequence data
Supplementary Data 2 — Morphological data
Supplementary Methods

Supplementary Results
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Background

Sexual selection is a strong driver of morphological evolution. It can drive and reinforce spe-
ciation itself (reviewed by [1]), and often gives rise to ornaments or weapons [2-4]—physical
manifestations of sexual communication. Such structures, from the shimmering plumage of the
peacock’s tail to the weighty antlers of an elk, have fascinated and enthralled naturalists for centu-
ries, inspiring generations of biologists, including the likes of Darwin [5], to ponder their origins
and function. Sexual communication is possibly the most ubiquitous purpose of communication in
the animal kingdom. More often than not, signals are multimodal and complex, raising questions
on how the evolution of signal complexity is driven [6-8]. Understanding of this process is emerg-
ing, but is still fraught with uncertainties and, occasionally, contradictions, which may be traced to
lack of understanding of mechanisms for signal production, the way in which sexual and natural
selection are acting on them, and how different modules and aspects of complex signals are related
to one another [6].

Four major non-exclusive hypotheses have been put forward to explain the evolution of signal
complexity in communication [8]: (1) sociality, e.g. species with greater sexual selection evolve
larger repertoires of signals to outcompete rivals; (2) ecology, e.g. amount and monotony of back-
ground noise causes species to elaborate signals to stand out; (3) allometry, e.g. larger species have
a greater surface area over which to elaborate ornaments or colour patterns, and (4) neutrality, e.g.
drift in vocal repertoire complexity of wide-ranging species (for more information, see [8] and
references therein). Applying this conceptual framework to sexual ornamentation, we can derive
the proximal causes of the evolution of such extreme and often costly structures—a critical part
of the endeavour to understand the evolutionary origins of some of the most striking and baffling
features in the animal kingdom.

Ornamentation of male genitalia can be just as bizarrely complex and exaggerated as any head-
dress. The intriguing diversity and complexity of such structures is particularly well known in in-
sects and reptiles, where it can be extravagant and of high taxonomic value [9-12]. It is also driven
by sexual selection, especially male-male competition, male-female conflict, and male-female co-
evolution (reviewed in [13]). These forms of selection may also influence external ornamentation,
e.g. the evolution of weaponry in males that physically battle for mates, and we might therefore ex-
pect a positive correlation between external and genital ornaments. On the other hand, if the selec-
tive forces drive pre-copulatory barriers, they may also manifest as negative correlation between
genital and external ornaments [14]—we refer to the latter as the ‘ornament trade-off hypothesis’.

Chameleons, highly visual animals with often pronounced external and genital ornamentation
are chameleons (reviewed in [15]), are a great model to disentangle the potential selective forces
that drive signal complexity. The 212 currently described species of this lizard group [16], divided
into the two subfamilies Brookesiinae (leaf chameleons from Madagascar) and Chamaeleoninae
(‘true’ chameleons from Madagascar, Africa, and Eurasia), range in external ornamentation from
hardly any ornaments to some of the most ornamented tetrapods ever. They can be adorned with
a broad array of physical ornaments, including spines, horns, sails, crests, and skin flaps, which
are used in ritualised displays or physical battles (reviewed by [17]). Structural (as opposed to
chromatic) ornamentation in chameleons often exhibits sexual ornamentation dimorphism (SOD).
Across the family, taxa exhibit varying degrees and directions of sexual size dimorphism (SSD).
Furthermore, the hemipenes of chameleons are elaborately ornamented (surveyed in [18]), more
so than in many other squamates, and are taxonomically informative [18-20], though often more-
so at supraspecific levels than between closely related taxa [21, 22]. Their gross morphological
evolution has been suggested to be strongly affected by body size and ecology [20, 23], but sexual
selection in chameleons is thought to be strong. Finally, they have radiated into multiple environ-
ments, from closed rainforests to desert, allowing the exploration of environmental effects on the
complexity and development of visual structures. Although little is known of the ecology of most
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species, on the whole most chameleons are coercive maters [24], but have female or mutual mate
choice [25, 26], and the direction of the action of sexual selection on head morphology is appar-
ently affected by ecology, specifically the openness of habitats [27, 28]. There is thus pretence for
suspecting that sociality, allometry, and ecology are affecting the evolution of their external and
genital ornamentation complexity. These amazing lizards are therefore an ideal model group to test
the relative strength and interplay of these mechanisms.

Based on a new, nearly fully taxon-sampled tree of the family Chamaeleonidae to elucidate the
factors driving the degree and complexity of chameleon physical external ornamentation as well
as genital ornamentation, using the step-by-step hypothesis-testing approach based on that of Ord
and Garcia-Porta [8].

Methods

Phylotranscriptomic backbone tree

To resolve deep nodes in the chameleon phylogeny, we took a phylotranscriptomic approach
[29, 30]. We sequenced mixed-tissue transcriptomes from 12 species (Bradypodion pumilum,
Brookesia sp., Calumma ambreense, Calumma cf. nasutum, Calumma gastrotaenia, Chamaeleo
chamaeleon (chimera of C. c¢. chamaeleon with C. c. recticristata), Furcifer pardalis, Kinyongia
boehmei, Palleon lolontany, Rhampholeon acuminatus, Rieppeleon brevicaudatus (chimera of
two specimens), and Trioceros hoehneli), representing 10 of the 12 described chameleon genera
on the Illumina NextSeq platform. De novo assembly was conducted in TriniTy v. 2.1.0 [31] and
open reading frames extracted with Transdecoder. Using the high-quality vertebrate alignments of
Irisarri et al. [29] as a reference, homologous sequences from the new transcriptomes were add-
ed with Forty-Two (https://bitbucket.org/dbaurain/42/), and alignments were filtered for possible
contaminations and paralogs following Irisarri et al. [29] (see Supplementary Methods for details).
The original amino acid alignments were back-translated into nucleotide alignments using LEEL
(written by D. Baurain) for further phylogenomic analyses. Relevant taxa were extracted from the
taxonomically broader alignments and we retained only genes with a maximum of one species
missing in both African and Madagascan large-bodied chameleons. The final dataset was assem-
bled with SCaFos [32], creating two chimeric OTUs for Chamaeleo chamaeleon (C. c. chamae-
leon + C. c. recticristata) and Rieppeleon brevicaudatus (two different individuals). Preliminary
phylogenetic analyses were performed using RAXML [33] (detailed in Supplementary Methods)
in order to determine the best merging strategy to adopt to assemble the final alignment. We finally
created chimeras for the two taxa for which we had several transcriptomes (C. chamaeleo and R.
brevicaudatus). The final alignment consisted of 4,230 genes, 12 taxa, and 9,903,111 nucleotide
positions of which 374,450 are parsimony-informative. The matrix was partitioned by gene, and
the best-fitting substitution model was selected for each partition using MopeELFINDER [34], as im-
plemented in IQ-TREE [35], followed by tree reconstruction. Node support was assessed using
ultrafast bootstrapping [36] with 1000 replicates.

Extended all-taxon multigene data set

We extended an available six-marker, 174-taxon phylogenetic dataset [37] by adding (1) partial
sequences of an additional seven nuclear genes for representatives of all chameleon genera, used
previously [37]; (2) new published sequences for additional species, many new species described
since 2013; (3) newly obtained sequences for the first six gene fragments for newly described
species, mostly from Madagascar, and to fill a few gaps in the previous supermatrix; (4) newly ob-
tained sequences for selected species of Calumma and Furcifer of five additional nuclear markers
(BDNF, KIAA123, SACS, and a second fragment of the RAGI1 gene; see Supplementary Meth-
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ods for primers and protocols). Our final taxon set included 212 chameleon taxa for the follow-
ing genes: RAG1 (3’ and 5°), PRLR, C-mos, BDNF, KIAA1239, SACS, R35, AKAP9, BACHI,
BACH2, MSH6, NKTR, REV3L, ND2, ND4, 16S. The alignment is included as Supplementary
Data 1.

We used three alternative backbone topologies produced from phylotranscriptomic analyses
(mostly differing in the position of the long-branch taxon, Rieppeleon) as topological constraints
and analysed the supermatrix under ML with a by-gene partitioned RAXML analysis (GTR+I'4
models); each analysis was replicated five times, and the tree with highest likelihood was chosen.
Branch support was assessed with 100 bootstrap replicates.

Timetree inference

We produced time-calibrated ultrametric trees of our three backbone topologies. Squamate out-
groups representing relevant clades whose divergences could be time-constrained with fossil ev-
idence were added to the phylotranscriptomic dataset (Supplementary Methods, Table S6). This
resulted in a total of 39 taxa (12 chameleons and 27 outgroup taxa) and a total of 8,055,531 bp.
Prior calibrations were applied to 11 nodes in the outgroup set (Supplementary Methods) using
four alternative prior calibration distributions, following dos Reis et al. [38] (see Supplementa-
ry Methods for details). Divergence times of the 4,230 genes in the dataset was estimated with
MCMCTREE [39] within the PAML package [40] using approximate likelihood calculation [41].
For each of the four calibration settings, two MCMC chains were run for a total of 502 million
generations, sampling every 1,000 and the first 2 million excluded as burn-in. For each calibration
setting, three independent runs were performed to control for convergence issues, which was as-
sessed in TRAacer v 1.7.1 [42].

Estimated ages for four within chameleons and agamids were used as secondary calibrations
for a second molecular clock analyses on the taxon-rich tree (detailed in Supplementary Methods)
using MCMCTREE with similar parameters as above. Convergence was reached at 6 million gen-
erations, discarding the first million as burn-in. Posterior ages of crucial nodes for all analyses are
tabulated in Table SM7. Because estimated node ages were overall similar across all analyses and
to previously inferred ages [37], we averaged node ages across three replicates of 95% HPD cali-
bration with the SUMTREES package from DENDROPY v 3.12.1 [43]. The three resulting ultrametric
trees (one for each of the three alternative topologies) were used for downstream analyses. Results
are reported based on values from our preferred tree topology (due to similarity to Tolley et al.
[37], see Supplementary Results, Fig. SR1) except where they differed between topologies.

Morphological data collection

Body size was taken per sex for each species (SVL_ and SVL, for males and females, respec-
tively) from the literature, retaining the largest records available. Body size was log-transformed in
analyses. The midpoint of body size measures was calculated as well (indicated by SVL__ ). Sexual
size dimorphism (SSD) is given by SVL_/SVL, (not log-transformed). Morphological data were
obtained from photographs and text descriptions in the literature and supplemented with examina-
tion of voucher specimens. Hemipenis morphology was coded based on illustrations, photographs,
micro-CT scans, and examination of voucher specimens. We coded eleven external morphological
ornament characters (five binary, six ordinal), and 17 hemipenis ornament characters (seven bina-
ry, ten ordinal). Ordinal coded characters were subjectively ordered from least (0) to most orna-
mented (max); for coding scheme see Supplementary Methods. For data, see Supplementary Data.

In the text we refer to the degree of ornamentation. This is a summary variable, given as the
sum of states of ornamentation, such that a species with little or unelaborate ornamentation has
low values, and a species with elaborate or complex ornamentation has high values. Dimorphism
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in external ornamentation (SOD) is given as the number of characters in which males differ from
females to avoid inflation as a result of ordered characters. SOD and SSD are our two proxies of
sexual selection.

We took habitat as a proxy for species ecology. We recoded species largely following the scheme
of Tolley et al. [37] as occurring in scrub, savannah, grassland, rainforest edge, rainforest interior,
or dry forest. We also simplified these habitat classes into a binary canopy-openness factor, with
the first three being considered as open canopy, the latter three as closed canopy habitats.

The full morphological dataset is provided as Supplementary Data.

Statistical analysis

Data analysis was conducted in R 3.5.1 [44] in RStudio 1.1.423 [45]. Phylogenetic analyses
used the packages ape 5.2 [46], pHyTOOLS 0.6-60 [47], GEIGER 2.0.6 [48]. Analyses were conducted
on three alternate topologies independently (see supplementary information). Results are report-
ed only from our preferred topology (which agrees most closely with previous topologies [37])
except where topologies differed in statistical significance. Plotting was partially done in GGPLOT2
3.1.0 [49]. Phylogenetic linear regression models (PLRMs) were calculated using the package
pHYLOLM 2.6 [50] with Pagel’s A [51] model. To test the ornament trade-off hypothesis, we fitted
a PLRM between size-corrected residuals of external and genital ornamentation. Phylogenetic
ANOVAs were calculated with phylANOVA() function in pHyTOOLS, with 10,000 simulations to
produce more robust P-values. Residuals were calculated using the correlation structure computed
by means of Pagel’s A [51].

Phylogenetic signal was tested using the phylosig() function in pHyTOOLS, Which tests the pres-
ence of phylogenetic signal with two metrics, Pagel’s A [51] and Blomberg’s K [52], using size-cor-
rected residuals for all variables except body size.

To test the hypothesis that environment openness results in different selective regimes on exter-
nal and genital ornamentations, we compared two Brownian and four Ornstein-Uhlenbeck (OU)
models for goodness of fit using OUwIE [53]. These models are constructed as follows: BMI,
single rate Brownian model; BMS, Brownian model with a separate rate parameter for each state;
OUM, OU model with different state means (p) and a single constraint value (o) and rate (c?) for
each selective regime; OUMYV, OUM model with different 6° per regime; OUMA, OUM model
with different a for each regime; and OUMVA, OUM model with different a and o per regime.
Models were tested over a set of 300 simulated character maps produced in with the make.sim-
map() function in pHYTOOLS, and outputs were summarised; the optimal model was concluded to
be the most frequently supported across all character simulations (support for that model is given
as a percentage of the full reconstructions). Models were compared based on their AICc weights.

Phylogenetic path analysis was conducted in pHYLOPATH [54, 55]. Paths were constructed to
contain six variables: midpoint of body size, degree of external ornamentation, degree of ornamen-
tation dimorphism, sexual size dimorphism (= SVL_/SVL)), degree of genital ornamentation, and
habitat openness (open vs. closed, as a proxy for ecology). Based on the results presented here, and
hypothetically likely scenarios, we constructed 26 alternative path models to explain ornamenta-
tion of genitals and external morphology (Fig. SR3). The models within 2 CICc were averaged to
produce an optimal model.

Results

RNAseq-based phylogenies differed in topology from previous reconstructions [37], particu-
larly in the relationships between the Malagasy genera Calumma and Furcifer, and the position of
Rieppeleon For the latter, three alternative topolgoies were recovered among differently filtered
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Fig. 1. Evolution of ornamentation of external ornaments and genitals in chameleons.

Trees show only taxa for which respective data are available; for the full genetic trees with support values,
see Fig SR2 in the Supplementary Results. Inset chameleon heads and hemipenes showcase part of the
variability in ornamentation. Inset tree is the phylotranscriptomic phylogeny with the same backbone to-
pology as that used for the species tree. Support at all nodes is 100%. Missing genera were placed based
on non-transcriptomic phylogenies: Nadzikambia was placed sister to Bradypodion and Archaius sister to
Rieppeleon.

phylotranscriptomic data sets (Fig. SR1, Table SM4), with no topology being clearly favoured
over the others. These differed mostly in the position of Rieppeleon and the relative position of the
Malagasy genera Calumma and Furcifer (Fig. SR1). We consider the topology most closely resem-
bling previous work [37] (Fig. 1) a priori to be the most likely, but to overcome the topological
intractability we used all three alternative topologies as backbone constraints for taxon-rich phy-
logenies, and tested hypotheses on all three. Except where results differed among topologies, re-
sults are here reported only for the preferred one. Our dated phylogenies placed the divergence of
the two subfamilies in the Upper Cretaceous, with most modern genera originating in the Eocene.

Hemipenis data were available from 109 species of the 200 coded for external morphology.
Ancestral state reconstruction of genital and external ornamentation size residuals (Fig. 1) shows
that Brookesiinae (Brookesia and Palleon) are distinguished by low levels of ornamentation in
both external and genital morphology, in a pattern clearly distinct from Chamaeleoninae (all other
chameleon genera). For both sets of ornamentation, low and high levels of ornamentation have
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Fig. 2. Ornamentation evolution within chameleons.

(a—b) Scatterplots of the degree of (a) external and (b) genital ornamentation against male body size.
(c—d) Violin plots of degree of (c) external and (d) genital ornamentation against ranked openness scores.
Trend line indicated in blue with standard error in grey. Points are jittered. (e) Scatterplot of size-corrected
phylogenetic residuals of genital and external ornamentation against one another. (f) Scatterplot of male
and female body size per species. Coloured trend lines indicate linear trends per genus. Species below
the line have male-biased sexual size dimorphism, and vice versa.

emerged repeatedly across Chamaeleoninae, and correspondence between genital and external
ornamentation is not obvious to the eye.

Neutrality. Evolution of the degree of external ornamentation in chameleons (Fig. 1) has only
weak phylogenetic signal (Blomberg’s K = 0.8052556, P = 0.001, Pagel’s A = 0.7983883 P =
8.215671 x 10"), whereas the degree of genital ornamentation (Fig. 1) had elevated phylogenetic
signal (K=2.103076, P=0.001; A = 0.8209686, P = 3.84641 x 10*%), as is body size (SVL_ , K=
2.051809, P=0.001; A = 0.9963342, P = 1.893447 x 10*). Phylogenetic size-corrected residuals

— 272 —



Results

(PSRs) of SOD and SSD have very little phylogenetic signal (SOD, K =0.5585963, A =0.751535;
SSD, K =0.4880256, A = 0.4643452).

Allometry. Chameleon ornamentation is strongly related to body size. External and genital orna-
mentation are both significantly positively correlated with SVL (PLRM of external ornamentation
P=6.713 x 10"'2; genital ornamentation P = 0.02817; Fig. 2a-b). In both cases, the degree of orna-
mentation is less in Brookesiinae than Chamaeleoninae. There is also a strong correlation between
SSD and body size SVL . (P =9.275 x 10°). In all genera except Rieppeleon and Nadzikambia,
smaller species have relatively larger females than larger species (Fig. 2f). There is an inversion
point around a male SVL of 60-80 mm—below this size, females tend to be larger than males,
and above this size, males tend to be larger than females, except in Chamaeleo, which has larger
females above this size, and Trioceros, which generally shows little sexual size dimorphism. The
pattern across the family is consistent with Rensch’s rule [56, 57].

Sexual selection. Our two proxies of sexual selection, SSD and SOD, are not equivalent: PSRs
of SSD in chameleons are not correlated with PSRs of the degree of SOD (P = 0.3506). External
and genital ornamentation have inverse relationships with these two proxies of sexual selection:
the degree of genital ornamentation is not correlated with SOD (P = 0.9359) but is positively cor-
related with SSD (P=0.01667), whereas the degree of external ornamentation is strongly positive-
ly correlated with the SOD (P = 1.338 x 10°!!) but is not correlated with SSD (P = 0.1005).

This brings us to the ornament trade-off hypothesis, stated above: is there a relationship be-
tween genital and external ornaments? The prediction of a trade-off between selection on genital
and external ornaments would lead to a negative correlation between these ornaments. There is
considerable variation within most genera in the degree of external and genital ornamentation
(Fig. 2e), but overall there is no correlation between these features (PLRM of PSRs: P = 0.6599),
rejecting this hypothesis.

Ecology. Male body size and SOD differ significantly between open and closed habitats (phylA-
NOVA: SVL_F = 16.748593, P = 0.0479; SOD F = 22.024396, P = 0.0257). Yet the degree of
external and genital ornamentation, and SSD do not differ significantly (P > 0.09). Brookesiinae
skew these results however, as they are not found in open habitats; in Chamaeleoninae alone, de-
gree of external ornamentation F = 14.78189, P = 0.0499) and SOD (F = 25.182925, P = 0.0083)
differ significantly between habitats, but SSD, genital ornamentation, and male body size do not
(P>0.2).

In a crude PLRM analysis, in which we ranked habitat types from least to most open, (0 rain-
forest interior, 1 dry forest, 2 forest edge, 3 scrub, 4 savannah, and 5 grassland), and ran a PLRM
against ornamentation and dimorphism residuals, we found a significant negative correlation be-
tween habitat openness and PSRs of the degree of external ornamentation (P = 2.97 x 10°; Fig.
2¢), and an insignificant positive correlation between habitat openness and PSRs of the degree of
genital ornamentation (P = 0.0954; Fig. 2d). A significant negative relationship was also found
between habitat openness and PSRs of SOD (P = 1.89 x 107), but not SSD (P = 0.09547) or body
size itself (P =0.7013). These results were the same when only Chamaeleoninae were used and are
robust to topology. As Brookesiinae are found only in rainforest interior and dry forest, we did not
analyse them separately here.

Our OUwiE analyses are consistent with the existence of different selective regimes in open
and closed habitats. These regimes differ in rate, strength of stabilising selection, and trait opti-
ma (OUMVA model). By contrast, genital ornamentation regimes are consistent with Brownian
motion with separate rates for open and closed habitats (BMS model). SOD is consistent with the
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Fig. 3. Average of two best-scoring phylogenetic path analysis models and the standardised re-
gression coefficients of its components.

SSD = sexual size dimorphism, SOD = sexual external ornamentation dimorphism, ExtOrn = external or-
namentation, GenOrn = genital ornamentation.

OUMVA model, or a marginally simpler OUMYV model, which does not include alternative values
of stabilising selection strength.

Multifactorial comparison and phylogenetic path analysis. We built PLRMs of the multifacto-
rial effects that potentially influence genital and external ornamentation: degree of genital orna-
mentation ~ log(SVL . ) + degree of external ornamentation + habitat openness + SOD + SSD,
and the same model with external and genital ornamentation swapped. In the former model, body
size (P =0.009103) and SSD (P = 0.032903) had a significant effect on genital ornamentation of
all chameleons, and all other elements were insignificant (P > 0.1). In the external ornamentation
model, SOD had the strongest effect (P =4.975 x 10), SSD (P = 0.000284) and habitat openness
(P = 0.006486) also had highly significant effects, and body size had a marginally insignificant
effect (P = 0.050873). For Chamaeleoninae alone, no factors were significant in the genital mod-
el, but SSD was closest (P = 0.08592), while in the external ornamentation model, the significant
factors did not differ (SOD P=7.63 x 10, SSD P = 0.0008649, habitat openness P = 0.0092553),
and size had a less significant effect (P = 0.1405476). These models indicate that size and SSD
have a strong effect on genital ornamentation, whereas SOD and habitat have the strongest effects
on external ornamentation.

To investigate the relative importance of the different components in determining ornamenta-
tion, we conducted a phylogenetic path analysis. The two best models had identical weights and
probabilities, and differed only in the direction of the influence of ecology and size on one anoth-
er, both of which were insignificant, so we averaged them (Fig. 3). In this model, ecology drives
ornamentation dimorphism, external ornamentation, and weakly also influences size dimorphism
and size itself; size drives ornamentation and size dimorphism, as well as genital ornamentation;
and ornamentation dimorphism influences external ornamentation and size dimorphism influences
genital ornamentation. These two models had a cumulative weight of 0.756. These results are con-
sistent with those found in our multifactorial PLRM analysis.
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Discussion

In this study we have used the complete radiation of chameleons to untangle different potential
drivers of signal complexity. The trade-off (negative correlation) predicted between the degree
of external and genital ornamentation predicted by the ornament trade-off hypothesis [14] is not
found, but neither is the positive correlation we might expect if sexual selection was having holis-
tic effects on the degree of ornamentation. The evolution of complexity in external and genital or-
namentation appears to be uncoupled in chameleons, driven by different forms of sexual selection;
a finding robust to topological uncertainty of deep nodes within the chameleon tree that persists
despite our phylotranscriptomic approach.

We used two separate proxies for sexual selection: sexual external ornamentation dimorphism
(SOD) and sexual size dimorphism (SSD). We find SOD to be strongly related to habitat open-
ness and body size. The role of body size may simply be related to the surface area over which to
host ornaments [8], whereas that of habitat openness is consistent with field observations [28, 58,
59] that have suggested that signal complexity in closed-canopy environments helps chameleons
stand out, whereas open-canopy environments have reduced visibility distance, resulting in great-
er emphasis on performance over signalling [28]. This is consistent with SOD being driven most
strongly by female mate choice [60]. Given the role of SOD and habitat openness recovered in our
path model, we conclude that complexity of external ornamentation in chameleons is driven by
two factors: (1) the strength of female choice, which is strongly related to ecology because habitat
openness has a strong effect on the ability to perceive signals, and thus the need to invest in them,
and (2) natural selection, possibly because habitat openness influences the costliness of ornamen-
tation, counter-balancing sexual selection, e.g. if ornament elaboration results in increased preda-
tion risk or decreased resource acquisition.

SSD is found to be strongly related to body size, with some effect of habitat openness. Chame-
leon SSD is generally consistent with Rensch’s rule [56, 57]; in most species with larger females,
we find decreasing SSD with greater body size, and in most species with larger males we find
greater SSD with greater body size. SSD and body size directly were recovered as promoting
genital ornamentation complexity in chameleons. This leads us to conclude that allometry has a
strong effect on genital ornamentation, probably again due to physical limitations on hemipenial
ornamentation, as evidenced by the simple (though still taxonomically valuable [19, 20, 61]) hemi-
penes of most Brookesia species. The role of SSD is probably related to its relationship with mat-
ing system, which is potentially a key factor determining genital ornamentation. Although chame-
leons in general are polygamous, the degree of mate guarding by males does seem to be related to
body size, with greater fidelity (and thus perhaps less frequent polygyny) in species with females
substantially larger than males [17]. However, SSD can have multiple drivers: male-biased SSD is
driven largely by male-male competition or female choice, whereas female-biased SSD is gener-
ally driven by fecundity selection (reviewed in [62]). What is clear is that the mode of selection is
different from that driving external ornamentation.

In the terms of Ord and Garcia-Porta [8], our results show that ornament complexity evolution
is related to social factors (different kinds of sexual selection) in chameleons, but the strength and
direction of influence that these factors have are dependent upon ecology and allometry. For hemi-
penes, allometry also plays an important role, probably due to physiological limitations, whereas
for external ornamentation, ecology itself has an important role, possibly due to natural selection.
Complex external ornamentation, while acting as a pre-copulatory selective substrate, does not
seem to influence the strength of selection on the intromittent organs. Genital and external orna-
ments therefore do not act in a redundant manner in response to an overarching selective pressure,
as is the case of the complex ‘courtship phenotype’ of birds of paradise [7], but rather, they are
separate modules of the sexual selective substrate, without co-dependency.

This surprising result has important implications for broader patterns that have been noted pre-
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viously. Iguanid lizards, which have marked SSD and SOD, have simple hemipenes, while varanid
lizards, which may have SSD but lack SOD, have elaborate and highly diagnostic hemipenes [63].
Our results suggest that these patterns may be more strongly related to the ecology and mating
systems of these lizards, than to any trade-off. The potential for different selective pressures to act
separately and differently on different modules of the sexual selective substrate may have import-
ant implications for our understanding of why the same components can be negatively correlated
in one taxon, and positively correlated in another, e.g. plumage vibrancy and song complexity in
different groups of birds [7, 64, 65].

The comparative phylogenetic framework we have used has helped us to elucidate the overall
patterns and their potential drivers. This must now be supplemented by more extensive work on
chameleon behaviour and ecology to better understand the factors driving their ornamentation.
Perhaps most importantly, we need to understand how ornaments are perceived [6]. A critical step
will be investigating the function of genital ornamentation; cryptic female choice may be playing
an important role if genital ornaments are used in assessing male quality, but male-male competi-
tion or sexual conflict could be at play if the chameleons use hemipenial spines to scar the female
reproductive tract or remove sperm from previous mating events. Currently, our lack of functional
understanding of these organs precludes the ability to fully deduce their evolutionary drivers. Nev-
ertheless, with this study, we have taken the first step toward understanding sexual ornamentation
in one of the most elaborately ornamented tetrapod groups ever to exist.
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Discussion

‘There is considerable doubt in the minds of some taxonomists and even
more in the minds of most nontaxonomists as to what the real functions of the
systematist are.’

— Ernst Mayr, 1942, Systematics and the Origin of Species
from the Viewpoint of a Zoologist, p. 8

The work that I have presented here has resulted in the description of sixteen new frog species,
two new frog genera, and robust new phylogenetic hypotheses regarding the evolution of chame-
leons and a subfamilial radiation of frogs, with implications for the conservation, biogeography,
and evolution of all of these taxa. Here, I first discuss the overall implications of my research on
each topic (conservation, biogeography, ecomorphology, and macroevolution), and then go on to
discuss our growing knowledge of the biodiversity of Madagascar, and the implications of that
growth on our ability to use the island as a model system.

Conservation implications

The tropics are bearing the brunt of the impacts of human population growth and resource de-
mands. Deforestation rates in tropical forests are extremely high, as are other forms of anthro-
pogenic pressure that are altering and deteriorating tropical ecosystems (reviewed by Barlow et
al. 2018). Amphibians and reptiles, as a consequence of their environmental sensitivity (outlined
in the Introduction) are at the front line of threat (reviewed by Bohm et al. 2013 and Catenazzi
2015), made still worse by global spread of diseases, to which humans also contribute substantially
(Olson et al. 2013; Lorch et al. 2016; Spitzen-van der Sluijs et al. 2016; O’Hanlon et al. 2018).

Given these global trends, conservation assessment and action are more important today than
ever. As many others have argued in the past (see summaries in Dubois 2003 and Vogel Ely et al.
2017), conservation is strongly dependent on taxonomy, because species are the units that are man-
aged. Often, it seems that this, when acknowledged, is taken to refer only to taxonomists’ capacity
to describe new species, but the duties of taxonomists lie not only in producing new names, but
also careful revision of existing names and resolution of complexes (Dubois 2003). As experts on
any given taxon, taxonomists are uniquely well suited to be involved in conservation assessment
action. Indeed, species descriptions are now often accompanied by recommendations for conser-
vation assessments, like those given here in chapters 1-3, 5-7 and 9.

In addition to individuals who actively work on conservation of specific taxa, many Red List
assessors are taxonomists. Assessors are arranged into Specialist Groups for major taxa (e.g. the
Amphibian Specialist Group, of which I am a member). These specialist groups coordinate the
conservation assessments across higher taxa (https://www.iucn.org/commissions/ssc-groups).
This inclusion reflects the acknowledgement by the [IUCN of the unique suitability of taxonomists
to assess the conservation needs of their focal taxa. One benefit of involving taxonomists directly
in the conservation assessment process is that new species can be incorporated more quickly. Ide-
ally this would also mean that the assessments of species for which taxonomic data are inadequate,
such as species complexes, would reflect that status and list the species as Data Deficient (DD).

Although assessments of species complexes often include notes stating that their taxonomy is
uncertain, their statuses do not reflect that uncertainty. As explained in chapter 1, the assessment
of species complexes falls under IUCN guidelines that recommend they be treated as single spe-
cies and assessed according to the distribution and knowledge of the whole of that ‘species’, or be
omitted altogether. When a species complex stretches over a large area, the result is often a status
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of Least Concern for the whole of the complex, when any one species-level lineage within it might
be on the verge of extinction (McLeod 2010; Gehara et al. 2014; see Fig. 2). Such assessments, [
argue in chapter 1, hinder more than they help, because they fail to capture the threat status of any
constituent species in the complex, and these could quietly go extinct without any change to the
status of the complex as a whole.

A more reasonable practice for such complexes would be to treat them as DD. This is possible,
but only if practically no information is available for the species, because of another IUCN rec-
ommendation: ‘taxa that are poorly known can often be assigned a threat category on the basis of
background information concerning the deterioration of their habitat and/or other causal factors;
therefore the liberal use of “Data Deficient” is discouraged.” (IUCN 2012, p. 7). In practice, this
suggestion means that species that are known from single individuals are often given threat sta-
tuses based on extreme extrapolation from a single data point; for example, we suggested Rhom-
bophryne savaka be assessed as Endangered in chapter 6, although only two specimens of the
species were known at the time.

For species complexes, the combination of these two recommendations means that they are
generally assessed as single species and assigned a non-DD category. The case of Mantidactylus
lugubris, the species complex discussed in chapter 1, is typical in this regard. Currently, it is as-
sessed as Least Concern because its circumscription refers to a number of candidate species that
are widespread along the eastern escarpment of Madagascar and an isolated pocket in the west. As
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is evident in Fig. 2, the current assessment is not appropriate for any of the constituent lineages
within the complex, and inflates their conservation status. While it is now possible to refine the
Red List status for the described lineages as a result of our taxonomic treatment of the complex
(chapter 1), a status of DD would have been more appropriate, and indeed more informative, to
apply to the whole of the complex before our taxonomic revision.

The motivation for the [UCN’s avoidance of the use of the DD category is understandable. As
it does not constitute a threatened status, DD species are omitted from conservation prioritisation
lists. As a result, these species may be nearing extinction without us being aware of how threat-
ened they are (Butchart and Bird 2010; Howard and Bickford 2014). I would argue, however, that
extrapolating from poor data is equally undesirable. I would also contend that a threat status may
reflect the need for conservation of a species, but a status of DD better reflects the need for funda-
mental research on that species.

Taking up this point, there have recently been a couple of papers that have attempted to ex-
trapolate from what little data are available on DD species in the Red List to propose research
prioritisation. Nori and Loyola (2015) mapped DD species against a database of the world’s pro-
tected areas and assessed the fraction of overlap, and Nori et al. (2018) used the distribution of DD
species to identify focal areas where research is needed. Unfortunately, I would argue that these
studies are, in part, based on a misunderstanding of the meaning of the DD criterion. DD species
are generally those for which information on range are completely inadequate, for example species
described from broad type localities like ‘Madagascar’ that have then not been found again, or,
in some groups, species known from single individuals (note: criteria are applied inconsistently
among major taxa, and even within taxa across different regions of the world). Mapping species
that are more or less definitionally unreliable to map is unlikely to produce especially trustworthy
results. Nevertheless, Nori and colleagues’ emphasis on the need for research into DD species
demonstrates the value of the criterion in promoting that research.

My colleagues and I argue in chapter 1 that Data Deficient is an appropriate and valuable crite-
rion for species complexes where taxonomy is wholly or largely uncertain. Sometimes, taxonomic
complexes are understood to contain nominal lineages and unnamed lineages that simply have not
yet been described. In these latter cases, we argue that assessment should be based on a restrictive
definition of the taxon (as restricted as possible, if deemed possible by the assessors and taxon-
omists), with other lineages excluded until they are taxonomically addressed. In doing so, their
assessments would better reflect the status of the species for which they are intended, and need
not be updated every time a new species is described from the complex. Under the current policy,
dozens of taxa included in the Red List as Least Concern at present refer to several species, each of
which is presumably threatened in its own right. Such complexes are well known and widespread
both geographically and taxonomically (e.g. Fritz et al. 2010; McLeod 2010; Gehara et al. 2014;
He and Jiang 2015). Changing that policy as we recommend would better reflect the importance
of taxonomy in anchoring the Red List, and potentially improve the future outlook for this over-
looked and underappreciated cryptic diversity.

Biogeography of herpetofauna in northern Madagascar

Madagascar as a whole is exceptional in terms of biodiversity and microendemism, but the north
of the island is particularly rich (Brown et al. 2014, 2016). The varied topography and strongly
separated drainage basins (Wilmé et al. 2006) make this area especially valuable for biogeograph-
ical study, highlighted by numerous studies (Wilmé et al. 2006; Boumans et al. 2007; Maminirina
et al. 2008; Raxworthy et al. 2008; Wollenberg et al. 2008, 2011; Andreone et al. 2009; Pearson
and Raxworthy 2009; Gehring et al. 2013; Brown et al. 2014, 2016; Blair et al. 2015; Rabearivony
et al. 2015). Although the complex topography and poor roads in the area make access to large
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Fig. 3. A Venn-diagram of Gephyromantis species occurring across the mountainous massifs of
northern Madagascar.

G. (L.) horridus-ranjomavo is not included here because of insufficient clarity in the relationships of the
Laurentomantis in this region. For a map indicating the location of these three massifs, see Fig. 1 in the
Introduction. Subgenus abbreviations: A. = Asperomantis, D. = Duboimantis, V. = Vatomantis

swathes of the northern forests challenging, there have recently been a number of well-vouchered
herpetological surveys at various sites across the north of Madagascar. These have yielded suffi-
cient samples that we can start to identify trends in the distribution and phylogenetic relationships
of species across the region. Such trends are interesting, because they can shed light on processes
involved in the generation and maintenance of species diversity in a hotspot of biodiversity where
the community turnover is especially stark.

Gephyromantis are among the several amphibian clades with their centres of diversity and
endemism in north Madagascar (Kaffenberger et al. 2012; Brown et al. 2016), making them a
potentially insightful study system for the understanding of biogeography in this area. Ecological
differentiation among the six subgenera of Gephyromantis is such that members of many differ-
ent subgenera often occur syntopically, or at least in close sympatry; for example, the following
species co-occur at ca. 1350 m a.s.l. on the Marojejy massif: G. (Vatomantis) lomorina, G. (Lau-
rentomantis) ranjomavo, G. (Duboimantis) schilfi, G. (Asperomantis) tahotra, G. (D.) tandroka,
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and G. klemmeri (subgenus assignment of G. klemmeri is discussed in chapter 3). We might thus
expect that biogeographic patterns among the different subgenera differ according to their ecolo-
gies. Nevertheless, my work points toward the existence of overarching patterns that hold for the
genus as a whole.

Although the deepest nodes within the genus are still quite poorly resolved (Kaffenberger et
al. 2012; discussed pertaining to Laurentomantis and Vatomantis in chapter 3), Gephyromantis
is currently thought to have its origins in the north or northeast (Kaftfenberger et al. 2012). How-
ever, at least one of the six subgenera appears to have expanded back into the north from further
south (Kaffenberger et al. 2012). The papers I present in chapters 2—5 deal with the subgenera
Asperomantis, Duboimantis, and Vatomantis. Briefly, according to Kaffenberger et al. (2012), 4s-
peromantis, leaf-litter dwelling frogs with exotrophic tadpoles, apparently originated in northern
Madagascar, and spread south to reach Ranomafana in the south central east (see also Vences et
al. 2017)—G. (Asperomantis) angano described in chapter 2, being possibly a relatively deep lin-
eage from this subgenus, lends still greater weight to this interpretation; Vatomantis, mossy-look-
ing frogs often found near moderately fast-flowing streams, are restricted entirely to north eastern
Madagascar, with no members of the subgenus hitherto found outside of that region—G. (Vato-
mantis) lomorina described in chapter 3 extends the range of that subgenus further into the north
of Madagascar; and Duboimantis, leaf-litter dwelling frogs similar to Asperomantis but mostly
of larger body size and with endotrophic (non-feeding) tadpoles, is divided between a basally di-
verged clade with its origins in the central east and a northern clade spread across most of the north
of Madagascar—G. (Duboimantis) tohatra described in chapter 4 and G. (D.) saturnini and G.
(D.) grosjeani described in chapter 5 all belong to a small part of the northern clade, adding still
more evidence of local diversification of this subgenus in the north.

My work in section 2 focussed largely on three massifs, Marojejy, Sorata (and the nearby An-
dravory massif), and Ampotsidy in the Bealanana District, which together form three corners of an
almost equilateral triangle (see Fig. 1 in the Introduction for geographic context). The simplic-
ity (or reducibility) of this system lends itself to biogeographic study. These areas are connected
by a single continuous mountain range (see figure 6 in chapter 2 and figure 11 in chapter 5)
that reaches its maximum height at Maromakotro, Madagascar’s highest peak, which lies almost
directly between Ampotsidy and Sorata. Given that elevation-bands of frogs in Madagascar are
usually (though not always) quite restricted, we can predict that direct connectivity between these
two massifs might be limited. Of the species discussed in section 2, five are exclusive to one mas-
sif, and two are shared across two massifs, and one occurs on all three (see Fig. 3). The latter, G.
(A.) tahotra, has also been recorded from Matsabory Maiky, a locality on the southwest side of the
Tsaratanana massif, lying between Ampotsidy and Sorata (see figure 7 in chapter 2).

Based on these limited data, we may already distinguish that there is a greater degree of con-
nectivity between Marojejy and Sorata, than between either of those massifs and Ampotsidy. Data
from Cophylinae seem to conform to this pattern as well: Rhombophryne longicrus from Sorata
is sister to R. minuta from Marojejy (Scherz et al. 2015a). In chapter 8, a Rhombophryne species
from Sorata was found to be sister to or conspecific with R. vaventy, which is found around 1350
m a.s.l. on Marojejy (discussed also in Lambert et al. 2017 and chapter 10), and in chapter 7, R.
diadema from Sorata is found to belong to a clade of frogs from Tsaratanana, which may be sister
to lineages form Marojejy, but no Rhombophryne species are known from Ampotsidy. The same is
true of Stumpffia species, of which my colleagues and I have described several from Sorata (Rako-
toarison et al. 2017), but only few are known from the Bealanana District (data on these have not
yet been analysed). Curiously, the Stumpffia species of Marojejy generally have closer affinities
with species from further south along the east coast of Madagascar, except one species, S. sorata,
which belongs to a clade from the north of the island and seems to have spread to Marojejy from
the north (Rakotoarison et al. in press).
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Among reptiles, the best studied group in this area of Madagascar are chameleons of the Calum-
ma nasutum species group. These small chameleons, characterised by a narrow body profile and
a dermal rostral appendage, are widespread across the East and North of the island and have been
the subject of a recent revision by my colleagues and me (Protzel et al. 2015, 2017, 2018b, 2018c,
submitted). Calumma uetzi is found in both Sorata and Marojejy (Protzel et al. 2018c¢), but curious-
ly its sister species, C. roaloko, is found hundreds of kilometres further south in Andasibe (Protzel
et al. 2018b). These are closely related to C. boettgeri and C. linotum, the former of which is from
Nosy Be, the latter from Montagne d’ Ambre and a second locality west of Tsaratanana, thus form-
ing a clade across the northern side of the Tsaratanana massif, extending also west and north. A trio
of morphologically similar species, C. gehringi, C. guibei, and C. lefona, form a clade restricted to
the area south and southwest of Tsaratanana, but in chapter 11, these species were found to not be
closely related to other members of the complex (albeit with relatively poor support), and their bio-
geographic and morphological relationships are particularly puzzling. In C. clade G (radamanus;
clade name from Gehring et al. 2012, taxon name from Protzel et al. submitted), a very widespread
species, populations from Sorata are most closely related to individuals from the lowland site Fa-
nambana, and these clades are sister to a clade from Marojejy (Protzel et al. submitted). Calumma
sp. ‘ratnasariae’ (clade I) meanwhile is only found in the Bealanana District (Protzel et al. sub-
mitted). Finally, C. nasutum (clade K) is found in Sorata and also the Andasibe region (Protzel et
al. submitted), showing a remarkably similar phylogeographic relationship to that seen between C.
uetzi and C. roaloko. Except in the long-distance relationships, the arrangement of members of this
complex appear to reflect the same configurations as I have illustrated for the frogs above; a greater
similarity between Marojejy and Sorata than either has to the Bealanana District.

Small mammal distributions studied by Maminirina et al. (2008) show less clear patterns, with
greater community assembly resemblance of large distances along the east coast of Madagascar.
Their dendrograms of Euclidean similarity among sites in northern and eastern Madagascar do
not show clear patterns for tenrecs or nesomyid rodents, and some community relationships re-
constructed are surprising, such as the strong similarity between Bemanevika 1600 m a.s.l. (this
is a site near to Ampotsidy), and Andohahela at 1500 m a.s.l. (this is in the far south east of Mad-
agascar). The differences in patterns may be related to taxonomic philosophy (samples are not
genetically verified, so genetic patterns among massifs are not clear), or possibly the differences
in age of the clades (unlikely, as both tenrecs and Gephyromantis frogs originated around 30 Ma;
Wollenberg et al. 2011; Everson et al. 2016), their respective centres of origin, and most likely,
differences in vagility and thermal tolerance between mammals and amphibians.

A remarkable fact that is becoming evident from the increasing data from different amphibian
taxa examined, is that taxa shared (or forming sister pairs) among these massifs are usually found
at 1300 m a.s.l. and above. Indeed, in Rakotoarison et al. (in press), my colleagues and I have
shown that connectivity between populations of the one species of Stumpffia that occurs in both
Sorata and Marojejy (S. sorata) is greatest at around this elevation, despite the species occurring
over an elevational range of 1000 m. This is remarkable because there is currently no geographical
connection at such high elevations; the highest single-elevation connection between Sorata and
Marojejy today is at ca. 1120 m a.s.l.

Why are community assemblies so similar at 200 m above the minimum connection point? In
several cases, including many Gephyromantis, an elevation range encompassing more than 200 m
of elevation would be sufficient to explain connectivity. The apparent lack of such connectivity in
Sorata and Ampotsidy is misleading, because those areas are without forest at 1100 m a.s.l. and
their assemblies cannot, therefore, be compared. However, the potential role of paleoclimatic shifts
is probably also significant; ranges that were formally more connected during warmer periods may
now be isolated, and will continue to become more so if the climate continues to warm. The pres-
ence of sister pairs of a wide variety of ages between massifs suggests that connectivity may also
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be transient, with the separate massifs behaving like species pumps during climatic oscillations.

Understanding the diversity of clades must be informed by their biogeographical context, es-
pecially in topographically and climatically heterogeneous regions (Esquerré et al. 2019). The
separate subgenera of Gephyromantis are semi-independent replicated radiations of frogs across
northern Madagascar. This gives them the potential to be used as a model group in which to study
biogeographic patterns of diversification and distribution, and the influence of ecology on these
patterns (Wollenberg Valero 2015). For example, we might expect that riparian species such as
members of the subgenus Vatomantis exhibit patterns more confined by watersheds than those of
the more terrestrial Duboimantis. The diversification of Gephyromantis has occurred within the
last 30 Ma (Wollenberg et al. 2011), and their biogeography can be expected to reflect well this
span of time. The taxonomic groundwork for such investigation is approaching completion, but
current sampling across the massifs remains insufficient to investigate such patterns in detail. More
thorough exploration is needed in the corridor between Tsaratanana and Marojejy (Rabearivony et
al. 2015). With data from these areas, it would be possible to construct ecological resistance maps
(e.g. in MaxEnt Phillips et al. 2006). Alignment of such maps across taxa may identify common
points of phylogeographic discontinuity, which would shed light on biogeographic barriers. Even-
tually, the comparison of patterns between different taxa, e.g. those between Gephyromantis and
cophylines, which are also highly diverse and have complex biogeographic history in this area
(chapter 10) may yield congruent timing and shifts that will shed light on the origin of diversity
in this hyper-diverse area.

Ecomorphological evolution in cophylines

In the last 10 years, 56 new species of cophyline microhylid frogs have been described (including
two that were resurrected), with 29 having been described in 2017 alone (Lambert et al. 2017;
Rakotoarison et al. 2017; chapter 7), more than doubling the known diversity of the subfamily.
This has resulted in a dramatic increase in our knowledge about the ecomorphological evolution of
these frogs, which was already highlighted as fascinating in the 1920s by Noble and Parker (1926),
and became only more interesting once genetic data became available from them (Andreone et al.
2005). Subsequent discoveries and taxonomic descriptions have further complicated the picture
(Glaw et al. 2007; Wollenberg et al. 2008; Kohler et al. 2010; chapter 9), making the group still
more interesting.

Osteological characters have long been used in phylogenetic reconstruction. Indeed, for palae-
ontological analysis, there are currently few alternatives. Osteological data has long been consid-
ered of great importance in the taxonomy of microhylid frogs, and cophylines are no exception
(Noble and Parker 1926; Parker 1934; Guibé 1978; Blommers-Schlosser and Blanc 1991; Wu
1994). The recent advances of genetic methods have shown numerous osteology-based phyloge-
nies to have been misled by homoplasies (e.g. the emergence of the Toxicofera clade from genet-
ics that had no osteological precedent; Fry et al. 2005). Cophylinae was similarly affected. Early
morphology-based phylogenetic hypotheses for this subfamily suggested that it either evolved
from an ancestrally arboreal form with one transition to terrestriality (Noble and Parker 1926)
or a terrestrial form with two transitions to arboreality (Blommers-Schldsser and Blanc 1993).
In his unpublished doctoral thesis, Wu (1994) reconstructed osteology-based phylogenies of the
microhylids that indicated a terrestrial origin with at least one transition to arboreality, and either
two reversals or a second transition to arboreality. These morphological phylogenies were robustly
shown by genetic phylogenies to be incorrect (Andreone et al. 2005; van der Meijden et al. 2007;
Wollenberg et al. 2008)—instead, these phylogenies, and later, more robust reconstructions (Pelo-
so et al. 2016, 2017; Tu et al. 2018; chapters 8 and 10), revealed a pattern of ecomorphological
reticulation and extensive homoplasy across this subfamily.
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Early attempts to reconstruct cophyline phylogeny based on osteology were misled by homo-
plasies arising from convergent evolution. Yet, in chapters 6—9 (and previously also in Scherz et
al. 2014, 2015a, 2015b) I have shown that modern methods of osteological study centred around
micro-CT have reaffirmed the value and importance of osteology for cophyline taxonomy. This
method is faster and easier to work with and communicate about than traditional osteological study
and can be performed on type material without damaging it—an important distinction that ensures
that osteology’s relevance in the midst of constantly emerging new methods remains undimin-
ished. Like any new technology, micro-CT is not without its own set of caveats of course, such as
the often subjective nature of data visualisation (discussed in chapter 7), but awareness of these is
growing, and micro-CT is being increasingly widely implemented (reviewed by Faulwetter et al.
2013 and Broeckhoven and du Plessis 2018). With the dramatic increase in feasibility of producing
robust, DNA-based phylogenies, focus on extant taxa has recently shifted from using osteology
and other morphological data as the basis of phylogenetic reconstruction, to examining that mor-
phological data in phylogenetically explicit frameworks.

This shift in focus is a fundamental one: a move from phylogeny as the end-goal, to phylogeny
as a tool by which to contextualise phenotypic evolution. This allows us to overcome the problem
of extensive homoplasy in phenotypes, and turn it into research questions: how and why have
species converged in morphology? Did that convergence yield similar evolutionary trajectories?
To what extent are the morphological consequences of ecological convergence deterministic in
nature? Cophylines are a promising group in which to address these kinds of questions. I have
demonstrated this applicability already in chapter 10 for morphometrics, but osteological data
will also be valuable, especially in investigating the ecomorphological evolution, and particularly
the miniaturisation, of these frogs.

Ecomorphs are a fascinating property of convergent evolution, suggesting of an ‘optimal’ phe-
notype for exploitation of a certain niche. The best examples of ecomorph evolution stem from
anoles (see Losos 2011), but at a global scale, frogs display an equally astonishing degree of
ecomorphological convergence (Bossuyt and Milinkovitch 2000; Moen et al. 2013; Vidal-Garcia
and Keogh 2015, 2017; Moen and Wiens 2017). Burrowing and arboreal frogs tend to be the
most distinctly characteristic ecomorphs, the former having short, stout limbs and broad heads,
the latter having generally longer limbs, and the characteristic broadened finger tips (as discussed
in chapter 10). Across the tropics, miniaturised frogs form their own, only recently recognised
ecomorph (Rittmeyer et al. 2012). Recent taxonomic advances on miniaturised frogs of Asia (e.g.
Garg et al. 2017; Oliver et al. 2017; Poyarkov et al. 2018), Madagascar (e.g. Rakotoarison et al.
2017; chapter 9), Africa (e.g. Zimkus et al. 2012), and South America (e.g. Ribeiro et al. 2015;
Lourenco-De-Moraes et al. 2018) have shown that that the diversity of this guild has been under-
appreciated, and is extremely great. The smallest of these frogs do not reach 10 mm adult body
size, making them the smallest tetrapods in terms of snout—vent length and amongst the smallest
vertebrates of all.

In chapters 8-10, I discussed the miniaturised members of Cophylinae. Until genetic evidence
became available, small species of microhylids from Madagascar were generally considered unde-
scribed members of the genus Stumpffia, but Wollenberg et al. (2008) already revealed that species
from southern Madagascar constituted a separate major clade. In chapter 8, my colleagues and I
showed that there are in fact multiple lineages of miniaturised frogs, and in chapter 9 we went on
to describe three of these (one new genus and two new species from existing genera). This taxo-
nomic investigation revealed indeed that an additional miniaturised lineage, Anodonthyla eximia,
had gone unnoticed in previous discussions. In chapter 10, the phylogenetic resolution achieved
by our new phylotranscriptomic and genomic trees yielded further clarity regarding the evolution
of small body size in this subfamily, showing that body size has strong phylogenetic signal, and
is not strongly linked to any particular shifts in overall morphometric relationships, yet extremely
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miniaturised forms have evolved in several independent lineages.

The repeated evolution of body sizes near the minimum limit across the whole anuran order,
and moreover repeatedly within single subfamilies, is suggestive of an evolutionary motif among
frogs. Yet, although there has been some limited theoretical work on the topic (Alberch and Gale
1985; Trueb and Alberch 1985; Hanken and Wake 1993; Fabrezi and Alberch 1996), there is no
empirical understanding of the drivers or selective advantage of miniaturisation among frogs. In-
tegration of comparative phylogenetic methods like those employed in chapters 10 and 11 and
experimental evo-devo approaches may be a promising route to elucidate the mechanisms at work,
and their evolutionary context. Of particular interest from an evolutionary perspective will be the
clarification of the role of contingency and determinism in generating the miniaturised phenotype,
and the role of ontogeny versus novelty in this process.

Macroevolution and taxonomy

In sections 1-3 and the relevant sections of the discussion above, I have illustrated ways in which
taxonomic papers themselves can be opportunities to develop and explore hypotheses regarding
species and higher taxa, their biology, conservation, and evolution. Often these questions expand
beyond the scope of what can reasonably be included in a taxonomic paper, and these then man-
ifest as separate studies (e.g. chapter 10). In section 4, I have demonstrated the way that ade-
quately detailed and illustrated descriptions themselves can also serve as data sources that can be
harvested in order to construct datasets on morphology or ecology. This means that taxonomic
papers can serve not only as science in their own right, but also as baseline data for larger-scale
evolutionary exploration.

In chapter 11, I have demonstrated this function in chameleons. Morphological and ecologi-
cal data were harvested from taxonomic literature and taxonomy-oriented field guides (Glaw and
Vences 2007; Tilbury 2018). By means of this approach, we assembled data on external ornament
morphology and body sizes for 200 species of chameleons, and on male genital morphology for
109 species. Using this dataset in a comparative phylogenetic framework based on a newly pro-
duced time-calibrated species-level phylogeny, I implemented a step-by-step hypothesis-testing
approach to deduce the drivers of complexity in genital and external ornamentation. The results of
this study are consistent with genital and external ornaments being under different forms of sexual
selection and being evolutionarily uncoupled. Genital ornamentation is associated with allometry
and size dimorphism, suggesting a role of intrasexual competition and mating system in deter-
mining ornament elaboration. On the other hand, external ornaments were associated with ecol-
ogy and ornamentation dimorphism, suggesting a role of mate choice and extrinsic factors (e.g.
background noise and predation pressure) in determining ornamentation complexity. This is the
first study to address the macroevolution of ornamentation in chameleons in anything other than
a descriptive manner. While a rather large body of literature exists that addresses the evolution
and drivers of external ornamentation (e.g. Omland 1996; Badyaev et al. 2002; Kraaijeveld et al.
2007; Ligon et al. 2018) and genital ornamentation (e.g. Eberhard 1985; Bohme 1988; Bohme and
Sieling 1993; Ziegler and Bohme 1997; Arnqvist 1998; Hosken and Stockley 2004; Andonov et al.
2017) independently, little discussion exists on their interaction (but see Bohme 1988; Bohme and
Sieling 1993; Ziegler and Bohme 1997; Bohme and Ziegler 2008). Our comparative framework
allowed us to address this question and showed that the differing forms of sexual selection acting
on either results in their evolutionary independence.

Chapter 11 reveals factors involved in macroevolutionary patterns governing ornamentation
in chameleons, but it also highlights basic research on chameleons that is wholly lacking. Firstly,
mating systems across the family are only characterised in a handful of species, so understanding
the direction of mate choice and degree of choosiness cannot be correlated against ornamentation
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patterns. Secondly, we do not understand the functional morphology of genital ornamentation in
chameleons, in large part because the female genital anatomy of chameleons has not been de-
scribed in detail from any member of the family. Studying female genital morphology would be
a realm of taxonomic interest, because females of several species cannot be distinguished from
one another based on external morphology (Glaw and Vences 2007; Tilbury 2018). Thirdly, the
study also omits two important aspects of chameleon courtship, namely colouration and behaviour,
which are undoubtedly of importance, and need to be studied in greater detail. Finally, this study
focussed on morphological aspects related to sexual selection, but the evolution of other aspects
of morphology has also not yet been studied in these lizards. Different chameleon clades have
evolved strikingly convergent morphologies in a manner similar to anoles but without the drive
of island colonisation. Studying this may help us understand how adaptive phenotypic radiations
with convergence occur in continental systems.

With the description of approximately 20,000 species and subspecies per year (http://www.
organismnames.com/), taxonomic and systematic literature provides an enormous and rapidly ex-
panding source of data. Phylogenetic comparative methods provide a framework into which this
data can be integrated and analysed. It will be important to bear in mind the limitations of such an
approach, such as the potential for misidentification of specimens to mislead conclusions if source
data produced by others are not critically assessed (a problem discussed in chapter 8), and the
potential problems that can arise from inaccurate phylogenetic reconstruction. With proper precau-
tions, however, these problems can be mitigated, and the realm of questions that can be addressed
is vast.

Madagascar as an island model system for continental evolution

Taxonomic inventory: an end in sight?

In the search for evolutionary systems that can be used as insular models for continental dynamics,
no landmass ticks more boxes than Madagascar. To realise the potential of that system, a foun-
dation must first be laid, and that foundation is in characterising the biodiversity of the island,
its distribution and interrelations, and its origins. It is unrealistic in as short a space as a single
doctoral thesis to hope to make revolutionary strides toward the goal of completing the taxonomic
inventory of the herpetofauna of the island, which has already been underway since the end of the
18" century and which we know to include at least 200 species awaiting description (Vieites et al.
2009; Nagy et al. 2012; chapter 10). Yet, by using new methods in an integrative manner, com-
paratively large strides in the direction of completion can be made. Within the chapters presented
in this thesis (specifically chapters 1-9), I have described 16 new frog species and two new frog
genera. Including other work in which I have collaborated during my doctoral studies that number
rises to 45 frog species and 13 reptile species (a full publication list is presented in my Curricu-
lum Vitae, below), representing some 9% of all amphibian species and 2% of all reptile species
described globally within this period (Uetz and HoSek 2016; AmphibiaWeb 2019). The foundation
of the system is rapidly expanding and improving.

At arate of ~50 species per three years, or ~17 species per year, we might hope for a completion
of Madagascar’s taxonomic inventory in the next decade or two. I am hesitant to predict such a
windfall however, for two reasons: Firstly, species discovery is almost keeping pace with taxo-
nomic description. Of the 16 species described here, five were not identified as candidate species
before the start of my doctoral research (species described in chapters 3—5 and 9), and numerous
new candidate species are identified in chapter 10. Secondly, the ‘ease’ of description of any given
undescribed species-level lineage is contingent on two factors: (1) distinctiveness (ease of charac-
terisation), and (2) taxonomic complexity (ease of resolution). As taxonomic resolution of a fauna
progresses, [ would argue that these factors become increasingly critical in determining the rate of
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resolution; they result in decreases in the yield of new species per unit effort, discussed by Costello
et al. (2013). Highly distinctive species are readily described because they are easy to character-
ise, and because their taxonomic complexity is generally low. Tsingymantis antitra (Glaw et al.
2006) and Plethodontohyla fonetana (Glaw et al. 2007) were among the most distinctive recently
discovered frogs in Madagascar, making their description straightforward. Gephyromantis lomo-
rina described in chapter 3 was similarly distinct, and its description was complicated only by its
implications for the higher taxa Vatomantis and Laurentomantis and the species G. klemmeri.

On the other hand, species where the distinctiveness is lower and taxonomic complexity is
greater, especially cryptic species and members of unresolved species complexes where names
cannot be unambiguously allocated to species-level units, are more challenging to describe. Their
descriptions take longer because more effort must go into clarifying existing names or identifying
diagnostic features. Chapter 7 is a good illustration of this point. In that paper, my colleagues
and I revised the Rhombophryne serratopalpebrosa species group, involving the allocation of an
existing species to the group and clarification of its identity (R. guentherpetersi) and description
of two species, one of which (R. regalis) had been confused with R. serratopalpebrosa itself since
2007, and the other of which (R. diadema) is morphologically highly similar to another species (R.
tany). This paper was predicated on two previous papers on the species group, wherein the identity
of R. serratopalpebrosa had been addressed (Scherz et al. 2014, 2015b), and on detailed osteolog-
ical study based on micro-CT scans. This taxonomic description was thus more complicated and
took proportionally longer than a similar description of more distinctive and/or less complex taxa
would have been.

As we proceed with the taxonomic resolution of Madagascar’s herpetofauna, the distinctive-
ness of the remaining units is likely to decrease on average because we preferentially describe
species that are readily described, and their taxonomic complexity is likely to increase on average
simply because complexes are more time-consuming to resolve taxonomically. This will result in
more complicated and thus slower progress. In part this limitation will be alleviated by emerging
methods, such as target capture for sequencing old and damaged museum material (e.g. Ruane and
Austin 2017) and micro-CT for accessing internal anatomy of old types (e.g. Scherz et al. 2014),
increasing the available data and possibly revealing diagnostic characters. Further strides in in-
creasing the rate of taxonomic resolution could be made by (1) focussing on diagnosis, rather than
detailed descriptions containing both taxonomically informative and non-informative features of
new species, as advocated by Renner (2016), (2) inclusion of DNA sequence data in diagnoses, as
advocated by Tautz et al. (2003) and Renner (2016), (3) reducing the superfluous information in
taxonomic description to a minimum (reduction of introduction, methods, and discussion to mini-
mal information), and (4) perhaps most importantly, training of more taxonomists.

I would argue that an increase in rate at the cost of the valuable insights that we can gain on
other aspects of the biology of the taxa (as demonstrated in the above discussion and throughout
the rest of my thesis), is not, however, a worthwhile trade. The benefits of describing species, e.g.
conservation feasibility and biodiversity quantification, are contingent upon our understanding of
their biology, distribution, and evolution. A middle ground must be found that maximises utility
and speed without compromising valuable information. The recent monograph on Stumpffia frogs
from Madagascar by my colleagues and me is a good example of such a reconciliation (Rakotoar-
ison et al. 2017); in this work, we described 26 new species of Stumpffia and provided accounts
of all 15 previously described species in just 127 pages (average of ca. 3 pages per species). This
included detailed accounts of the morphology, colouration, bioacoustics, and diagnostic features
of each species, as well as photographs of the animals in life, natural history data (where avail-
able), preliminary conservation assessment, and molecular phylogenetic reconstructions of their
relationships. This shows that integrative taxonomy can be utilised in an efficient way for mono-
graphic works describing dozens of taxa. The integrative approach also lines up with the accu-
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mulation of criteria that support the distinction of lineages at species level under the USC, giving
taxonomic hypotheses proposed in an integrative framework greater support. In more challenging
groups, such as the frogs of the subgenus Brygoomantis (genus Mantidactylus) which have nu-
merous ambiguous names, cryptic morphology, and complex and variable calls, such monographs
will be more complicated, but would provide a valuable basis for future work. Incorporation of, for
example, brief accounts of diagnostic apomorphic DNA sequence data would be easy to integrate
and lend still more utility to the format.

A model system in development

As we approach the completion of the taxonomic inventory of Madagascar’s herpetofauna, new
opportunities are opening to gain insights into the origins and biogeography of the island’s fauna.
From the work I have presented here, new patterns in the biogeography of northern Madagascar
have been identified, and supporting evidence is accumulating from a variety of different taxa.
A great deal remains to be done in this regard, and studies on different taxa will be particularly
insightful in understanding the generality and timing of these patterns, while understanding their
causes will require more detailed sampling and modelling approaches. Large-scale modelling ap-
proaches, like those of Brown et al. (2014; 2016) have already shed some light on broad patterns
of diversification and endemism of herpetofauna across the island, but finer-scale analyses would
be desirable for more specific analysis and predictions. Those finer-scale analyses will become
more feasible as our taxonomic inventory approaches completion and we gain more data on the
distribution of poorly known taxa.

At the same time, we are beginning to understand the factors driving evolution of Madagascar’s
herpetofauna, from their ecomorphology (e.g. Rodriguez et al. 2015; Wollenberg Valero et al. 2017,
Hutter et al. 2018b; chapter 10) to their sexual ornamentation (chapter 11). These taxon-specific
approaches are promising insular models for continent-scale dynamics, but it will be important to
also place them in an ecological context. For that, work is needed on broad-scale ecosystem evo-
lution across Madagascar, and also on evolutionary community assembly. Particularly interesting
insights may be afforded by investigation of (1) amphibians of different levels of distinction and
the role of niche differentiation in permitting co-occurrence or driving ecological divergence or
extinction/dominance dynamics, (2) the interplay between amphibian and snake diversity, as many
of Madagascar’s snakes are anurophagous (e.g. Hutter et al. 2018a), and (3) the interplay of lizard
and bird diversity, as many of Madagascar’s birds will opportunistically feed on lizards, but may
also compete with them for insect prey (Hasegawa et al. 2009). Elucidating such ecological inter-
actions will make the system’s applicability to continent-scale patterns much stronger.

It is always desirable to consider biogeographic model systems in isolation, but the origins of
their taxa are important. They determine, for example, whether challenges and opportunities of the
system are totally novel to the colonist or might already have adaptive precedence. So, if Madagas-
car is to be our model system, understanding the origins of its fauna is important. At present, much
remains uncertain regarding the island’s herpetofauna, and indeed most other taxa (Crottini et al.
2012a). Recent work on mantellid frogs suggests an Out-of-Asia origin (Yuan et al. 2018), and
similar affiliations are likely for the two separate microhylid clades (Dyscophinae and Scaphio-
phryninae+Cophylinae) (Tu et al. 2018), but this remains uncertain. Still less clarity is present in
reptiles; in chameleons, for example, the new phylogenetic hypotheses presented in chapter 11
cast doubt on the question of whether the family originated in Madagascar or Africa (Tolley et al.
2013). This is another area where systematic research is needed at higher taxonomic levels, in or-
der to clarify relationships and identify how many times the island was colonised, when, and what
the consequences might have been to the already extant fauna. As I stated in the Introduction, the
lack of a recent fossil record means that we must infer these patterns from the extant fauna. With
resolution of origins and timing of colonisations, we can start to build a picture of the origins of
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one of the planet’s most diverse and endemic faunas.

Conclusions

The processes leading to the formation and perpetuation of species, and how species assemblages
are formed and evolve together, are questions of central interest in biological science, but are still
not fully understood. In the 160 years since Darwin’s revelations were published, we have begun
to approach answers to these questions, with studies in laboratory and natural settings, with exper-
imental approaches and observational studies, and with holistic analyses. In assembling the puzzle
of how biodiversity is formed and maintained, a thorough understanding of the individual pieces,
which are most commonly species, is critical to slotting them into their proper place. In this thesis,
my goal was to thoroughly characterise pieces of the puzzle, examine their relationships, identify
patterns among them, and place them into context, shedding light on the processes involved in
their evolution.

As I have illustrated above, in our efforts to piece together the puzzle of evolution, systematics
generates a wealth of data beyond giving names to the pieces: Conservation insights help us to
understand which pieces are on the verge of being lost. Information on distribution and phylo-
geographic relationships helps us to place pieces in spatial and evolutionary context. Phenotypic
data further our understanding of evolutionary relationships among taxa and shed light on the
connections and patterns in the evolutionary puzzle. Finally, stepping back and viewing pieces in
a macroevolutionary context helps us understand evolutionary drivers and determinants, and the
big picture begins to emerge.

Studying these aspects in an evolutionary Petri dish like Madagascar illuminates how process
and context work together in the generation of biodiversity at a continental scale, yet in an insu-
lar system. With this thesis, I have contributed to the advancement of our understanding of the
evolutionary processes generating and shaping the unique biodiversity of this remarkable island.
Connecting these parts of the puzzle will be instrumental in deepening our understanding of the
processes that have resulted in the unparalleled diversity of reptiles and amphibians in Madagas-
car, building the foundation for later extrapolation to general evolutionary principles.

Calumma ambreense
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