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INTRODUCTION

Introduction

Developmental diversity in amphibians

One of the key questions in evolutionary developmental biology is to understand the
mechanisms that produced diverse reproductive strategies in amphibians, a clade of
tetrapod vertebrates comprising living (Lissamphibia) and extinct taxa. In particu-
lar, the major evolutionary transition from biphasic development with an aquatic
larval stage to a fully terrestrial development in which froglets hatch from the eggs
have long captured the interest of biologists.

Lissamphibia currently include approximately 8407 described species (am-
phibiaweb.org, Nov 20, 2021) and are divided into three subgroups: Anura with 7426
species, Urodela with 766 species and Gymnophiona with 215 species. Lissamphibi-
ans can be found in all types of habitats except the Polar Regions and at very high
altitudes (Wells 2007). The actual global geographical distribution of Lissamphibia
varies among these three groups. Anurans have the broadest geographical distribu-
tion; urodeles are more restricted to the northern hemisphere and parts of Central
and South America, while caecilians only inhabit tropical and subtropical regions
(Wells 2007; Just et al. 1981; Wake 1976).

Within Amphibia, major evolutionary transitions from a fully aquatic to a complete
terrestrial life history have taken place. The earliest forms of amphibians are known
from the Devonian period, about 400 million years ago (mya) (Wells 2007; Clack
2002). There is a wide gap in the fossil record; however, between the late Devonian
and the Carboniferous that complicates our understanding of relationships as well
as reproductive strategies and development among early amphibians (Carroll 2007;
Zhang et al. 2005; Ahlberg & Milner 1994; Fritzsch 1990). Temnospondyli, often con-
sidered as the ancestors of lissamphibians first appeared during the late Carbonifer-
ous and the early Permian (286 mya) and include fully aquatic, semiaquatic and ter-
restrial forms (Wells 2007; Schoch & Carroll 2003; Carroll 2000a; Laurin & Reisz 1997;
Schoch 1995). Although different hypotheses exist, there is strong support for a
monophyletic Lissamphibia and a sistergroup relationship between Urodela and
Anura (consistent with the Batrachia hypothesis, Siu-Ting et al. 2019; Frost et al.
2006; Duellman & Trueb 1996) based on molecular phylogenies (Hime et al. 2021;
Zhang et al. 2005).

For most Lissamphibia, reproduction is completely aquatic, with aquatic egg deposi-
tion and an aquatic larva that more or less metamorphoses into an adult-like indi-
vidual (Gomez-Mestre et al. 2012; Wells 2007; Thibaudeau & Altig 1999; Duellman &
Trueb 1986). However, a high number of alternative life history strategies as well as
reproductive and developmental modes have evolved independently within all three
taxa of Lissamphibia (Nunes-de-Almeida et al. 2021; Wells 2007; Haddad & Prado
2005; McDiarmid & Altig 1999; Altig & Johnston 1989; Salthe & Duellman 1973; Lutz
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1947; Noble 1931). In particular, the biphasic, metamorphosing condition has been
repeatedly modified. For instance, in many salamanders paedomorphosis (e.g. ne-
oteny in Ambystoma), which is characterized by the presence of a sexually mature
larva retaining larval characters and an aquatic life-style (Bonett et al. 2013; Chip-
pindale 2000), has evolved as a way to bypass metamorphosis. In caecilians, the
knowledge about life-cycles and metamorphosis is poor, but most taxa develop ter-
restrially without an aquatic larval stage (Wells 2007; Rose 1999).

One of the most derived forms of development is direct development, which is asso-
ciated with terrestrial egg deposition and the loss of the aquatic larval stage. In uro-
deles, direct development is only seen in the family Plethodontidae, the lungless
salamanders. Because Plethodontidae represent two thirds of all salamander spe-
cies, direct development is the predominant reproductive mode in this taxon (Wake
2012; Chippindale et al. 2004; Mueller et al. 2004; Hanken 1999; Wake & Hanken
1996). In caecilians, both direct development and viviparity are common (San Mauro
et al. 2014; Carroll 2007; Wake 1976). Also a wide range of intermediary forms of re-
production and development have evolved within Lissamphibia (Brink et al. 2020;
Castroviejo-Fisher et al. 2015; Wells 2007; Hanken 1989; Lutz 1948; Lutz 1947; Noble
1931; Noble 1925). These ‘intermediary’ forms range from egg-deposition outside of
water, but still with an aquatic larva (semi-aquatic development), up to development
in a subterranean nest where non-feeding terrestrial tadpoles hatch (terrestrial lar-
val development).

In anurans, biphasic development is associated with externally fertilized aquatic
eggs. A free-living aquatic larva, commonly known as a ‘tadpole’, hatches from such
an egg and later metamorphoses into a terrestrial adult-like juvenile. The availability
of bodies of standing (lentic) or flowing (lotic) water is essential for biphasic devel-
oping species. In contrast to larvae of other lissamphibian groups, anuran tadpoles
exhibit an astonishing diversity regarding their morphology and feeding behaviour
(Sherratt et al. 2018; Roelants et al. 2011). Such a metamorphic transition from an
aquatic tadpole to a terrestrial frog also includes rapid and drastic changes from lar-
val to adult morphology (Reiss 2002; McDiarmid & Altig 1999; Hayes 1997; Duellman
& Trueb 1986; Werner 1986).

Despite the evolutionary success of the anuran tadpole (measured in species num-
bers), a more terrestrial life style, where reproduction and development are inde-
pendent from direct access to bodies of water, is found in many anuran taxa
(McDiarmid & Altig 1999; Thibaudeau & Altig 1999; Duellman & Trueb 1986). For
instance, several arboreal forms (e.g. some rhacophorids, hyperoliids, microhylids)
have changed oviposition sites: Eggs are layed above water-filled cavities, in tree
holes and in epiphytes (Wells 2007; Schigtz 1999; Brown & Alcala 1983; Wassersug et
al. 1981; Lamotte & Lescure 1977; Perret 1962; Noble 1929). The larvae that hatch
from these eggs, however, typically complete development within water similar to
those of species, in which the eggs are deposited directly in water.
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As a complete terrestrial mode of development, direct development has evolved
several times independently in different anuran lineages (Hanken 1992; Duellman &
Trueb 1986). As mentioned above, direct development differs dramatically from the
biphasic life-history mode as there is no free-living larval stage. In contrast, devel-
opment is completed inside the terrestrially laid egg resulting in a hatching froglet
(Figure 1). Most of the tadpole specific structures such as the lateral line system,
larval mouth parts, the cement gland, a coiled intestine and a muscularized tail are
reduced or entirely absent during development (Elinson 2001; Hanken et al. 1997;
Elinson 1990). The embryos of most direct developing frogs share an enlarged
membranous tail with a highly vascularized fin, the reduction of external gills, an
early and nearly simultaneous development of front and hind limbs and a large yolk
reserve (Anstis et al. 2007; Bahir et al. 2005; Townsend & Stewart 1985).

Figure 1: Indirect (A) vs. direct development (B) in anurans. A: The plesiomorphic, biphasic condition: Aquat-
ic eggs developing into a free swimming, aquatic larva (the tadpole) which transforms into a terrestrial
adult. B: Complete terrestrial development: Direct development bypassing the aquatic larval stage. There is
no free swimming aquatic larva and the embryo develops inside a terrestrially deposited egg. Most of the
adult features form early in development and most of the typical larval features are absent during develop-
ment.

These observations have led to the hypothesis, that the evolution of direct develop-
ment from a biphasic developmental mode is based on a large-scale repatterning of
embryonic development (‘repatterning hypothesis’, Hanken et al.1997). Despite the
broad phylogenetic distribution of direct development in frogs, detailed morpholog-
ical data were mainly only available for the Puerto Rican coqui (Eleutherodactylus
coqui THOMAS 1966) (Laslo et al. 2019; Kerney et. al. 2010; Olsson et al. 2002; Hanken
et al. 2001; Callery et al. 2001; Callery & Elinson 2000; Schlosser et al. 1999; Elinson &
Fang 1998; Jennings & Hanken 1998; Hanken et al. 1997; Fang & Elinson 1996;
Schlosser & Roth 1997a,b; Townsend & Stewart 1985). Studies on other direct devel-
oping frogs are still limited to only a few species (and specimens per species) so far
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(Goldberg et al. 2020, 2015, 2012; Narayan et al. 2010; Anstis 2008; Anstis et al. 2007;
Kerney et al. 2007). In addition, a principal limitation is the lack of developmental
data on direct developing species compared to closely related species with a bipha-
sic, fully aquatic development.

Thus, the primary motivation for this study was to obtain detailed developmental
data for direct developing species within Arthroleptidae (Afrobatrachia) and their
close relatives. Perhaps unsurprisingly, these detailed comparative investigations
show that direct development is not as uniform as it was previously assumed (Chap-
ter 1-3).

Terrestrialization in Afrobatrachia (Anura): A Model Group

Terrestrialization, where reproduction and embryonic development is independent
from bodies of water, has evolved in Afrobatrachia, a group of sub-Saharan African
frogs containing four families - [(Hyperoliidae + Arthroleptidae) + (Brevicipitidae +
Hemisotidae), Figure 2] (Portik et al. 2019; Feng et al. 2017; Portik & Blackburn 2016;
Pyron & Wiens 2011; Frost et al. 2006).

The colorful Hyperoliidae are diverse with respect to their habitat choices as well as
reproduction sites (Drewes et al. 1984). Most species are arboreal, others inhabiting
savannah and highland grasses as well as floating vegetation habitats. Both, aquatic
egg deposition and a more terrestrial deposition of eggs, mostly on vegetation over-
hanging water and in phytotelma, are present in this group (Mercurio et al. 2009;
Rodel 2000; Schigtz 1999). The development is biphasic with a fully aquatic larva.

A more derived, terrestrial life-history is seen in the burrowing Hemisotidae and
Brevicipitidae, in which reproduction is associated with large eggs deposited in a
subterranean chamber (Mercurio et al. 2009; Miiller et al. 2007; Minter 2004; Bar-
bour & Loveridge 1928). The hemisotids breed close to bodies of water, where the
female digs a tunnel towards the water, wherein the hatched tadpoles complete
their development until metamorphosis (Kaminsky et al. 1999; Rodel et al. 1995;
Wager 1952). Investigations in brevicipetids have shown that development is com-
pletely terrestrially. However, a free-living terrestrial larva is retained during devel-
opment (Miiller et al. 2007, Wager 1965; de Villiers 1929).

Within Arthroleptidae, fully aquatic, semi aquatic and completely terrestrial devel-
opment in form of direct development have evolved (Figure 2). Although the diversi-
ty and relationships in Arthroleptidae are still in a state of flux, recent phylogenetic
studies analyzed the genus-level relationships in this clade. Investigations of Portik
& Blackburn (2016) revealed Arthroleptidae consisting of the clades Leptopelis, Lep-
todactylodon, a clade containing Nyctibates, Scotobleps, Astylosternus and Trichobatra-
chus, and a clade containing Cardioglossa and Arthroleptis (Figure 2).



INTRODUCTION

Hemisotidae
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I
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Hyperoliidae - Acathixalus

I Opisthothylax

I Afrixalus

- Tachycnemis
Heterixalus

- Morerella

i~ Cryptothylax

i~ Hyperolius

D Aquatic development, aquatic eggs, aquatic larvae
I Semi-aquatic development, terrestrial/arboreal eggs, aquatic larvae
I Terrestrial (larval) development, terrestrial eggs, terrestrial

I Terrestrial (direct) development, terrestrial eggs, no free-living larvae

Figure 2: Cladogramm showing the phylogeny of Afrobatrachia. Modes of reproduction were mapped on the
branches. Cladogramm modified after Portik & Blackburn (2016).

The largely arboreal genus Leptopelis exhibits a semi-aquatic life history with an
aquatic larva (tadpole description of L. natalensis SMITH 1849 in Chapter 5). The eggs
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are laid terrestrially, close to slow moving streams or small bodies of water and the
hatched tadpoles actively move towards the water, where development continues
until metamorphosis (Barej et al. 2015; Channing 2008; Rodel 2000; Oldham 1977,
Wager 1930).

Several less diverse genera that are largely aquatic, including Nyctibates, Trichobatra-
chus and Astylosternus, have a typical biphasic life history with aquatic eggs and an
aquatic larval stage (Griesbaum et al. 2019; Mapouyat et al. 2014; Ernst et al. 2014).
Interestingly, these genera can be found close to fast moving streams (Chapter 4).
Terrestrial breeding with direct development is only reported for Arthroleptis. The
sistergroup Cardioglossa exhibits a semi-terrestrial development with terrestrial egg
deposition, but the development of the tadpole is still aquatic (Portik & Blackburn
2016; Hirschfeld et al. 2012).

The high diversity of developmental modes in Arthroleptidae is ideal for investigat-
ing the developmental changes associated with the evolution of complete terrestrial
direct development. In the present study, detailed data on external embryonic de-
velopment (Chapter 1), and the development of the cranial musculoskeletal system
(Chapter 2) as well as the skin (Chapter 3) of Arthroleptis were conducted. The data
were compared to existing data on other direct developing species as well as close
relatives of Arthroleptis with biphasic development. For the latter, the tadpoles of
fully aquatic and semi-aquatic relatives (Leptopelis, Astylosternus, Nyctibates, Tricho-
batrachus) were comparatively described (Chapter 4 and 5). Collectively, these data
shed light on possible evolutionary scenarios towards direct development in Afroba-
trachia and anurans more broadly.

Consequently, this study focuses on the morphological and developmental differ-
ences between direct and biphasic development using different arthroleptid species
as a model. The investigations address the central question of whether direct devel-
opment is invariably linked to a complete loss of larval or tadpole-like features
among different direct developing anurans. It is also pioneering by bridging the in-
vestigatory gap between direct developing and their closest related biphasic species.
So far, most comparative approaches used Xenopus laevis DAUDIN 1802 and Discoglos-
sus pictus OTTH 1837 as outgroup taxa for comparative developmental investigations
(Ziermann & Diogo 2014; Schlosser & Roth 1997a, b).

Heterochrony, metamorphosis and the role of the larva in direct
development

It is thought that the biphasic life-style with metamorphosis is the plesiomorphic
condition in lissamphibians (Hanken 1999; Duellman 1989; Duellman & Trueb 1986;
Noble 1925; Orton 1953), but there is no general consensus supporting this hypothe-
sis due to missing data in the fossil record (Wells 2007; Harris 1999; Bogart 1981).
Early amphibians may have passed through some form of metamorphosis, but the
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evolutionary origin and the homology of amphibian larvae and metamorphosis in
general is poorly understood (Schoch 2009; Schlosser 2005; Reiss 2002; Hanken 1999;
Fritzsch 1990; Boy 1947; Szarski 1957). Some authors assume that the larvae of early
anurans were comparatively similar to salamander larvae and that development has
proceeded more gradually (Reiss 2002; Harris 1999; Elinson 1990; Fritzsch 1990;
Wassersug & Hoff 1982). On the basis of molecular phylogenetic analyses, it has
been hypothesized that aquatic larvae of anurans and salamanders may have re-
evolved from an ancestor with a terrestrial, direct development (Wake & Hanken
1996; Duellman 1989; Duellman et al. 1988; Wassersug & Duellman 1984).

The complex life-cycle from an aquatic larva metamorphosing to an adult-like is
found in many salamanders and frogs (Gomez-Mestre et al. 2012; Wells 2007; Hank-
en 2002; Hanken 1999; Rose 1999; Thibaudeau & Altig 1999). While metamorphosis is
less dramatic in biphasic salamanders, it is associated with rapid morphological,
biochemical, physiological and behavioral changes in anurans (Ziermann 2019;
Reiss 2002; Altig & McDiarmid 1999; Harris 1999; Just et al. 1981; Wassersug 1975;
Orton 1953). The tadpole differs substantially from the adult in terms of a highly
specialized body plan with characters distinguishing it from all other lissamphibian
larvae (Altig & McDiarmid 1999; Harris 1999). The radical transition by metamor-
phosis allows the adult structures to develop largely free of larval constraints
(Fritzsch 1990; Hanken 1989). Morphological changes include a transformation of
the cranium, where the typical tadpole cartilages of the chondrocranium (e.g. carti-
lagii labialis superior et inferior, cornua trabeculae, palatoquadrate, cartilago meck-
eli, hyobranchial skeleton) were considerably rebuilt (Wassersug 1975). Metamor-
phosis is triggered and controlled by the Thyroid hormone (TH) in all three groups
of Lissamphibia (Denver 2013; Reiss 2002; Just et al. 1981; White & Nicoll 1981). Sev-
eral experiments have shown that TH initiates processes leading to metamorphic
climax and is needed to complete metamorphosis during anuran development
(Denver 2013; Brown & Cai 2007; Tata 2006).

From an evolutionary point of view, several investigations focus on the loss of the
free-living aquatic larva deducing hypotheses on the evolutionary origin of the am-
phibian larva in general (Ziermann & Diogo 2014; Schlosser 2005; Callery et al. 2001;
Elinson 2001; Callery & Elinson 2000; Hanken 1999; Elinson 1990). Because direct
development is associated with the loss of many typical larval features, it has been
generally assumed that the tadpole was completely excised from the ontogeny of
direct developing frogs (‘tadpole module hypothesis’, Callery et al. 2001; Elinson
2001; Callery & Elinson 2000; Elinson 1990). But does the loss of the free-living tad-
pole result in a more gradual development and do all direct developing anurans
share similar or even the same developmental processes? Is the loss of the tadpole
associated with the loss of the TH-dependent metamorphosis and if so, does this
mean that the larva per se represents an evolutionary module?
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The idea that the tadpole can be excised out of ontogeny resulting in a direct devel-
oping frog is controversial and has led to different views about the ‘tadpole module
hypothesis’ (e.g. Schlosser 2005; Ziermann & Diogo 2014) that were also compared
and discussed in this study. To appraise these hypotheses, this study provides a de-
tailed description of the direct developing African Squeaker frogs (Arthroleptis wahl-
bergii SMITH 1849 and A. xenodactyloides HEWITT 1933, Arthroleptidae, Afrobatrachia)
in comparison to closely related species exhibiting a more ancestral (e.g. biphasic)
life history as well as to other direct developing species (Chapter1-3).

What mechanisms are involved in the evolution of direct development? Hetero-
chrony has often been discussed as the most important mechanism of phenotypic
changes in the ontogenetic pattern of direct development. This gains support by the
observation that direct developing species show accelerated growth rates and devel-
op faster in comparison to most biphasic species (Goldberg et al. 2012; Callery and
Elinson 2000a,b; Hanken 1999; Hanken et al. 1992; Raff & Wray 1989; Lutz 1948).
Heterochrony is associated with changes in timing of developmental events or fea-
tures compared to the ancestral ontogeny (Callery & Elinson 2000a, b; Callery et al.
2001; Raff & Wray 1989; Hanken 1989; Lutz 1948; Haldane 1932).

Heterochrony not only leads to a highly derived development. Direct development is
also characterized by the loss of typical tadpole specific features and at the same
time, the formation of novel structures and the precocious formation of adult struc-
tures (‘ontogenetic repatterning’) as well as the ‘recapitulation’ of few larval charac-
teristics (sensu Kerney et al. 2010; Hanken 2003; Hanken et al. 1997; Hanken et al.
1992). These complex processes indicate that the evolution of direct development
might be more than just a simple deletion of the tadpole phase. The comparative
approach of embryonic development in direct developing anurans used in this study
offers the potential to clarify if the evolution of direct development is independently
facilitated by heterochronic shifts (Chapter 1-3).
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Chapter overview

Chapter 1: Direct development in African squeaker frogs (Anura:
Arthroleptidae: Arthroleptis) reveals a mosaic of derived and
plesiomorphic characters

Authors: Schweiger, S., Naumann, B., Larson, J. G., Mockel, L., Miiller, H.
Status: Published in Organisms Diversity & Evolution (2017) 17: 693-707

This paper provides the first detailed description of direct development in a family
of African frogs, the Arthroleptidae. Egg deposition, clutch characteristics and em-
bryonic development of direct developing squeaker frogs of the genus Arthroleptis
are described. A developmental series of two species of Arthroleptis, A .wahlbergii
and A. xenodactyloides, are investigated. The developmental series of A. wahlbergii
were field collected at Eshowe and Entumeni Forest in KwaZulu-Natal, South Africa.
Embryos of A. xenodactyloides were sampled at Kigogo and Luhota Forests, Mufindi
District, Iringa Region, Tanzania. Data are compared with published information on
other direct-developing anurans revealing higher disparity as expected. Several fea-
tures previously thought to be characteristic for direct-developing anurans, such as
an egg tooth, a greatly enlarged tail or only very rudimentary and transitory pres-
ence of an opercular fold, seem to be restricted to particular direct-developing taxa
and are indeed rather variable among the different direct developing lineages. The
idea proposed by some authors that the free-swimming tadpole larva represents
some form of module that has been deleted from the ontogeny of direct developing
frogs, conflicts with the available data and appears too simplistic. Variability in the
developmental timing and pattern of the tail, which seems disconnected from the
remaining tadpole characteristics, indicates a more complex, mosaic-like pattern of
larval traits.

10
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Chapter 2: The ghost of the tadpole - Embryonic development of the cranial
musculoskeletal system in African squeaker frogs (Arthroleptis) reveals
heterochronic shifts and parallel evolution of differential metamorphosis
in direct developing frogs

Authors: Schweiger, S., Naumann, B., Hammel, J. U., Miiller, H.

Status: Drafted manuscript

This manuscript provides the first detailed description of the embryonic develop-
ment of the cranial muscles, cartilages and bones in two species of African squeaker
frogs of the genus Arthroleptis, A. wahlbergii and A. xenodactyloides. Until now, de-
tailed developmental data on the muscoskeletal system are only available for the
direct developing Eleutherodactylus coqui from Puerto Rico. Data on the skeletal de-
velopment of the cranium are available for the Sri Lankan shrub frog Pseudophilau-
tus silus MANAMENDRA-ARACHCHI & PETHIYAGODA 2005. A combination of histology
(section series, cleared and stained specimens) with whole-mount fluorescent anti-
body staining, confocal laser scanning microscopy, micro-computed tomography
and 3D-reconstruction were used to study and visualize the inner cranial develop-
ment of Arthroleptis in great detail. Developmental ontogeny of Arthroleptis and non-
related direct developing species (E. coqui and P. silus) are compared to investigate if
the evolution of direct development is always facilitated by the same developmental
changes and to uncover possible developmental constraints (or a release from it)
governing this process. The investigation of the development of the cranial skeleton
and associated muscles reveals a transient presence of tadpole-typical elements.
This provides independent evidence for the concept of ‘differential metamorphosis’
stating that the tadpole consists of several developmental modules. These modules
can change independently during evolution. Data on Arthroleptis are also compared
to other species within the Arthroleptidae to reconstruct the evolutionary steps un-
derlying the transition from a biphasic to a direct developing life style. The absence
of some tadpole-typical mandibular muscles in con-familiar species of Arthroleptis
suggests that this loss is not directly linked to the evolution of direct development.

1
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Chapter 3: Parallel evolution of direct development in frogs — Skin and thy-
roid gland development in African Squeaker Frogs (Anura: Arthroleptidae:
Arthroleptis)

Authors: Naumann, B., Schweiger, S., Hammel, J. U., Miiller, H.

Status: Published in Developmental Dynamics (2021) 250: 584-600

This study provides the first detailed data on skin development in direct developing
frog species. The comparison of embryonic development of these direct developing
frogs offers the possibility to identify how developmental constraints may have in-
fluenced the observed pattern of parallel evolution. In the few species examined,
development is characterized by the condensed and transient formation of some
tadpole-specific features and the early formation of adult-specific features during a
‘cryptic’ metamorphosis. In Arthroleptis, skin development can be divided into four
major phases (embryonic, ‘tadpole’, metamorphic and adult) that are also typical for
many biphasic species. As in biphasic species, skin development in Arthroleptis cor-
relates with an increase in thyroid gland activity. Skin and thyroid gland histology is
also investigated in a tadpole of Cardioglossa, the sister genus to Arthroleptis. Altera-
tions of skin development in Arthroleptis seem to be correlated with the evolution of
direct development. A comparison with fragmentary data from the Puerto Rican co-
qui (Eleutherodactylus coqui) reveals that direct development might have evolved in
parallel via a heterochronic shift of thyroid gland activity. This suggests that the de-
velopment of many adult features is still constrained by the ancestral dependency
on thyroid hormone signaling.
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Chapter 4: Don’t go with the flow: Cranial morphology of fast-flowing
stream tadpoles in the Afrobatrachian family Arthroleptidae

Authors: Schweiger, S.; Rodel, M.-0.; Hammel, J. U.; Miiller, H.

Status: Drafted manuscript

This manuscript gives a detailed description of tadpole morphology of four species
of the family Arthroleptidae. It provides insights in the cranium of Leptopelis parkeri
BARBOUR & LOVERIDGE 1928, Astylosternus occidentalis PARKER 1931, Trichobatrachus
robustus BOULENGER 1900 and Nyctibates corrugatus BOULENGER 1904. Interestingly, the
tadpoles of these species all occur in medium to fast flowing water systems in hilly
areas. This study investigates whether differences in the flow velocity of the micro-
habitat of each species are reflected in the muscoskeletal system of the tadpoles.
Several methods including preparation, histology, clearing and staining as well as p-
CT scanning and three-dimensional reconstruction of the cranium of the tadpoles
demonstrate that the muscolskeletal morphology of A. occidentalis, N. corrugatus and
T. robustus is highly modified in comparison to the tadpole of L. parkeri. Modifica-
tions include a wide, robust and partly or fully fused cornua trabecular, a fused and
strong chondrified cartilago labialis superior, as well as several modifications of the
palatoquadrate, e.g. a broad commissura quadratocranialis anterior, a broad pro-
cessus oticus, the presence of a processus ventralis and a wide and robust processus
muscularis. The cranial muscles accompany the modifications of the robust chon-
drocranium, e.g. the far posterior origin of the Musculus (M.) levator mandibulae
anterior and the massive muscles of the hyoid like the M. orbitohyoideus. Addition-
ally, there is variation between the closely related A. occidentalis, N. corrugatus and
T. robustus. The presence of a wide processus hyoquadratis is only seen in the tad-
pole of N. corrugatus, indicating a possible autapomorphy of the genus Nyctiabtes.
These data support that the cranial morphology of the tadpoles is highly adaptive
and associated the microhabitat the species occurs in.
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Chapter 5: Meristic and morphometric characters of Leptopelis natalensis
tadpoles (Amphibia: Anura: Arthroleptidae) from Entumeni Forest reveal
variation and inconsistencies with previous descriptions

Authors: Schweiger, S., Harvey, J., Otremba, T. S., Weber, J., Miiller, H.
Status: Published in Acta Herpetologica (2017) 12(2): 125-132

This paper provides a detailed description of the tadpole of Leptopelis natalensis from
Entumeni forest, KwaZulu Natal, South Africa. The treefrogs of the genus Leptopelis
are known to deposit eggs terrestrially, outside of bodies of water, whereas the tad-
pole continues development in slow moving forest streams. Previous larval descrip-
tions for the species are brief, lack morphometric data, or are based on specimens
of imprecise origin. In this study, description, preparation and drawings with a ste-
reomicroscope were used as techniques. For inspection of the buccopharyngeal
morphology, one tadpole was dissected and investigated using scanning electron
microscopy. The tadpole resembles other Leptopelis tadpoles, with some differences.
Some of these differences seem to fall within the range of natural variation. Others,
such as the presence of a fifth anterior row of keratodonts, might be indicative of
variation at the population level.
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CHAPTER 1

Direct development in African squeaker frogs (Anura: Arthroleptidae:
Arthroleptis) reveals a mosaic of derived and plesiomorphic characters

Authors: Schweiger, S., Naumann, B., Larson, J. G., Mockel. L., Miiller, H.
Status: Published in Organisms Diversity & Evolution (2017) 17: 693-707
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Abstract Direct development has evolved independently
several times in anurans and direct-developing species are
characterized by large-scale developmental repatterning and
a complete, or near complete, absence of most tadpole-
specific structures. Earlier studies stressed the similarities
among different direct-developing species, but more recent
studies have indicated differences in the reduction of
tadpole-specific structures among different taxa. Here, we de-
scribe egg deposition, clutch characteristics and embryonic
development of the direct-developing squeaker frogs of the
genus Arthroleptis, providing the first detailed description of
direct development in Arthroleptidaec. Embryonic develop-
ment in Arthroleptis is characterized by the presence of an
opercular fold that still encloses the developing forelimbs,
the absence of external gills and an only moderately extended
tail. A comparison with published information on other direct-
developing anurans reveals broad dissimilarities in the forma-
tion of an opercular fold and very different tail morphology
among different taxa. An egg tooth, often considered charac-
teristic of direct-developing anurans, seems to be restricted to
New World Terrarana. The embryonic diversity seen in direct-
developing anuran taxa argues against simplistic assumptions
about the evolution of direct development.
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Introduction

Direct development has evolved independently as a derived
reproductive mode in many lineages of animals including
molluscs, crustaceans, echinoderms and amphibians (e.g.
Duellman and Trueb 1986; Raff 1992; Scholtz 2000; Collin
2004). In amphibians in particular, direct development is a
surprisingly widespread reproductive strategy, as is witnessed
by the large number of direct-developing species and its re-
peated, independent evolution in anurans, salamanders and
caecilians (Wake and Hanken 1996; Thibaudeau and Altig
1999; San Mauro et al. 2014). In contrast to the biphasic
ancestral state, the absence of an aquatic larval stage makes
it possible to reproduce without any direct access to bodies of
water and direct development might be favoured where envi-
ronmental conditions do not provide any suitable aquatic lar-
val habitats (Goin and Goin 1962; Miiller et al. 2013; Liedtke
et al. 2017). Biphasic aquatic reproduction has been lost in a
number of other ways in various amphibians, including terres-
trial, non-feeding tadpoles (e.g. Warren 1922; Wake 1980),
viviparity (e.g. San Mauro et al. 2014; Sandberger-Loua
et al. 2017) or incubating eggs in, e.g. dermal pouches or the
male vocal sacs (see Wells 2007 for a comprehensive
summary of amphibian reproduction), but direct development
is by far the most common terrestrial reproductive strategy.
In all amphibians, direct-developing species are character-
ized by large scale developmental repatterning and in anurans
in particular most tadpole-specific structures, such as the lat-
eral line system, larval mouth parts, the cement gland or the
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coiled intestine, are greatly reduced or entirely absent during
development (Hanken et al. 1997a). In addition to the pro-
found reduction of larval structures, embryos of most direct-
developing frogs show similar modifications, such as an en-
larged membranous tail with a highly vascularized fin, a re-
duction of external gills, an early and nearly simultaneous
development of front- and hind limbs and a large yolk reserve
(Townsend and Stewart 1985; Bahir et al. 2005; Anstis et al.
2007). The apparent similarity in embryonic development of
the few studied direct-developing species has led to the idea
that the anuran tadpole might represent a distinct developmen-
tal module that has been deleted from the ontogeny in direct-
developing species (Callery and Elinson 2000a; Callery et al.
2001; Ziermann and Diogo 2014).

In anurans, direct development, in a strict sense in which
development is completed within the egg, has been reported to
occur in members of the Arthroleptidae, Bufonidae,
Microhylidae, Myobatrachidae, Ranidae, Rhacophoridae,
Sooglossidae and Terrarana (Brachycephaloidea sensu Frost
2016). In some of these taxa, all species are direct-developing
(e.g. Terrarana), whereas in others, only some are (e.g.
Myobatrachidae) and direct development may have even
evolved several times independently within the group (e.g.
Bufonidae). Although many species of frogs develop directly,
developmental data are sparse or absent for many taxa that are
known or presumed to develop directly (Thibaudeau and Altig
1999), a fact attributable to the often well-concealed breeding
sites (Bahir et al. 2005). Direct development has been studied
in detail for only a few species (Townsend and Stewart 1985;
Hanken et al. 1992; Bahir et al. 2005; Kerney et al. 2007,
Anstis et al. 2007), but short descriptions or cursory notes
reporting direct development are available for a greater num-
ber of species (e.g. Alcala and Brown 1982; Bourne 1997;
Jameson 1950; Krishnamurthy et al. 2002). The most well-
known are those of the neotropical genus Eleutherodactylus
and species formerly assigned to it (Terrarana; Hedges et al.
2008; Heinicke et al. 2009). Although direct development has
been confirmed for a number of the ca. 1063 species of
Terrarana (Frost 2016), detailed information on various as-
pects of development is only available for Eleutherodactylus
coqui, a Puerto Rican species that is characterized by a nearly
complete loss of larval characteristics (Townsend and Sewart
1985; Elinson 1990; Hanken et al. 1992). Primarily because of
the paucity of information on other direct-developing frogs,
especially non-terraranan anurans, E. coqui has come to be
seen as representative of direct development in anurans in
general. However, a recent study of development in
Oreobates barituensis, a terraranan from northern Argentina,
together with older reports (e.g. Lynn 1942; Gitlin 1944;
Jameson 1950) indicates that development is not as uniform
in Terrarana as previously thought (Goldberg et al. 2012).
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This, together with the limited amount of data available on
other direct-developing species (e.g. Patil and Kanamadi
1997; Bahir et al. 2005; Anstis 2008; Anstis et al. 2007;
Narayan et al. 2011), suggests that direct development is not
as stereotypical as generally assumed.

Among African frogs, only species of the genus
Arthroleptis appear to be true direct developers, although a
number of related taxa show some degree of terrestrial repro-
duction (Miiller et al. 2007). Arthroleptis currently comprises
47 moderately diverse species that are distributed throughout
most of sub-Saharan Africa (Blackburn 2008; Frost 2016). All
Arthroleptis species are assumed to be direct-developing, al-
though only very limited developmental information is avail-
able for just two species (Lamotte and Perret 1963; Wager
1965). We investigated the embryonic development of the
South African endemic Arthroleptis wahlbergii Smith 1849
and the East African dwarf squeaker Arthroleptis
xenodactyloides Hewitt 1933 based on material collected in
the field in South Africa and Tanzania. In this paper, we pro-
vide a detailed description of external development, clutch
characteristics and egg deposition site. A comparison with
published information on other direct-developing species
shows that although both Arthroleptis species exhibit some
general characteristics of direct-developing frogs, they also
differ in a number of characters. This highlights the degree
of developmental diversity that characterizes the different
direct-developing anuran taxa and argues against simplistic
assumptions about the evolution of direct development as be-
ing merely an excision of a ‘tadpole developmental cassette’
(Elinson 1990) from the ontogeny of direct-developing taxa.

Material and methods

Developmental series of two species of Arthroleptis,
A. wahlbergi and A. xenodactyloides were available for inves-
tigation. Of A. xenodactyloides, a total of 47 embryos and
hatchlings as well as two subadults and three adults were
collected in December 2009 and March 2010 at Kigogo and
Luhota Forests, Mufindi District, Iringa Region, Tanzania.
The embryos were sampled from three field-collected
clutches. The clutches were collected by systematically sifting
through leaf litter on the forest floor (Fig. 1a), whereas adults
and subadult frogs were collected opportunistically in the
same general area where the clutches were found.

OfA. wahlbergii, a total of 80 embryos and hatchlings were
sampled from four clutches of eggs collected in December
2015 at Eshowe and Entumeni Forest in KwaZulu-Natal,
South Africa. In addition, several juvenile and adult speci-
mens (Fig. 2) were available for comparison. One clutch
was field-collected and the other three clutches were collected
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Fig.1 Habitat (a) and clutch (b) of Arthroleptis xenodactyloides at Luhota Forest, Mufindi, Southern Udzungwas, Tanzania. ¢ Clutch of A. wahlbergii at

Entumeni Forest, KwaZulu-Natal, South Africa. Clutches were photographed in situ after the removal of covering leaves and soil

from a temporary field enclosure. We constructed this using
shade cloth to build a fence of ca. 40-cm height to enclose a
space of approximately 1.5 m? in an area with thick, moist leaf

Fig. 2 Pair of Arthroleptis wahlbergii in amplexus. The male on top is
slightly displaced to the side in a, showing the outward facing palm and
elongated third finger. b Pair in full amplexus; note the disproportionately
long forearm of the male

} GfBS

litter and closed canopy where several adult A. wahlbergii had
been found. We collected four gravid females and four males
from the immediate surrounding area and maintained them in
the enclosure for 2 weeks. At least once every 48 h we
inspected the enclosure and moistened the leaf litter if no rain
had occurred. Because no spontaneous egg deposition had
occurred after 12 days, we gave all males and females a single
injection of Amphiplex, consisting of des-Gly'®, D-Ala®, Pro-
LHRH (Bachem; 0.4 png/g body weight; GnRH-A) and
metoclopramide (Sigma; 10 pug/g body weight; MET), to in-
duce oviposition (for details, see Trudeau et al. 2010). Two
days after the hormonal stimulation, we dismantled the enclo-
sure and found three clutches buried beneath the leaf litter in
the relatively loose, uppermost layer of soil. No adults were
found in attendance and the general clutch characteristics did
not differ from the field-collected clutch.

We transferred clutches to Petri dishes and maintained
them under field conditions at ambient temperatures, sampling
embryos at regular intervals (every 1-2 days). Specimens
were euthanized using tricaine methanesulfonate (MS222;
Fluka), fixed in 4% neutral-buffered formalin and subsequent-
ly stored in 70% ethanol. Voucher specimens of
A. xenodactyloides have been deposited in the collections of
the Museum of Comparative Zoology (MCZ A-149005-10).
Conspecificity of the egg clutches was confirmed through
raising individual eggs to hatching.

Descriptions of embryo and egg morphology are based on
microscopic observations of live and preserved material.
Drawings and photos were made using a Zeiss Discovery
V12 stereomicroscope (Carl Zeiss) with an attached drawing
mirror and an AxioCam digital camera. The description of
embryonic development in Arthroleptis is based on the stag-
ing table for E. coqui (Townsend and Stewart 1985). Although
different direct-developing species show considerable varia-
tion in external morphology and developmental timing (see
‘Discussion’), we decided to follow the table by Townsend
and Stewart (1985) because it has been widely used for the
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description of direct-developing anurans (e.g. Bahir et al.
2005; Anstis et al. 2007; Anstis 2008; Goldberg et al. 2012)
and is therefore the most suitable framework for comparing
interspecific differences in development. Unless stated other-
wise, reported observations refer to both A. wahlbergii and
A. xenodactyloides.

Results

All three clutches of A. xenodactyloides were found hidden
within moist leaf litter on the forest floor and consisted of 12,
16 and 19 eggs, respectively. The eggs were laid about 3 to 5 cm
below the surface of the leaf litter, directly between leaves or
inside curled leaves. A clutch consisted of single eggs (sensu
Altig and McDiarmid 2007) that were more or less clustered,
with some scattering of individual eggs or small groups of eggs
(Fig. 1b). In the areas of the forest where the clutches were
found, the leaf litter seemed considerably thicker, several layers
deep, than in other parts of the forest and the ground had a gentle
slope (Fig. 1a). The single clutch of A. wahlbergii found in a
natural setting contained 23 eggs and was collected in a little
Macadamia woodland on the outskirts of Eshowe. We collected
it from a shallow mound of relatively compact earth, where it
was buried about 3 cm deep inside the soil, underneath deep leaf
litter. The three clutches obtained from the enclosure contained
19, 19 and 31 eggs. The two smaller clutches contained a num-
ber (four and nine) of unfertilized eggs. All clutches were found
buried about 1-2 cm deep in the soil underneath leaf litter (Fig.
1c). In both A. wahlbergii and A. xenodactyloides, no adults
were found attending the clutches.

The eggs of both species were non-pigmented and encased
in a clear egg capsule. In A. wahlbergii, we observed five dif-
ferent layers of the egg capsule (Fig. 3a; no data available for

Fig. 3 Different stages of
development inside the egg of
Arthroleptis wahlbergii. a TS 9,
different layers of the egg capsule
are shown. Layers 1 and 2 (L] and
L2) are partly removed. Layers 3
and 4 (L3 and L4) are the thickest
of all layers. Layer 5 (L5) closely
surrounds the embryo. b In TS 10,
all layers of the egg capsules have
been removed except layer 5 (L5).
¢ In TS 15, last stage inside the
egg, hatching occurs at any time
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A. xenodactyloides). The two outer layers were extremely thin,
with the jelly of the first layer being more robust than in the
second layer. Soil and other particles adhered to the outer sur-
face of the eggs, but increasing wetness reduced the stickiness
of the outer layer. The third and fourth layers were thicker and
of a more rubbery consistency (Fig. 3a). The fifth layer was
relatively thin again and surrounded the embryo (Fig. 3b, c). It
tightly enveloped the embryo and was difficult to remove in
preserved specimens. Apart from the unfertilized eggs of
A. wahlbergii, all eggs developed normally and no fungal in-
fections were observed. All clutches of A. xenodactyloides had
already commenced development at the time of collection and
the youngest embryos represented in our material are at
Townsend and Stewart stage 3 (TS 3). We also could not ob-
serve a single clutch throughout the entire development, but
from the material available, it took 30 days between TS 3 and
hatching, and we therefore estimate the entire embryonic devel-
opment to take around 32 to 33 days. For A. wahlbergii, almost
the entire embryonic development could be observed in a single
clutch and it took 30 days from gastrulation (TS 1) to hatching.
Based on these data, we estimate the entire embryonic devel-
opment to take not more than 31 to 32 days. Hatching in
A. xenodactyloides occurred at an average size of SVL
3.7 mm (+0.2; n = 3) and hatchlings of A. wahlbergii had an
average size of SVL 5.5 mm (£0.2; n = 5).

Embryonic morphology and development

Both species of Arthroleptis were very similar in their devel-
opment and the following description pertains to both of them,
except where stated otherwise.

Head Distinct cephalic areas were delimited by TS 4 and optic
and otic regions were clearly differentiated (Fig. 4c). The large
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eyes were initially evident as large, unpigmented optic vesi-
cles. Pigmentation of the iris started at TS 6 (Fig. 4¢) and the
iris became increasingly dark during further embryonic devel-
opment. The pupil remained clear throughout development.
Eyelids were first evident relatively late in embryonic devel-
opment at TS 15 (Fig. 41). During TS 6, the mouth opened and
the lower and upper jaws were differentiated. The mouth
opening widened at TS 8 and the nostrils appeared at the same
time (Fig. 4g). By TS 13, the mouth opening extended back-
wards to below the eye (Fig. 4k). The posterior extent of the
mouth opening reached its final position at a level behind the
eye during postembryonic development.

Gills At least two gill arch bulges were clearly visible during
TS 41in A. xenodactyloides (Fig. 5a). In A. wahlbergii, four gill
arches were visible during TS 4 (Fig. 4c). The gill arches
disappeared from external view at TS 5. External gills were
not observed at any stage in the available specimens.

Body pigmentation and body wall Body pigmentation first
appeared at TS 6 with the formation of melanophores on the
head and in the vertebral region (Fig. 4¢). During this stage, a
few melanophores also appeared along the paravertebral re-
gion of the future body wall overlaying parts of the yolk (Fig.
4e, right). By TS 8, melanophores were widely spread over the
head and body and the body wall had expanded laterally to
enclose the yolk up to a narrow gap along the ventral side (Fig.
4g). The body wall completely enclosed the yolk ventrally by
TS 10-11. In general, dorsal parts of the head and trunk as
well as the outer sides of the fore- and hind limbs were more
densely pigmented than the lower jaw and the inner sides of
the fore- and hind limbs, which only showed slight
pigmentation.

Limbs Overall, development was characterized by a very ear-
ly appearance of the limb buds. Both fore- and hind limb buds
first appeared as rounded swellings lateral to the neural tube.
Hind limb buds were already distinct at TS 4, whereas the
forelimb buds were only faintly indicated and less well de-
fined at this stage (Fig. 4c). The hind limb buds were slightly
larger than the forelimb buds and remained so during the dif-
ferentiation stages. The limb buds increased in size, becoming
more elongated and were joined to the trunk by TS 5 (Figs. 4d
and 5c). The hind limbs continued to elongate, and by TS 6,
slight constrictions of the knee joints appeared, while the fore-
limb buds were round to ovoid (Fig. 4¢). The opercular fold
started to overgrow the developing forelimbs at TS 6. At TS 7,
the forelimbs were covered to about one third by the opercular
fold and were completely covered by TS 9 (Fig. 5d—f).
Differentiation of the hand and digits was completed under
the opercular fold. Nubs of digits 1-3 and toes 14 first ap-
peared at TS 8 (Fig. S5h), and all five toes were visible by TS 9.
At TS 10, the forelimbs were fully erupted (Fig. 5g). The
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subarticular tubercles on hands and feet were first visible at
TS 12 (Fig. 5j).

Tail A tail bud first appeared in TS 3 embryos. From the
beginning of TS 4, the tail bud elongated and bent on the
inside of the vitelline membrane of the embryo (Fig. 5b).
There was no consistent orientation of the tail, and some em-
bryos had the tail bent to the left, whereas in others, it was bent
to the right. However, tail orientation in individual embryos
seemed to remain constant throughout development. A small
membranous fin developed at TS 5 (Fig. 5¢). At this stage, the
tail was about one third of its final length. The tail and its
vascularized fin membrane continued to develop and elongate
until TS 10, when it reached its full length at a size more or
less equal to the body length of the embryo. The tail began to
regress at TS 12. By TS 14 (Fig. 4k), the tail was reduced to a
small stub and completely resorbed in hatchlings (Fig. 41). The
tail lacked pigmentation throughout development.

ECD Endolymphatic calcium deposits (ECD) first appeared
at TS 6 as two small whitish dots, one on each side of the otic
region (Fig. 4e). The ECD expanded during TS 7 (Fig. 4f) and
developed extensions in the caudal direction that continued to
grow until TS 11. By TS 12, the two ECD antimeres were
joined in the midline. At the same stage, the ECD began to be
obscured by the increasingly more dense pigmentation and
were no longer visible from the beginning of TS 13.

Discussion
Reproduction in Arthroleptis

The males of many species of Arthroleptis are characterized
by moderately to extremely elongated third fingers
(Blackburn 2009). The function of this sexually dimorphic
trait is unclear but is thought to perhaps be used in male to
male combat or during amplexus (see Blackburn 2009 for
details). We observed axillary amplexus in A. wahlbergii
(Fig. 2) and the palms of the hands of the male were facing
outward. We did not observe any special motion or posturing
of'the third finger and it does not seem to play a particular role
in amplexus. However, given the large size difference between
male and female, the elongated lower arm and third finger
might overall improve the hold on the female.

The first observations on reproduction in Arthroleptis were
made by Barbour and Loveridge (1928), who described three
clutches of A. stenodactylus eggs (33, 40 and 54 eggs)
collected from shallow burrows with some adults, plus an
additional clutch of 80 eggs that they suspected to be a mix
of at least two clutches. They pointed out the disproportion-
ately large ova in gravid A. xenodactylus but did not explicitly
infer a direct mode of development. The first explicit
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Fig. 4 External development in Arthroleptis wahlbergii. All embryos
have been removed from the egg capsules. a TS 1. Formation of blasto-
pore. b TS 3, dorsal view. Neural folds formed. ¢ TS 4, dorsal and frontal
view. Early limb bud stage, neural tube formed, gill arches apparent. d TS
5. Limb buds attached to trunk. e TS 6, left: lateral view (arrow indicates
ECD), middle: frontal view, right: dorsal view. Opercular fold (op) begins
to grow over developing forelimb. f TS 8, lefi: lateral view, right: close-up
of head region, with edge of opercular fold and outline of limb bud
indicated by dotted lines. Opercular fold covers two thirds of the forelimb
bud. g TS 9, lefi: lateral view, right: ventral view. Opercular fold
completely covers forelimbs. h TS 10, both forelimbs erupted (arrow),
tail fin begins to decrease, pigmentation denser. i TS 11/12, left: lateral
view, right: ventral view. Toes are much longer, tail begins to decrease in
size. j TS 13, fingers longer, tubercles visible. k TS 14, left: lateral view,
right: dorsal view. Distinct eyelids visible, toes full length, banding pat-
terns on legs evident. 1 TS 15, hatchling. Scale bars = 1 mm

statement of direct development in Arthroleptis seems to have
been made by Loveridge (1953), who reported that
A. stenodactylus lay their eggs in a burrow and that
metamorphosis is completed inside the egg. Guibé and
Lamotte (1958) reported direct development for the West
African A. crusculum and a clutch size of 15 eggs. The eggs
were deposited in a spherical chamber of about 1-2 cm in
diameter, a few centimetre below the surface of the soil. The
wall of the chamber was reported to be rather regular and
seemingly lined with mucus (Guibé and Lamotte 1958).
Channing (2001) reported a clutch of A. xenodactyloides
consisting of 20 eggs that he found 20 cm beneath leaf litter
accumulated next to a wet rock face on Mt. Zomba, Malawi.
Channing and Howell (2006) reported clutches of A.
xenochirus to consist of about nine eggs that were laid in
shallow nests in leaf litter and provided a photograph of a
clutch. They also published a photograph of A.
adolfifriederici eggs at approximately TS 6, and Altig and
McDiarmid (2007) published a photograph of a clump of eggs
of A. schubotzi found in leaf litter, confirming terrestrial re-
production for two additional species.

Lamotte and Perret (1963) provided a brief description of
reproduction and development of the West African
A. poecilonotus from material collected in Cameroon,
where clutches were found in the soil in gardens planted with
peanut and cassava. Clutch size averaged 20 to 25 eggs and
the large eggs were surrounded by a thick gelatinous capsule
that consisted of two to three concentric, spherical layers plus
an outer and an inner membrane (Lamotte and Perret 1963).
They illustrated five different developmental stages and pro-
vided some information on embryonic development, includ-
ing that the tail was always bent to the left and the forelimbs
were hidden under a membrane (presumably the opercular
fold) for some unspecified time during development.
Interestingly, Lamotte and Perret (1963) reported hatching to
occur after 15 to 20 days at a seemingly less advanced stage
compared to A. wahlbergii and A. xenodactyloides. Upon
hatching, A. poecilonotus still possessed a tail remnant of
about half the snout-vent length and eyelids were not yet
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differentiated. Lamotte and Perret (1963 ) reported raising their
clutches inside a crystallizer at constant temperature (27 °C)
and humidity. A constant 27 °C appears to be higher than
normal soil temperatures and might explain the comparatively
short developmental time reported. Whether hatching gener-
ally occurs at an earlier stage in A. poecilonotus or might be an
artefact of higher-than-average incubation temperatures re-
mains unclear at present. Tapley (2009) reported hatching to
occur after about 1 month in captive-breeding
A. stenodactylus. Some data on reproduction and development
in A. wahlbergii were provided by Wager (1965), who de-
scribed discovering eggs in a large pile of leaves, about
3 cm or more below the surface. He reported five clutches that
consisted of 11, 18, 20, 26 and 30 eggs, respectively, with the
eggs in the individual clutches being somewhat scattered over
an area of about 8 cm in diameter. Wager (1965) very briefly
summarized embryonic development and also illustrated six
stages, but his drawings are very schematic and depict propor-
tions incorrectly. However, he reported that the forelimbs are
covered by skin and that hatching occurs at the end of the
fourth week of development when the young are fully formed
and about 6 mm long, which match our own observations
presented here.

Although data on aspects of egg laying or development are
only available for nine species of Arthroleptis (out of 47),
these species do show a similar pattern of reproduction in that
eggs are laid terrestrially in a moist, secluded place and devel-
op directly into fully developed young. Egg deposition varies
slightly in that eggs are either laid among leaf litter or buried in
the soil beneath leaf litter. This is likely a function of the
ability to burrow—better in species with a well-developed
metatarsal tubercle like A. stenodactylus and A. wahlbergii
and less so in small species with weakly developed metatarsal
tubercles like A. xenodactyloides—and the local conditions
(wetness, shade, thickness of leaf litter, etc.). The spherical
breeding chamber described by Guibé and Lamotte (1958)
for A. crusculum seems unusual and resembles the nesting
chamber of Anhydrophryne rattrayi as described by Wager
(1965). The number of eggs per clutch and size at hatching
vary among species and seem to correlate with adult size, with
smaller species having fewer eggs and smaller hatchlings and
larger species having more eggs and larger hatchlings. The
average hatching size of 3.7 mm in A. xenodactyloides is
among the smallest hatchling sizes reported for any direct-
developing anuran, except Sooglossus (Callery et al. 2001).
Hatching at a somewhat earlier stage in A. poecilonotus, as
reported by Lamotte and Perret (1963), might possibly be a
result of suboptimal rearing and would require confirmation.
In captive A. stenodactylus, Tapley (2009) observed occasion-
al male egg-guarding behaviour but did not provide further
details. In all other investigated species, no adults were found
attending the clutches and it seems that dedicated egg-
guarding does not occur in Arthroleptis. Interestingly, the eggs
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Fig. 5 Details of development of Arthroleptis xenodactyloides. a TS 3,
lefi: dorsal view, right: caudal view. b TS 4, caudal view. ¢ TS 5, dorsal
view. d—g Development of the opercular fold. d TS 7, lateral view.
Opercular fold covers one third of the forelimb buds. e TS 8, lateral
view. Forelimbs almost covered beneath opercular fold. f TS 9, lateral
view. Arrow indicates that forelimbs completely covered by opercular
fold. g TS 10, lateral view. Forelimbs fully erupted. h—k Development

we raised seemed resilient and we lost none to fungal infec-
tions. Although little information is available for anurans, in
direct-developing salamanders, eggs are more likely to suc-
cumb to fungal infections if the attending parent is removed
(Wells 2007). Arthroleptis eggs might possess some
antimycotic properties.

Both species of Arthroleptis investigated here showed a
remarkably similar embryonic development. The few details
reported in earlier studies (Lamotte and Perret 1963; Wager
1965) are also in agreement with the observations reported
here (with the exception of A. poecilonotus discussed earlier).

@ Springer

of'toes and digits. h TS 8, dorsal aspect, nubs of three digits and four toes
visible. i TS 10, dorsal aspect of hand, ventral aspect of foot. Tips of toes
and digits enlarged. At this stage, forelimbs are fully erupted and no
longer covered by the opercular fold. j TS 12. Lateral aspect of hand,
ventral aspect of foot. Digits enlarged, tubercles visible. k TS 15,
ventrolateral aspect. Limbs fully developed. Hatching occurs at any
time. Scale bars: a—g 0.5 mm; h—k 0.25 mm

Arthroleptis wahlbergii and A. xenodactyloides are not closely
related (Blackburn 2008), and the near identical embryonic
development observed in both species and available data on
other species suggest that similar patterns of development
might likely be characteristic for Arthroleptis in general.

Direct development in anurans
Direct development has evolved independently several times

in all three orders of amphibians and represents a derived
developmental mode in which the aquatic larval stage has
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been eliminated as a functionally distinct life-history stage
from the ontogeny (Hanken 1989; Wake and Hanken 1996;
Hanken et al. 1997a; Wake 2003). The development of direct-
developing anurans differs considerably from that of species
with a biphasic life cycle in that most adult features, which
typically form at metamorphosis in biphasic taxa, already ap-
pear during embryogenesis (Wake 1989; Hanken et al.
1997a). Heterochrony is considered a likely reason for these
evolutionary changes in the timing of developmental events
(Raff 1987; Hanken et al. 1992; Goldberg et al. 2012). Direct-
developing species show accelerated growth rates and develop
faster in comparison to most tadpoles (Lutz 1948; Callery and
Elinson 2000a, b). Less clear is the extent to which larval
features are expressed in different direct-developing taxa.
Earlier studies focused on the neotropical terraranan
E. coqui, which shows a near complete loss of larval charac-
teristics (Townsend and Stewart 1985; Callery et al. 2001).
This dramatic loss of larval characteristics paired with the
scant availability of data on other direct-developing taxa led
some authors to suggest that the free-swimming tadpole larva
might represent a developmental cassette or module that has
been excised from the ontogeny of direct-developing species
(Elinson 1990; Callery and Elinson 2000a, b; Ziermann and
Diogo 2014). This idea could potentially provide a more
mechanistic explanation for the repeated evolution of direct
development in anurans. The generality of this assumption
however is contingent on the overall similarity of direct-
developing anurans. In E. coqui, several studies have demon-
strated large-scale, ontogenetic repatterning (e.g. Hanken et al.
1992, 1997b). These complex patterns of ontogenetic rear-
rangements suggest that the evolution of direct development
in E. coqui might be more than just a simple deletion of the
larval phase (Callery et al. 2001). A number of recent investi-
gations have revealed different patterns of reduction of
tadpole-specific characters in direct-developing species
(e.g. Anstis et al. 2007; Goldberg et al. 2012), which indicates
that the effects of direct development on embryogenesis are
perhaps not consistent across different lineages that evolved
this form of reproduction.

Comparability of TS staging The staging table of Townsend
and Stewart (1985) has been used as a basic framework for
describing development of terraranan and also non-terraranan
species (e.g. Bahir et al. 2005; Anstis 2008; Goldberg et al.
2012). This staging table was originally devised to help assess
embryonic age under field conditions and focused on features
visible to the naked eye or with the aid of a 10x hand lens
(Townsend and Stewart 1985). As such, it is a relatively coarse
description of development and condenses developmental
events into relatively few stages compared to other staging
tables (Gosner 1960; Nieuwkoop and Faber 1967). This is
especially the case for the early stages of development;
Townsend and Stewart (1985) condensed the early
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development into three stages, beginning with the fertilized
egg to the appearance of the limb and tail buds. As a conse-
quence, embryos at different stages of development can still
fall into the same TS stage. This complicates comparison of
early development in direct-developing anurans based on
stage descriptions derived from Townsend and Stewart’s
(1985) table. Some authors also employed modified stage def-
initions, which accounts for a lack of correspondence of the
early stages between Townsend and Stewart (1985) and other
staging tables (e.g. Bahir et al. 2005; Narayan et al. 2011). To
compensate for the broad divisions of early development into
stages, Moury and Hanken (1995) subdivided TS 3 into three
substages defined by the degree of neural fold closure. In
Arthroleptis, we also found several discrete stages of develop-
ment that fit into single TS stages (Table 1). For instance,
during the early TS 4, the neural tube is formed, the head is
outlined and a tailbud is visible (Fig. 6a). This is followed by
the beginning differentiation of the eyes, gill arches and the
elongation of the tailbud (Fig. 6b). The late TS 4 comprises
distinct eye anlagen and clearly defined forelimb buds (Fig.
6¢). To document these, we described all discrete stages in
Table 1 but did not alter the numbering of Townsend and
Stewart (1985) to retain correspondence with later stages to
facilitate comparison of different direct-developing species.
We also indicated characters used by Townsend and
Stewart (1985) to define stages and employed these to demar-
cate corresponding stages in Arthroleptis.

External gills Small, external gills are present during early
embryonic development in some direct-developing species,
but their presence seems rather variable, even among closely
related species. Although small gill arches occur transitorily in
Arthroleptis, as in other species, no external gills are present
during embryonic development. External gills were also not
observed in the myobatrachids Arenophryne rotunda,
Myobatrachus gouldii (Anstis et al. 2007), Metacrinia
nichollsi (Anstis 2008), the rhacophorids Philautus viridis
and Philautus silus (Bahir et al. 2005) and the craugastorid
Haddadus binotatus (Goldberg and Candioti 2015). External
gills are present for less than one-fourth of the developmental
period in Philautus variabilis (Patil and Kanamadi 1997). In
Philautus glandulosus, they appear as lamellae and are also
only present for a short period (Krishnamurthy et al. 2002).
External gills have further been reported in the ceratobatrachid
Platymantis vitiana (Narayan et al. 2011). In Terrarana, exter-
nal gills have been reported in some species but seem to be
absent in others. In E. coqui, external gills first appear at TS 5
and disappear by TS 9 (Townsend and Stewart 1985). A pair
of small, external gills is present as short, stubby ectodermal
projections off the third gill arch in Eleutherodactylus
portoricensis for about 5 days of the 19-day developmental
period (Gitlin 1944). No external gills were observed in
Craugastor augusti (as Eleutherodactylus latrans, Jameson
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Table 1  Synopsis of external characteristics in developmental stages of
Arthroleptis embryos. Features in bold indicate diagnostic features of the
developmental stages of Eleutherodactylus coqui (Townsend and Stewart 1985)

TS Arthroleptis development

stage

1 Oviposition

1 Late-Gastrula, blastopore visible

2 Early neurulation stage, neural folds forming neural groove
3 - Mid- to late neurulation stage

- Neural groove formed, not yet closed to a neural tube

4 - Neural tube formed
- Head outlined
- Forelimb buds feebly defined, hind limb buds evident
- Somites slightly visible
- Tail bud evident
4 - Eye bulges visible
- Gill arches distinct caudal to the eyes
- Somites clearly visible
- Tail bud elongated

4 - Head more prominent and separated into distinct areas: optic
region, mouth and auditory region differentiable
- Gill arches disappeared, no gill buds visible

4 - Eye bulges distinct but unpigmented
- Forelimb buds round and clearly defined, hindlimb buds round
to ovoid
- Limb buds separated from trunk
- Tail bud elongated and slightly curved to one side

5 - Eyes distinct but unpigmented
- Limb buds attached to trunk, forelimb buds clearly defined
and smaller than hind limb buds, hind limbs round to ovoid
- Tail elongated with small thin fin, bends to one side

6 - Iris with light brown pigment

- Forelimbs round to ovoid, slight knee constrictions on
hind limbs

- Opercular fold appears and begins to grow over forelimb buds

- Tail one third of its final length, small fin

- ECD (endolymphatic calcium deposits) first visible as small
white points

- Light pigment over head and trunk

7 - Iris darker on outer and inner border, colour of iris light brown
- Opercular fold covers two thirds of forelimbs
- Knee joints more evident, foot paddles
- ECD quadrangular patches
- Tail with vascularized fin
- Pigment denser over head and trunk, spreads over yolk

8 - Opercular fold covers two thirds of forelimbs
- Nubs of digits and toes
- ECD triangular with forward extensions to eye

9 - Opercular fold closed
- Toes 1-5 demarcated
- Hind limbs have slight pigmentation except on inner sides and
on ventral sides of feet
- Tail to two thirds of its final length with well-vascularized fin
- ECD expand to one third over trunk
10 - Iris dark pigment, pupil light grey
- Nares distinct
- Forelimbs erupted
- Elbows distinct, fingers differentiable, hands ventrally
orientated
- Knees distinct, Toes 1-5 separated
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Table 1 (continued)

TS Arthroleptis development
stage

- Tail at full size, remains unpigmented
- Slight pigment over forelimbs except inner sides
- Yolk enclosed in body wall
11 - Iris dark, pupil light grey
- Fingers and toes much longer
- Forelimbs with light pigment on outer sides, hind limbs darker
pigment on outer sides and light pigment on inner sides
- Tail at full size
- ECD expanded backwards toward the trunk
- Pigment over dorsum darker
12 - Iris dark, pupil light grey
- Fore and hind limbs darker pigment on outer sides, hind limbs
light pigment on inner sides and on ventral side of feet
- Tubercles slightly visible
- Toes two thirds of their length at hatching
- Tail begins to regress in size

13 - Tubercles distinct on hand and feet, darker pigment on palms of
hand and feet

- Tail further regressed in size

- Body heavily pigmented, light pigment on abdomen

- ECD joined in the midline, large longitudinal extensions
14 - Eyelids visible

- Limbs and toes fully developed

- Banding patterns on legs visible

- Tail regressing

- Pigment denser over ventral sides of body
15 - Tail reduced to a small stub

- Minimal yolk reserves

- Hatching possible at any time

1950), Eleutherodactylus nubicola (Lynn 1942), Ischnocnema
guentheri (Lynn and Lutz 1946), Ischnocnema nasutus (Lynn
and Lutz 1947) and O. barituensis (Goldberg et al. 2012).

Opercular fold In free-living tadpoles, the opercular fold
covers the external gills and developing forelimbs and forms
a gill chamber that opens via a paired or single spiracle (Altig
and McDiarmid 1999). In E. coqui, epidermal folds briefly
develop to cover the gills and the base of the limb buds but
disappear rapidly, even before the digits start developing on
the forelimbs (Callery and Elinson 2000b). Although present
for only a few hours during development in E. coqui, these
epidermal folds are considered to be homologous with the
opercular fold of metamorphosing anurans (Callery and
Elinson 2001). As such, the opercular fold is a useful character
when comparing direct-developing frogs with respect to their
deviation from the ancestral morphology. In O. barituensis
(Goldberg et al. 2012) and H. binotatus (Goldberg and
Candioti 2015), the opercular fold encloses the proximal half
of the forelimbs and, as in E coqui, the opercular fold never
completely covers the forelimbs, although it seems to persist
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Fig. 6 Different discrete developmental events subsumed within TS 4 in
Arthroleptis. a Early TS 4 of A. wahlbergii, left: close-up of head region,
right: lateral view with head facing left. b Mid-TS 4 of A. wahlbergii, left:
close-up of head region; right: lateral view, arrow indicates somites. ¢
Late TS 4 of A. xenodactyloides, left: close-up of head region, forelimb
buds clearly defined, right: lateral view, arrow indicates somites. Scale
bars = 1 mm

for a somewhat longer period of development. This is substan-
tially different from Arthroleptis and all other non-terraranan
direct-developing species described so far, in which the devel-
oping forelimbs are partially or completely covered by the
opercular fold for a comparatively long period of develop-
ment, although the timing of appearance and disappearance
of the opercular fold varies among the different taxa. In
Arthroleptis and A. rotunda, the opercular fold persists for a
period of five stages (Anstis et al. 2007), for six stages in
M. gouldii (Anstis et al. 2007) and M. nichollsi (Anstis
2008) and up to eight stages in P. viridis (Bahir et al. 2005).
Also, the period of complete enclosure of the forelimbs by the
opercular folds ranges from a maximum of two stages in
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Arthroleptis, P, viridis (Bahir et al. 2005) and Philautus surdus
(as Philautus lissobrachius, Alcala and Brown 1982), to up to
six stages of development in myobatrachids (Anstis et al.
2007; Anstis 2008).

Limbs Simultaneous appearance of the fore- and hind limb
buds very early in development is one of the most striking
features of direct development (Townsend and Stewart 1985;
Elinson 1994; Anstis et al. 2007). In all species investigated so
far, fore- and hind limb buds appear more or less simulta-
neously and develop at a similar rate. At their first appearance
during early embryonic development (about TS 4), hind limb
buds are usually somewhat more distinct, whereas forelimb
buds are smaller and slightly less well defined. The limb buds
lengthen during subsequent stages and developing digits are
first seen during TS 9 or 10 on the hands and feet. Subarticular
tubercles first appear during TS 12, 13, and 14 or during
postembryonic development, depending on the species.

Tail Many previous investigators have commented on the
highly derived tail morphology of embryos of direct-
developing frogs. In general, the tail of direct-developing
frogs is usually enlarged with well-vascularized tailfins that
are broadly expanded and envelop the embryo to varying
degrees (e.g. Townsend and Stewart 1985; Bahir et al. 2005;
Goldberg et al. 2012; Goldberg and Candioti 2015). In
O. barituensis for example, the extensively developed tail
envelops nearly the entire embryo (Goldberg et al. 2012). In
H. binotatus, it forms a sac-like structure wrapped around the
hind limbs for a relatively long period (Goldberg and
Candioti 2015). This is not seen in either Arthroleptis species,
where the tail is extended to its full length with a well-
vascularized fin but never envelops the embryo. Instead, tail
development in Arthroleptis is more similar to E. coqui
(Townsend and Stewart 1985). In most species, including
E. coqui, the expanded parts of the tail seem homologous to
the dorsal and ventral tailfins of tadpole larvae. However, in
the terraranans O. barituensis (Goldberg et al. 2012),
H. binotatus (Goldberg and Candioti 2015) and Pristimantis
urichi (Nokhbatolfoghahai et al. 2010), the expanded part
does not correspond to the dorsal and ventral tailfin but rep-
resents lateral, fin-like expansions. This particular configura-
tion might be apomorphic for Pristimantinae.

Because of its enlargement and apparently high degree of
vascularization, the tail is usually assumed to function mainly
as a respiratory organ in embryos of direct-developing anurans
(Lutz 1948; Townsend and Stewart 1985; Bahir et al. 2005). A
relationship between the presence or absence of gills and tail
size has frequently been discussed (Townsend and Stewart
1985; Patil and Kanamadi 1997; Bahir et al. 2005; Goldberg
et al. 2012) and it seems plausible that the tail has a potential
role as the main respiratory organ, especially when consider-
ing that it has lost its locomotory function (Lutz 1948).
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However, embryos of direct-developing ceratobatrachids
(Alcala 1962; Narayan et al. 2011) and myobatrachids
(Anstis et al. 2007; Anstis 2008) show little to no enlargement
of'the tail or tailfins. In the ceratobatrachid P, vitiana (Narayan
etal. 2011), the tail is furthermore comparatively short and has
only shallow fins. Interestingly, in both ceratobatrachids and
myobatrachids, embryonic development is characterized by
the reported absence of external gills (Anstis 2008; Narayan
et al. 2011). In P, vitiana, highly vascularized abdominal sacs
are thought to have a respiratory function (Narayan et al.
2011), whereas no specialized respiratory structures have so
far been reported for myobatrachids. It seems clear that the tail
of ceratobatrachids and myobatrachids has only a limited
function as a respiratory organ. The co-option of the larval tail
for a respiratory function is therefore not a general character-
istic of direct-developing anurans.

The development of the tail in different direct-developing
taxa also varies substantially regarding timing and growth
rate. For instance, in the myobatrachids A. rotunda and
M. nichollsi, the tail bud forms before the appearance of the
limb buds (Anstis et al. 2007; Anstis 2008), whereas in
E. coqui, it appears after limb buds have formed. In
O. barituensis, tail development is apparently accelerated
and by TS 6, only two stages after the tail bud has appeared,
the tail envelops nearly the entire embryo (Goldberg et al.
2012).

Egg tooth An egg tooth has been reported for nearly every
investigated species of Eleutherodactylus and those formerly
referred to this genus (Lynn 1942; Lynn and Lutz 1946;
Jameson 1950; Wake 1978; Bourne 1997; Goldberg et al.
2012). Jameson (1950) even considered the development of
an egg tooth as a typical feature of terrestrially (i.e. direct-)
developing species. Embryos of non-terraranan direct-devel-
oping species, however, have all been reported to lack an egg
tooth (e.g. this study, Anstis et al. 2007; Bahir et al. 2005;
Krishnamurthy et al. 2002). Based on available data, the pres-
ence of an egg tooth appears to be restricted to species of the
New World direct-developing Terrarana (Hedges et al. 2008)
and is presumably apomorphic for this group.

Evolution of direct development

Although direct development evolved independently in sever-
al different anuran taxa and generated early interest as an
evolutionary phenomenon (e.g. Bavay 1873; Noble 1931),
we still have only an incomplete understanding of its exact
developmental basis and evolution. At first glance, direct-
developing embryos show a high degree of overall similarity
in their external development, such as early and nearly simul-
taneous appearance of limb buds and a more adult-like head
morphology. A more detailed comparison however reveals
differences in tempo and/or sequence of development of some

@ Springer

28

features, such as an early enlargement of the tail or the pres-
ence and extent of an opercular fold (present study; Bahir et al.
2005; Anstis et al. 2007; Anstis 2008; Goldberg et al. 2012)
among different direct-developing taxa. There is also variation
among direct-developing anurans in the presence or absence
of external gills, although no clear pattern is discernible and an
often-suspected link between the absence of gills and an elab-
oration of the tail (Lutz 1948) is not without exceptions. Some
taxa like the rhacophorid Philautus furthermore express a ce-
ment gland and a coiled gut (Bahir et al. 2005), characters
more typically associated with tadpole larvae. Several features
previously thought to be characteristic for direct-developing
anurans, such as an egg tooth, a greatly enlarged tail or only
very rudimentary and transitory presence of an opercular fold,
seem to be restricted to particular direct-developing taxa and
are indeed rather variable among the different direct-
developing lineages. The scarce available data on patterns of
internal development also present a more heterogeneous pic-
ture of the effects of direct development on, e.g. skeletal de-
velopment (Lynn 1942; Hanken et al. 1992; Kerney et al.
2007).

Even though these differences in developmental morphol-
ogy and timing suggest that there is no single developmental
pattern among direct-developing species, we do not wish to
discount the obvious similarities seen in the different direct-
developing taxa. However, the idea of some authors (Elinson
1990; Ziermann and Diogo 2014) that the free-swimming tad-
pole larva represents some form of module that has been de-
leted from the ontogeny of direct-developing frogs conflicts
with the available data and appears too simplistic. While the
egg tooth seems to be an evolutionary novelty of Terrarana,
most differences seen among direct-developing taxa concern
the expression of typical larval features or their lack thereof.
At present, it is unclear what accounts for these differences,
but several reasons seem possible. The reduction of tadpole-
specific features might be idiosyncratic and the similar pheno-
types a function of the gradual accumulation of these reduc-
tions. Another alternative could be that the trajectory from
larval to direct development follows a predictable sequence
and the observed differences are the result of the various taxa
being at different positions along that trajectory. However, the
variability in the developmental timing and pattern of the tail,
which seems disconnected from the remaining tadpole char-
acteristics, indicates a more complex pattern of both integra-
tion and modularity of larval traits. More detailed studies in-
cluding external and internal morphology of different direct-
developing lineages are needed for a better and more compre-
hensive picture of the specific, evolutionary changes involved
in the larval to direct development transition. More detailed
morphological data might further provide valuable clues in the
search for the underlying molecular mechanisms leading to
the reduction of a free-swimming, feeding tadpole larva and
the evolution of direct development.
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Abstract

Despite the evolutionary success of the anuran tadpole, direct development has
evolved several times independently in different frog lineages. We compare the em-
bryonic development of two species of Arthroleptis (A. xenodacytloides HEWITT 1933
and A. wahlbergii SMITH 1849), the only direct developing genus within Afrobatra-
chia. We questioned to what extent the ancestral larval development is repatterned
during the evolution of direct development and if the tadpole represents a distinct
developmental and evolutionary module. Therefore we present detailed data on the
cranial ontogeny of Arthroleptis and compare it with available information on the
direct developing Puerto Rican coqui (Eleutherodactylus coqui THOMAS 1966) and the
Sri Lankan shrub frog Pseudophilautus silus (MANAMENDRA-ARACHCHI & PETHIYAGODA
2005). We found that the development of the cranial skeleton and associated mus-
cles reveals a transient presence of tadpole-typical elements. This gives independent
evidence for the concept of ‘differential metamorphosis’, which states that the frog
larva consists of several developmental modules that can change during evolution
instead of a so-called ‘tadpole-cassette’ concept, in which the tadpole is seen as a
more or less single module that can either appear or disappear during development
and evolution.

Key words (3-6): direct development; Afrobatrachia; cranial ontogeny; metamor-
phosis; tadpole hypothesis
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Introduction

Alterations in an ancestral ontogenetic program, resulting in derived developmental
modes, are key processes underlying evolutionary change. Direct development, as
such a derived developmental mode, has evolved in many animal lineages inde-
pendently including crustaceans, molluscs, echinoderms, fishes and amphibians
(Collin 2004; Scholtz 2000; Raff 1992; Evans & Fernald 1990; Duellman & Trueb 1986).

In Lissamphibia (caecilians, salamanders and frogs) the ancestral life history is bi-
phasic with an aquatic, free-swimming larval stage (Wake 1989; Duellman & Trueb
1986). Alternative reproductive strategies, where the ancestral requirement for
aquatic reproduction is removed, have evolved several times independently and in-
clude terrestrial larval development and direct development (Gomez-Mestre et al.
2012; Schlosser & Roth 1997; Lynn 1961; Lutz 1948). Direct development occurs in all
three lissamphibian groups and may have evolved in response to environmental
conditions that do not provide suitable aquatic larval habitats promoting a more ter-
restrial reproductive mode (Liedtke et al. 2017; Miiller et al. 2013; Goin and Goin
1962). In biphasic frogs, the larval stage is called tadpole. In contrast to larvae of
other Lissamphibia, anuran tadpoles exhibit an astonishing diversity regarding their
morphology and feeding behaviour (Altig & McDiarmid 1999). Despite the evolu-
tionary success of the anuran tadpole, direct development has evolved several times
independently in different frog lineages (Fig. 1).

Direct development is characterized by a complete or near complete loss of tadpole-
specific features such as the larval jaw skeleton and its associated musculature, the
cement glands, the lateral line system and the coiled intestine (Hanken et al. 1997b).
These observations led to the hypothesis that the evolution of direct development
from a biphasic developmental mode is based on a large-scale repatterning of em-
bryonic development ('repatterning hypothesis'; Hanken, Jennings, and Olsson
1997a). However, detailed morphological studies adding evidence to this hypothesis
are scarce and mainly based on only one species from the Caribbean island of Puer-
to Rico, the Puerto Rican coqui (Eleutherodactylus coqui) (Ziermann & Diogo 2014;
Schlosser & Roth 1997; Hanken et al. 1992; Lynn 1942). Detailed developmental data
from distantly related frog species, where direct development evolved independent-
ly from E. coqui, are needed to test this hypothesis. Studies on other direct develop-
ing frogs are still limited to only a few species (and specimens per species) so far
(Goldberg et al. 2015, 2012; Narayan et al. 2010; Anstis 2008; Anstis et al. 2007; Ker-
ney et al. 2007). We therefore investigate the embryonic and post-hatching devel-
opment of the cranial skeleton and the associated musculature in two species of the
African genus Arthroleptis, A. xenodactyloides and A. wahlbergi, belonging to Afroba-
trachia.

Afrobatrachia are a taxon of sub-Saharan frogs containing four families - Hypero-
liidiae and the sister Arthroleptidae, and Brevicipitidae and the sister Hemisotidae
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(Feng et al. 2017; Portik & Blackburn 2016; Pyron & Wiens 2011; Frost et al. 2006).
Within this group, direct development occurs only in Arthroleptis, but most Afroba-
trachians show some degree of developmental terrestrialization (e.g. eggs attached
to vegetation outside of water or eggs buried in the soil near water) (Portik & Black-
burn 2016). This high diversity of developmental modes in Afrobatrachia is ideal for
investigating the developmental changes associated with the evolution of complete
terrestrial direct development from the ancestral biphasic mode. The tadpole larva
has been proposed to represent a distinct developmental and evolutionary module
in anurans (Ziermann & Diogo 2014; Gould 1977); however, this idea is controversial
and data of species that independently evolved apparently similar modes of repro-
duction are needed to further evaluate the aforementioned ‘tadpole module hypoth-
esis’.

Materials and Methods
Specimens

Embryos of A. wahlbergii, collected in South Africa, and A. xenodactyloides, collected
in Tanzania, were euthanized using tricaine methanesulfonate (MS222; Fluka), fixed
in 4% buffered formalin, and subsequently stored in 70% ethanol. Staging of embry-
os follows Townsend & Stewart (1985); TS stages hereafter. See Schweiger et al.
(2017) for further details on specimen collection and staging. The usage of the exam-
ined species is described in the following (see Tab. 1 for listed usage of specimen).

Histological sectioning

Early embryos were dehydrated in ethanol series (70%, 90%, 2 x 96%; 5 min each)
sectioned and subsequently rehydrated (2 x 96%, 90%, 70% ethanol, distilled water;
5 min each) prior to staining. Then embryos were embedded in Technovit 8100, sec-
tioned at 3um and stained with a mixture of basophilic Methylene blue and acidic
Fuchsin red (Bock 1989). Late embryos were embedded in Histoplast, sectioned at 8
um and stained with Heidenhain’s Azan (Romeis 2010). Sections were made using a
Zeiss Microm HM 360 and investigated and photographed using a Zeiss Axioplan
microscope with an attached Zeiss camera.

Whole-Mounts
Clearing and Staining

Whole-mounts were prepared using standard methods for clearing and staining
(Dingerkurs & Uhler 1977, modified by Taylor & van Dyke 1985). Before staining, the
yolk was manually removed from specimens younger than TS 14 using Dumont
watchmaker’s forceps. Specimens were photographed with a Zeiss Axiocam ICcl-
camera and images were processed using Adobe Photoshop CSé6.
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Fluorescent antibody staining

Specimens were fixed in Dent’s fixative and bleached in Dent’s bleach (10% hydro-
gen peroxide in Dent’s fixative). Specimens were incubated at room temperature
(21-25°C). Antibody staining was conducted on whole mounts according to standard
protocols (Klymkowsky & Hanken 1991). After bleaching, specimens were washed
three times in PBS 1 0,1% TritonX-100 for 20 min each and then blocked for 2 hours
in DAKO antibody diluent. The 12/101 antibody (against newt skeletal muscle, 1:100,
DSHB) was applied and incubated overnight. The day after, specimens were washed
again three times in PBS 1 0,1 % TritonX-100 for 20 min each and blocked in DAKO
antibody diluent for 2 hours. Afterwards, Alexa488-anti-mouse (Thermo Fisher Sci-
entific, Product # R37120) and Alexa568-anti-rabbit (Thermo Fisher Scientific, Prod-
uct # A-11011) were applied as secondary antibodies (1:500 in DAKO antibody dilu-
ent) and incubated overnight. Stained specimens were dehydrated two times in
100% methanol for 10 min each and cleared and stored in BABB (benzyl alco-
hol/benzyl benzoate, 1/2).

p-CT Scanning and 3D reconstruction

Specimens were contrasted using a solution of 1% polymolybdenic acid in 70% Eth-
anol following Metscher (2009) and CT-scanned using a Phoenix Nanotom S puCT
scanner (Phoenix X-Ray) at the Helmholtz-Zentrum Geesthacht (Deutsches Elektro-
nen Synchrotron - DESY, Hamburg, Germany). Three-dimensional reconstructions
of the cranial musculoskeletal system were prepared using Amira® 5.4.2 (FEI Visual-
ization, Sciences Group,) and Maya®2015 (Autodesk).

Comparative analysis/regression models

Cranial ossification sequences of the two species of Arthroleptis were compared with
biphasic and other direct developing species. Only regression lines of species staged
according to a similar system (TS or Go) could be compared directly/absolutely. Os-
sification data of biphasic species originate from Bombina orientalis BOULENGER 1890
(Maglia & Pugener 1998), Spea bombifrons COPE 1863 (Wiens 1989), Xenopus laevis
(Trueb & Hanken 1992), Ascaphus truei STEJNEGER 1899 (Moore & Townsend Jr. 2003),
Bufo boreas (BAIRD AND GIRARD 1852) (Gaudin 1978) and Hyla lancriformis (COPE 1870)
(De Sa 1988). Ossification data of other direct developing species examined so far
include Pseudophilautus silus (Kerney et al. 2007), Eleutherodacytlus coqui (Hanken et
al. 1992) and Pipa pipa LINNAEUS 1758 (Trueb et al. 2000). Data were plotted and re-
gression lines and the associated slopes were calculated.
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Results
Cranial skeleton
The chondrocranium

In A. wahlbergii at TS 5/6, the space between the brain and the eye is filled with a
loosely packed mesenchyme. This mesenchyme extends continuously from the dor-
sal aspect of the brain ventrally into the pharyngeal arches (Fig. 2A, black dotted
line). We interpret this mesenchyme as the migrated neural crest cells and the head
mesoderm that will give rise to the cartilaginous braincase and trabeculae in later
developmental stages.

Ethmoidal region.— The nasal capsule forms the cartilaginous skeleton of the anteri-
or head region. The trabeculae are first detectable at TS 8. In the laterodorsal region
of the developing nasal capsule, the lamina orbitonasalis arises to separate the cap-
sule from the orbit. Anteriorly, cranial trabeculae are separated, cornua trabeculae
never form. Dorsally, each cranial trabecula bears a broad cartilaginous plate form-
ing the lateral wall of the braincase (Fig. 3A). At TS 10/11 the septum nasi emerges to
separate the nasal capsule anteromedially. The tectum nasi arises to form the roof of
the nasal capsule. Ventrally, the solum nasi has formed. The lamina orbitonasalis
has further developed into the planum antorbitale and is attached to the processus
maxillaris on its anterolateral end. At TS 12, all nasal cartilages are distinct and re-
semble the adult shape (Fig. 3D-F). Mediolaterally, the cartilago obliquus runs
across the dorsal and lateral part of the nasal capsule. The cartilago alaris, the crista
subnasalis as well as the superior and inferior nasal cartilages are also formed at this
stage of development.

Orbital region and the braincase.— Posterior to the trabeculae, the parachordal carti-
lage is formed and the parachordalia are fused to form the basal plate by TS 11. In
the same stage, a thin cartilaginous wall above each trabecula forms the cartilago
orbitalis. During TS 11 and 12, several cartilaginous elements of the braincase be-
come visible (Fig. 3D-F). Anteriorly, the extensive preoptic root forms the anterior
margin of the foramen opticum and is attached to the trabecula. At TS 12, the pila
metoptica separates the much smaller foramen oculomotori from the foramen opti-
cum (Fig. 3D). The pila antotica also arises and separates the small foramen oculo-
motori from the wide foramen prooticum. Both, in pre- and postembryonic stages,
as well as in the adult, the braincase is open dorsally via the frontoparietal fenestra,
bordered laterally by the taenia tecti marginalis. Posteriorly, the cartilago orbitalis is
connected with the capsula auditiva. The taenia tecti transversalis forms a dorsal
bridge over the braincase.

The capsula auditiva.— The capsula auditiva is first detectable at TS 5/6 as a large

ovoid chondrification forming the posterior part of the early chondrocranium. At TS

10, the processus oticus of the palatoquadrate nearly reaches the anteroventral re-

gion of the capsula auditiva and is clearly attached to it at TS 11. In this stage, the
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tectum synoticum connects each auditory capsule. At the beginning of TS 13, the
prootic bone develops from several ossification centres within the capsula auditiva.
At TS 15, the processus oticus is no longer visible.

The mandibular skeleton

Early organization of the mandibular arch.— In A. wahlbergii at TS 5/6, the mandibular
arch (first pharyngeal arch) is located ventral to the eye (Fig. 2B). Five cell layers are
recognizable in a proximal to distal orientation. The most-proximal cell layer is the
pharyngeal endoderm, recognizable by a huge amount of intercellular yolk granules
(Fig. 2B). The second layer is made up of cells with big somata, forming a loosely
packed mesenchyme. The central layer is more densely packed, forming a slightly
curved rod. After about three quarters of its length it shows a slight constriction (Fig.
2B, black arrow). The central cell mass is made up of small, basophilic, ovoid cells.
These are typical characteristics for chondroblasts. We therefore interpret this cen-
tral cell layer as the anlage of the palatoquadrate (dorsolateral part) and cartilago
meckeli (ventromedian part) (Fig. 2B). The fourth layer is similar to the second in
forming a more loosely packed mesenchyme. The fifth, most-proximal layer is the
epidermis (Fig. 2B).

Palatoquadrate and suspensorium.— A commissura quadratocranialis, a typical fea-
ture of the cranium in anuran tadpoles, is not present in Arthroleptis embryos. At TS
8, a prominent -y-shaped, transversally orientated palatoquadrate is located medio-
ventrally to the foramen opticum. The palatoquadrate bears somewhat of a proces-
sus muscularis (Fig. 3A). The processus oticus of the palatoquadrate approaches the
anterior border of the capsula auditiva during TS 10, but still remains separated
from it. At TS 11, the palatoquadrate reaches the capsula auditiva on its anteroven-
tral side and articulates with it via the processus oticus. The palatoquadrate seems to
be less horizontal and assumes a more upright position. At TS 12/13, the jaw articula-
tion begins to assume the characteristic adult shape and position (Fig. 3D). The pala-
toquadrate is now formed as a nearly vertical cartilage, which is dorsally connected
to the neurocranium and articulates with the lower jaw on its ventral side. Anterior-
ly, the processus pterygoideus of the palatoquadrate fuses with the processus maxil-
laris. At TS 14, the palatoquadrate assumes a vertical position and is largely covered
laterally by the squamosal bone by TS 15 (Fig. 3G).

Lower jaw.— At TS 8, the cartilago meckeli is strongly curved medially, with the ante-
rior third offset at an angle of about 60 degrees. Anteriorly, the cartilago labialis in-
ferior articulate and is partly fused the cartilago meckeli at its posteriodorsal end
(Fig. 3A-C). Dorsomedially and posteriorly, the cartilago meckeli articulates with the
palatoquadrate. During TS 10 and 11, the anterior portion becomes proportionately
shorter and the cartilago meckeli is increasingly less strongly curved in lateral view.
At TS 11, the cartilago meckeli extends caudally to the level of the anterior part of
the capsula auditiva. By TS 12, the cartilago labialis inferior starts to ossify as the
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mentomeckelian but is otherwise no longer distinguishable as a separated part of
the cartilago meckeli. During the following stages, the jaw articulation shifts below
the level of the capsula auditiva (Fig. 3D, G).

The hyobranchial skeleton

Early organization of the hyoid arch and the posterior branchial arches.— In A. wahlbergii
at TS 5/6, the hyoid arch (second pharyngeal arch) is located directly posterior to the
eye (Fig. 2C). The hyoid arch appears slightly more differentiated compared to the
mandibular arch. Similarly, five distinct cell layers are recognizable. The central
layer of condensed chondroblasts is divided into two distinct cell masses by the hy-
oid arch mesenchyme (Fig. 2C). We interpret the dorsal cell mass as the anlage of
the hyomandibular cartilage and the ventral cell mass as the anlage of the cerato-
hyal (Fig. 2C, both encircled in black dotted lines). The posterior branchial arches
(pharyngeal arches three to six) are located ventral to the developing otic capsule
(Fig. 2D). They appear more undifferentiated compared to the mandibular and hy-
oid arches. Only three distinct cell layers are recognizable in a proximal to distal
orientation. The most proximal layer is a thick layer of pharyngeal endoderm (Fig.
2D). The central layer is made up by a homogenous, slightly condensed mesen-
chyme (Fig. 2D, red dotted line). No distinct, central population of chondroblasts is
recognizable. The ectoderm represents the distal-most third layer (Fig. 2D).

At TS 8, the hyobranchial skeleton consists of a central cartilaginous mass, the
planum hyobranchiale. To each side, five processes are present. The anterior pro-
cess represents the ceratohyale, the following four the ceratobranchialia I-IV (Fig.
4A). At TS 12, the hyobranchial skeleton has profoundly changed and begins to re-
semble the adult form (Fig. 4B). The ceratohyale has changed into the hyale. It is
more elongated and articulates with the palatoquadrate and the ventral part of the
capsula auditiva (Fig. 3F). The ceratobranchial IV has changed into the processus
posteromedialis, the ceratobranchialia I-IIT are no longer visible. In the hatchling,
the planum hyobranchiale is wider and the processus posteromedialis is replaced by
bone (Fig. 4C).

Cranial bones

Premaxilla.— The pars dentalis, one of the three rami of the paired premaxilla ap-
pears as a thin sheet of bone investing the anteromedial part of the snout at TS 12/13
(Figs. 5D, 6B) In A. xenodactyloides, the lateral extension of the premaxilla is first
seen at TS 14, while it is first visible in TS 15 of A. wahlbergii embryos. At the same
stage, the pars palatina of the premaxilla begins to form and a small dorsal, laterally
curved processus alaris is visible. At TS 15, the premaxilla is laterally, dorsally and
caudally extended and has nearly assumed its adult shape in both species (Figs. 5]J-L,
6E, F).

41



Maxilla.— The maxilla is initially seen at TS 12/13 (Fig. 5D-F). In whole-mounts, the
long pars dentalis of the maxilla emerges as an extremely thin bone beneath the fo-
ramen opticum. At TS 14, the pars dentalis of the maxilla is broader and the pars
facialis appears to form the dorsolateral part of the maxilla. At TS 15, the pars facial-
is articulates with the processus maxillaris of the nasal capsule (Fig. 5K). The pars
palatina is present at TS 15. In the adult, each maxilla bears distinct teeth on the pars
dentalis, which are not present during embryonic development (Fig. 6]).

Quadratojugal.— The quadratojugal arises as a small v-shaped bone ventral to the
posterior end of the processus pterygoideus of the palatoquadrate (Fig. 5H, I). At TS
15, the quadratojugal exhibits three extensions and nearly approaches the maxilla
anteriorly (Figs. 5E, F, 6F). Posterodorsally, it articulates with the palatoquadrate
and is connected to cartilago meckeli posteroventrally. After hatching, the quad-
ratojugal is connected to the ventral ramus of the squamosal and is extended anteri-
orly to articulate with the maxilla (Figs. 5K, 6H).

Septomaxilla.— In whole-mounts, this tiny u-shaped bone is seen at TS 15 and is situ-
ated next to the ventral end of the cartilago obliquus (Figs. 5K, 6E, F).

Frontoparietal.— The frontoparietal is first visible at TS 13/14 as a thin sheet of bone
investing the dorsolateral side of the braincase (Fig. 5G, H). At TS 14, the frontopari-
etal has markedly increased in size. It posterodorsally adjoins the capsula auditiva.
Anterolaterally, it extends to the level of the foramen opticum. In whole mounts of
A. wahlbergii, the frontoparietal bone is only faintly seen. At TS 15, the frontoparietal
of A. xenodactyloides already reaches the planum antorbitale anterolaterally and is in
close proximity to the septum nasi of the nasal capsule medially (Fig. 6F). In A.
xenodactyloides, the frontoparietal of a hatchling forms a robust, homogeneous ele-
ment, while it is formed as a porous, tessellated structure in a hatchling of A. wahl-
bergii.

Squamosal.— The squamosal is first present at TS 12 (Fig. 5E). At this stage, it is
slightly curved and consists of a ramus ventralis and a ramus oticus. At TS 13/14, the
squamosal is strongly curved and a short, anteriorly directed ramus zygomaticus is
present (Figs. 5H, 6C, D).

Pterygoid.— The pterygoid forms alongside the cartilaginous processus pterygoideus
of the palatoquadrate. In whole-mounts, it initially appears at TS 13 as a thin bone
along the posterodorsal side of the processus pterygoideus. In hatchlings, the ptery-
goid is triangular with a long anterior ramus and two short posterior rami (Figs. 5N,
6H). The ramus anterior of the pterygoid articulates with the maxilla. Posteriorly, it
is connected with the palatoquadrate and the ramus ventralis of the squamosal.

Parasphenoid.— In whole-mounts of A. xenodactyloides, this thin bone is not detecta-
ble until TS 13/14 (Fig. 5I). In ventral view, the parasphenoid consists of a single,
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rectangular-shaped processus cultriformis. By TS 15, the parasphenoid is distinctly
broader on its posterior end and forms short posterolateral alae, which nearly ap-
proach the anterior margin of each capsula auditiva in ventral view. At this stage,
the processus cultriformis extends anteriorly to the level of the planum antorbitale
and the parasphenoid alae extend laterally.

Dentary.— The dentary is initially seen in whole-mounts at TS 12/13 where it appears
as a slender bone at the anterolateral margin of the cartilago meckeli (Figs. 5D, 6B).
At TS 14, the dentary is broader anteriorly and closely approaches the mentomecke-
lian bone. At the time of hatching, the dentary overlaps the angulosplenial in lateral
view (Fig. 5N).

Angulosplenial.— The angulosplenial is first visible at TS 12 (Fig. 5D, E). At TS 13, the
angulosplenial has elongated anteriorly to the level of the processus maxillaris. Dur-
ing subsequent stages, the angulosplenial elongates rostrally, where it reaches the
level of the cartilago obliquus by TS 15 (Figs. 5]-L, 6F). In the adult, the angulosple-
nial comprises the longest bone of the lower jaw and possesses a concave surface,
where it articulates with the palatoquadrate (Fig. 6]).

Prootic.—The prootic is initially seen at TS 11 as an ossification center anteroventral-
ly within the capsula auditiva (Figs. 5 A, B, 6A). Additional ossification centers be-
longing to the prootic are not visible before TS 14 (Fig. 6C). The development of the
prootic bone is not completed during the embryonic stages but continues during
postembryonic development.

Exoccipital.— The paired exoccipital is first present at TS 13, where it covers the dor-
sal part of the occipital arch as a thin sliver of perichondral bone. The occipital arch
is completely ossified by TS 15 (Fig. 6F). At the time of hatching, the exoccipitals
form the occipital condyles, the margin of the foramen magnum and the postero-
medial part of the capsula auditiva, but remain separated medially. In the adult, the
exoccipital fuses with the prootic posterolaterally.

Mentomeckelian.— The mentomeckelian bone replaces the anterior part of the carti-
lago meckeli resembling the larval cartilago labialis inferior by perichondral ossifi-
cation. At TS 12, the mandibular symphysis is distinctly formed as a round-ovoid
structure between the mentomeckelians. At TS 13, the mentomeckelian forms a
tubular bone that completely encloses its cartilaginous precursor. At TS 15, the men-
tomeckelian is fully ossified and fused with the dentary (Figs. 5N, 6F).

Endolymphatic calcium deposits.— Calcium deposits appear very early in embryonic
development. At TS 6, they are first visible as symmetric points and expand cranially
during TS 7 to the level of the foramen opticum and enlarge into quadrangular
patches by TS 10. At TS 12/13, the endolymphatic calcium deposits join at the mid-
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line (Fig. 5D, F). During subsequent stages, the deposits extend caudally into the
neural canal of the vertebral column.

Cranial muscles

Early embryonic development till TS 10

Early embryonic development is characterized by the presence of some larval mus-
cles. Name, origin and insertion point of the muscles present up to TS 10 are listed
in Tab. 2. The muscles were grouped into mandibular muscles, hyoid muscles,
branchial muscles and hyobranchial muscles. Differences between A. wahlbergii and
A. xenodacytloides are mentioned, where present. For illustration see Figures. 7-9.

During TS 7 - 9 two distinct, relatively strong levator muscles are visible (Figs. 7A,
8A, B). Based on its position, we interpret the dorsalmost as the musculus (m.) leva-
tor (l.) mandibulae longus. The second 1. is interpreted as the m. l. mandibulae lat-
eralis. In TS 7, all four 1. arcus branchialis muscles are visible, but only three con-
strictor branchialis muscles are present. From TS 8, the 1. constrictor branchialis
muscles are no longer seen in their larval appearance. At TS 7/8, the m. hyoan-
gluaris, the m. orbitohyoideus and the m. interhyoideus as well as the m. geniohy-
oideus have formed Fig. 7A, B). The m. suspensorioangularis et quadratoangularis
are present as a coalesced angularis-complex (Fig. 8B). At TS 8, the m. mandibulola-
bialis (Fig. 7A) and the m. intermandibularis anterior et posterior are distinct (Fig.
7A, B).

Ontogenetic changes during TS 10 - TS 12 (, differential metamorphosis®)

During TS 10 and 11, the m. . mandibulae longus and the m. . mandibulae lateralis
are in a more upright position caused by the elogation of the cartilago meckeli and
the rotation of the palatoquadrate (Fig. 8C). In TS 11, the m. suspensorioangularis
and the m. quadratoangularis are beginning to fuse with each other and with the m.
hyoangularis (Fig. 8C, D).

Late embryonic development TS 12 - TS 15

From TS 12 on, nearly all cranial muscles resemble their adult form / are present in
their adult configuration (Fig. 7 C, D). In TS 15 embryos, the last stage before hatch-
ing occurs, all cranial muscles are in their adult configuration (Figs. 7E, F, 8F). All of
these muscles are listed and described in Tab. 3. From TS 12 on, the m. 1. mandibu-
lae longus originates on the anterolateral part of the capsula auditiva and inserts
medio- to posterolaterally on the cartilago meckeli (Fig. 7C). In TS 12, the m. 1. man-
dibulae externus originates posteriorly on the processus pterygoideus and broadly
inserts medio- to posterolaterally on the cartilago meckeli, where it covers the inser-
tion side of the m. 1. mandibulae lateralis. In TS 15, the m. 1. mandibulae externus
originates along the ramus ventralis of the squamosal and inserts posterolaterally on
the cartilago meckeli and partly on the angulosplenial bone (Fig. 7E). The m. inter-
mandibularis lateralis is only seen in specimens of A. xenodactyloides, but not in A.
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wahlbergii and first appears at TS 12. In TS 12, the m. suspensorioangularis, the m.
quadratoangularis and the m. suspensorioangularis have coalesced to form the m.
depressor mandibulae anterior. The position of the muscle fibres is in a more up-
right position, as a result of the changing lower jaw and suspensorium. In TS 12, the
m. orbitohyoideus has been remodelled into the m. depressor mandibulae posterior
(Fig. 7C). It originates on the mediolateral part of the capsula auditiva and inserts on
the posteriormost part of the cartilago meckeli. From TS 12 on, the m. petrohyoide-
us I-IV are formed in an adult condition. From TS 12 on, the m. geniohyoideus has
assumed its adult configuration and consists of two portions, a medial and a lateral
portion (m. geniohyoideus medialis and m. geniohyoideus lateralis).

Discussion

Many aspects of the development are similar in A. xenodactyloides and A. wahlbergi,
and are discussed together. Aspects (differences or parallels) of larval and direct
development are compared to other direct developing species.

The development of the cranial skeleton reveals the transient presence of
tadpole-typical elements and a ‘differential metamorphosis’ in Arthroleptis

The ontogeny of the cartilaginous cranial skeleton of Arthroleptis is characterized by
(1) the short and incomplete development of few larval elements during early stages
(sensu Hanken et al. 1992), (2) the appearance of most cartilaginous skeletal ele-
ments in an already mid-metamorphic state (sensu Hanken et al. 1992) and (3) a ‘dif-
ferential metamorphosis’.

(1) Tadpole-typical cartilages are present for a short period, until TS 10. These
are the cartilago labialis inferior, the processus muscularis of the palatoquad-
rate, the processus oticus and the ceratobranchialia of the hyobranchial skel-
eton. These elements do not function as it is seen in a typical tadpole of bi-
phasic anurans. However, larval elements that never develop comprise the
commisura quadratocranialis and the processus ascendens of the pala-
toquadrate. A processus ascendens is also not present in the closest relatives
of Arthroleptis showing a biphasic lifecycle (Schweiger et al., unpublished
manuscript). This indicates that the loss of this structure is not necessarily
connected to the evolution of direct development in Arthroleptis.

(2) The transiently present larval elements appear in a mid-metamorphic form
before they disappear or undergo metamorphic reconstruction. The proces-
sus muscularis of the palatoquadrate is seen in embryos of TS 8, but is no
longer present from TS 10 on. The cartilago labialis inferior is recognizable
until TS 9/10. The palatoquadrate shortens and reorients, while the cartilago
meckeli elongates and fuses with the cartilago labialis inferior. This is similar
to metamorphosing tadpoles in which the palatoquadrate transforms and re-
orients, while the cartilago meckeli and the cartilago labialis inferior fuse to-
gether and form the elongated mandibulare. Changes are also occurring dur-
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ing the development of the hyobranchial skeleton. As in anuran tadpoles,
four ceratobranchialia are present during early development in Arthroleptis.
At TS 12, the ceratohyale has changed into the hyale, the ceratobranchialia I-
IV are no longer visible and the overall appearance of the hyobranchial skele-
ton resembles the adult condition. In TS 12, none of the larval elements are
visible. The chondrocranium has reached its adult form.

(3) The early developmental period, just before the onset of ‘metamorphosis’,
can be characterized as the ‘larval period’. During TS 10 - 12, a short ‘differen-
tial metamorphosis’ takes place in embryonic development. Larval cartilages
show only minor rearrangements to reach the adult condition during ‘meta-
morphosis’. From TS 12 on, the chondrocranium is formed in its adult con-
figuration.

The development of the cartilaginous cranial skeleton is strikingly similar in Eleu-
therodactlyus coqui (Hanken et al. 1992) and Arthroleptis. Both exhibit the so called
mid-metamorphic shape of the palatoquadrate, the unjoined four ceratobranchialia
of the hyobranchial skeleton and an anterior structure of the lower jaw correspond-
ing to the larval cartilago labialis inferior (Hanken at al. 1992). However, both spe-
cies show differences with regard to the derivation from the ancestral larval pattern.
E.g. in Arthroleptis, a tadpole-typical processus muscularis appears transiently while
it is totally absent in E. coqui.

By comparison, the Sri Lankan shrub frog Pseudophilautus silus retains far more lar-
val characteristics than E. coqui. Pseudophilautus silus shows a processus muscularis
of the palatoquadrate (also present in Arthroleptis) and the tadpole specific cartilago
labialis superior of the upper jaw, which is not present during development of E.
coqui and Arthroleptis. Kerney et al. (2010) however showed that the anlagen of the
cartilago labialis superior are transiently detectable in E. coqui using gene expres-
sion techniques. This shows that this structure, respectively, is not completely re-
duced in E. coqui and may play a more conservative role during anuran development
(Kerney et al. 2010).

Strikingly, Arthroleptis, E. coqui and P. silus are all developing a ‘larval’ hyobranchial
skeleton during early embryonic development. As in biphasic anurans, the hy-
obranchial skeleton consists of a large ceratohyale and four ceratobranchialia. The
ceratobranchiale IV rapidly elongates to form the processus posteromedialis during
development. The presence of a ‘larval’ hyobranchial skeleton in all four direct de-
veloping species discussed here leads us to conclude that some larval traits are high-
ly conserved whereas others, e.g. the presence or absence of a cartilago labialis su-
perior or a processus muscularis, are variable during direct development.

However, the tadpole-specific processus oticus (present in Arthroleptis) and proces-
sus ascendens do not develop in P. silus. Kerney et al. (2007) suggest that the lack of
these processes is not invariably linked to the evolution of direct development and
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that they have been lost in some biphasic species, possessing an endotrophic tad-
pole.

The comparison of the development of the cartilaginous cranial skeleton between
Arthroleptis, E. coqui and P. silus reveals different degrees of the loss of tadpole-
features during the evolution of direct development. Many elements appear already
at a mid-metamophic stage in embryos of Arthroleptis and E. coqui (Fig. 9B). In P.
silus, the rearrangement of skeletal structures is more similar to the metamorphosis
of tadpoles of biphasic frogs (compare Fig. 9A, B). Thus, all direct developing spe-
cies reviewed in this study exhibit different degrees of derivation of the plesiomor-
phic condition.

The presence of tadpole-like structures during ontogeny confirms that the tadpole
has not been eliminated during the evolution of direct development. This is in oppo-
sition to the hypothesis of Elinson (2001), in which direct development is linked to
the removal of the tadpole in life-history. This also means that the reduction or the
absence of larval features is not necessarily a requisite of a complete terrestrial de-
velopment. In the evolution of direct development, the developmental differences of
tadpole skeletal elements has been modified independently to different degrees
(‘differential metamorphosis’) leading to similar results in different direct develop-
ing frogs.

The development of the cranial muscles follows the skeletal development in
Arthroleptis

The development of the cranial muscles in Arthroleptis follows the mosaic pattern of
the cartilaginous cranial skeleton: (1) A few larval-typical muscles appear during
early development in a plesiomorphic condition in Arthroleptis, (2) most of the mus-
cles already appear in a mid-metamorphic state, when first detectable, and (3) larval
muscles change during a short and ‘differential metamorphosis’.

(1) Three of the five larval hyoid muscles are developed in the tadpole-typical
state (m. hyoangularis, m. orbitohyoideus and m. interhyoideus). The tad-
pole-typical m. 1. arcus branchialis and m. 1. constrictor branchialia are also
detectable during early stages of development. The presence of these muscles
is consistent with the existence of the ceratobranchialia I-IV of the hyobran-
chial skeleton. By contrast, none of the five larval-typical mandibular muscles
are developed as a distinct muscle (m. 1. mandibulae longus superficialis, m.
1. mandibulae longus profundus, m. . mandibulae anterior, m. 1. mandibulae
internus and m. l. mandibulae anterior articularis (Edgeworth 1935). Addi-
tionally, one of the five larval-typical hyoid muscles, the m. supensoriohy-
oideus, also never forms.

(2) The tadpole-typical five mandibular muscles appear as a complex of coa-
lesced 1. muscles with no distinct portions, typical for mid-metamorphosis.
However, there is considerable variation in the mandibular muscles of tad-
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poles of biphasic members within the afrobatrachid family Arthroleptidae. A
larval m. 1. mandibulae internus is not present in tadpoles of this family and a
m. l. mandibulae internus and m. 1. mandibulae anterior articularis is only
present in tadpoles of Nyctibates (Schweiger et al., unpublished manuscript).
The absence of these tadpole-typical mandibular muscles in con-familial spe-
cies suggests that this loss is not directly linked to the evolution of direct de-
velopment.

(3) During stages TS 10 - 12, larval muscles begin to change and shifting in de-
pendence and relative to the posterior migration of the palatoquadrate and
simultaneous elongation of the jaw. The m. hyoangularis and the m. orbit-
ohyoideus start to form the m. depressor mandibuale anterior et posterior
during ‘metamorphosis’. At the end of TS 12, all cranial muscles begin to as-
sume their adult configuration.

Only a small number of studies have investigated the ontogeny of the cranial mus-
cles in direct developing anurans (Ziermann & Diogo 2014; Hanken et al. 1997b;
Schlosser & Roth 1997). In E. coqui, cranial muscle development is characterized by
the lack of many larval features (Hanken et al. 1997b; Schlosser & Roth 1997). Four
of the larva-typical hyoid muscles are present and are formed in a mid-metamorphic
stage of development. They are subsequently remodelled to form the adult m. de-
pressor mandibulae complex before the onset of hatching. The development of the
branchial muscles in biphasic anurans is described by Edgeworth (1935), and indi-
cates that the m. petrohyoideus I-IV are forming during the ontogenetic changes of
the m. 1. constrictor branchialis and the m. 1. arcus branchialis. Ziermann & Diogo
(2014) described the development of the m. petrohyoidei forming out only of the m.
l. arcus branchialia in E. coqui. Hanken et al. (1992) described the development of
the hyobranchial apparatus in E. coqui and indicated the presence of three cerato-
branchialia during TS 8-12, but none of the four m. 1. constrictor branchialia could
be detected by Ziermann & Diogo (2014). Unfortunately, no data on the cranial mus-
cles of P. silus are available (Kerney et al. 2007).

A comparison with non-feeding, endotrophic tadpoles is also of interest because, as
the embryos of direct developing species, these are freed from the constraints of a
functioning larval feeding apparatus. However, the only non-feeding, endotrophic
tadpole, from which cranial muscles are described, is Eupsophus calcaratus GUNTHER
1881 (Candioti et al. 2005). Despite the non-use of the jaw-apparatus, it develops sim-
ilar to that of free-swimming, feeding tadpoles. The only absent tadpole-typical
muscles are the m. 1. mandibulus externus superficialis and the m. subarcualis
obliquus (Candioti et al. 2005).

In general, the overall pattern of cranial muscle development in tadpoles is relative-
ly similar. However, the presence, absence or coalescence of single muscles or
muscle groups varies between different taxa and different studies have demonstrat-
ed that embryonic development in anurans is not as conserved as has often been
assumed. There is also inconsistency regarding the description of these muscles
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among the literature. Haas (1997) discussed the hyobranchial muscles of Ascaphus,
Bombina, and Discoglossus and pointed out that the m. supsensoriohyoideus is pre-
sent in Ascaphus, while Pusey (1943) reported it as absent. The complexity of the m.
1. arcus branchialia makes it difficult to homologize each muscle of this group with-
in Anura (Cannatella 1999). Cannatella (1999) summarizes, that in some taxa, all le-
vators or only some of them are fused (Xenopus laevis, Ziermann & Diogo 2004; Pipa
carvalhoi MIRANDA-RIBEIRO 1937, Sokol 1977), while in others some of the m. 1. arcus
branchialia are lacking (Hymenochirus boettgeri TORNIER 1896, Sokol 1977). This im-
plies that the absence or coalescence of some muscles in Arthroleptis is not invaria-
bly linked to direct development.

The ossification sequence of the cranial bones reveals heterochronic shifts in
direct developing compared to biphasic frogs

In Arthroleptis most of the cranial bones ossify during the embryonic period, before
hatching occurs. By contrast, the cranium in biphasic anurans starts to ossify after
hatching, when all yolk resources are consumed (Weisbecker & Mitgutsch 2010).
The first bones ossifying in most biphasic anurans, e.g. Bombina orientalis (Maglia &
Pugener 1998), Spea bombifrons (Wiens 1989), Xenopus laevis (Trueb & Hanken 1992),
Ascaphus truei (Moore & Townsend Jr. 2003), Bufo boreas (Gaudin 1978) and Hyla
lancriformis (De Sa 1988), are the frontoparietal, parasphenoid and exoccipital, sup-
porting the dorsal and ventral cranium (Fig. 9A). The cranial ossification sequences
in the direct developing Arthroleptis (present study) and E. coqui (Hanken et al. 1992)
differ substantially from the ancestral mode. In direct developing anurans, bones of
the lower jaw and the suspensorium (angulosplenial and squamosal) ossify first
(presentstudy, Hanken et al. 1992). This heterochronic shift of jaw ossification may
be due to the need for a functioning musculoskeletal system, enabling an adult-like
feeding mode for hatchlings (Hanken et al. 1992). In the direct developing P. silus
(Kerney et al. 2007), the situation is similar to the ancestral mode present in anuran
tadpoles (Fig. 9B). It has been suggested that anatomical repatterning, in form of de
novo formation, is an important pre-requisite for the evolution of direct develop-
ment (Hanken et al. 1992). The examination of the cranial ontogeny of P. silus (Ker-
ney et al. 2007) revealed that direct development is not necessarily linked to dra-
matic changes to heterochronic shifts in the ossification sequence. This becomes
particularly clear by comparing the slope of the regression lines of ossification se-
quences seen in Figure 9C-M. The lower the slope of the linear regression in each of
the diagrams, the earlier the onset of ossification of bones used for feeding or sup-
port of the adult brain. Direct developers tend to have lower slopes (approx. <0.22 in
Pipa) than biphasic species (approx. >0.23). This assumption is indicated by the
slope of the regression line in P. silus, which is similar to biphasic species and devel-
opment can be interpreted as ancestral relative to E. coqui and Arthroleptis. Surpris-
ingly, the slopes of the regression lines of ossification events in Arthroleptis are near-
ly horizontal, revealing that ossification events are more derived from the ancestral
development than in E. coqui.
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The timing and sequence of development of early embryonic structures is extremely
variable in frogs (Chipman 2002). Rank variation analysis suggests that the species-
specific ossification sequences of anuran cranial bones are highly variable, possibly
because tadpole and adult cranial morphology do not co-evolve, but are decoupled
from each other (Weisbecker & Mitgutsch 2010). What is the reason for this de-
coupling, resulting in highly variable ossification sequences? One possible explana-
tion focuses on the feeding biology and functional morphology of the tadpole.

In contrast to almost all other tetrapods, lissamphibian larvae exhibit a cartilaginous
feeding apparatus that is completely functional. This feature might release lis-
samphibian larvae from the constraints opposed by dependence on bony elements
in the feeding apparatus, opening up the opportunity for diverse heterochronic
shifts in the cranial ossification sequence in frogs. In other tetrapods, gross ossifica-
tion sequences are more invariable. For instance, ossification sequences in marsu-
pial and placental mammals are relatively conserved and are mostly due to an over-
all delay of cranial ossification that is coupled to a delay of brain development
(Sdnchez-Villagra et al. 2008; Nunn & Smith 1998). In birds, cranial ossification se-
quences show some small differences, e.g. the timing of skull roof closure in preco-
cical and altrical birds, but is thought to be relatively conserved in general
(Mitgutsch et al. 2011; Maxwell 2008). In non-avian sauropsids, ossification sequenc-
es are more variable between higher taxonomic groups (e.g. between snakes and
other squamates) while it is relatively conserved within these groups (Werneburg &
Sanchez-Villagra 2015).

Differential metamorphosis and the role of developmental constraints in the
evolution of direct development

The near complete loss of larval characters in the direct developing E. coqui has led
to the suggestion that the tadpole larva of the ancestral biphasic life-history involves
the deletion of a ‘larval cassette’ during ontogeny of direct development (‘tadpole
module hypothesis’, Elinson & Del Pino 2012; Elinson 2001; Callery & Elinson 2000;
Elinson 1990).

Several investigations suggest that E. coqui, whose development is similar to that of
Arthroleptis, undergoes a ‘cryptic’ metamorphosis and show that neuroendocrine
signalling is conserved between biphasic and direct developing frogs (Kulkarni et a.
2010; Callery et al. 2001; Callery & Elinson 2000). Here, we conclude that metamor-
phosis in Arthroleptis is shorter than and not as climactic as that of biphasic anurans.
Based on metamorphic characters present during embryonic development in Ar-
throleptis and other direct developing species, we follow the more suitable term ‘dif-
ferential metamorphosis’ (Wake & Hanken 1996) to characterize metamorphosis in
direct development. Hanken et al. (1992) discussed the embryonic recapitulation
and whether metamorphosis occurs during direct development or if there has been
a repatterning of early ontogeny involving the loss of larval structures, hetero-
chrony, and the presence of novelties in embryonic morphology. In E. coqui, the
absence of some typical larval cartilages found in biphasic anurans is discussed as
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evidence for repatterning and simultaneously implies the development of mid-
metamorphic structures during early stages of development (Hanken et al. 1992).
The development of the jaw, the jaw suspensorium, and the hyobranchial skeleton
suggests that there is also partial recapitulation of few larval characteristics (Kerney
et al. 2010; Hanken et al. 1992). Our data indicate that some tadpole specific struc-
tures differentiate during a short metamorphic phase. This phase appears between
TS 9/10 and TS 12. During these stages, the opercular fold overgrows and breaks
through the developing forelimbs (Schweiger et al.2017). Additionally, changes of
larval cartilages (reorientation of the palatoquadrate, development of the hyobran-
chial skeleton) and cranial muscles are detectable and indicate that the embryo of
Arthroleptis undergoes, at least in some aspects, a metamorphosis.

All direct developing species compared in this study share striking similarities in
external morphology. Investigations of internal morphology, however, show that all
four species develop a transient larval-like hyobranchial skeleton. Beside these simi-
larities, the presence or absence of typical larval features of the jaw (e.g. cartilago
labialis inferior, cartilago labialis superior, processus muscularis of the palatoquad-
rate) is more variable. Some of the direct developing species show more plesiomor-
phic features than others and the (transient) presence of larval characters reveals
that direct development is not necessarily linked to a complete loss of the ‘tadpole
module’. Thus, the idea of a single ‘tadpole module’, that can either appear or disap-
pear during development and evolution, is not supported. In addition, it seems that
some larval traits are more conserved than others. The hyobranchial skeleton can
be interpreted as a highly conserved module which is remarkably similar in direct
developing species. Other larval modules have higher variation and are less con-
served during evolution. The comparison of the presence of larval, ‘tadpole’, ele-
ments in different direct developing anurans is in accordance with the ‘modular
tadpole hypothesis’ (Schlosser 2005) in which the tadpole stage represents a ‘meta-
module’ composed of several morphological modules. These modules can change
during development and evolution resulting in a more terrestrial life-history mode.

Tadpoles exhibit a high degree of diversity due to the evolution of peculiar morpho-
logical adaptations to their different environments. This tadpole diversity is based
on a high degree of developmental variability (Chipman 2002). This leads to the
question of the evolutionary origin of a completely terrestrial developmental mode
such as direct development. We showed that direct development in Arthroleptis is
built upon a mosaic of the presence, reduction and complete absence of tadpole-
specific characters. Schlosser (2005) argued, that ‘mosaic evolution’ is directly linked
to various changes or ‘patterns of dissociation’ affecting all phases in development,
e.g. loss of one character but not the other, heterochrony, heterotopy and changes
in size and shape. Developmental modularity might have been a pre-requisite for
the evolution of derived developmental modes such as direct development. Possibly,
environmental conditions have changed and effected specialization involving
changes in a developmental mode. Direct developing anurans have multiple evolu-
tionary origins but their embryos externally look relatively similar (Elinson & Del
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Pino 2012) - a result of a more or less water independent life-history. In comparison
to direct development, ontogeny of free-living anuran larvae is constrained to larval
morphology throughout the larval period (Roelants et al. 2012). Developmental con-
straints occur when developmental characters are coupled to perform a function
and often prevent characters from varying independently (Schlosser 2005). The de-
velopmental constraint in biphasic anurans is relaxed in direct developing species in
that way that some characters can be less functional or change in function (e.g. de-
velopment of an operculum, gill buds, a vascularized tail and the presence of some
larval structure of the cranial musculoskeletal system).

Acknowledgements

Permits to collect and export A. xenodactyloides were issued by the Tanzania Wildlife
Research Institute (TAWIRI), the Tanzanian Commission of Science and Technology
(COSTECH Permit No. 2009-306-NA-2009-201) and the Wildlife Division of the Tanza-
nian Ministry of Tourism and Natural Resources. Permits to collect and export A.
wahlbergii were issued by Ezemvelo KZN Wildlife (OP4507/2015). We especially
thank Adrian Armstrong, Sharon Louw and James Harvey for facilitating fieldwork
in KZN and Jane Chennells for permission to work on her property. We also thank
Lars Mockel for the help during the field trips. We particularly thank Katja Felbel for
valuable help in the laboratory. Funding was provided through a Putnam Expedition
Grant of the Museum of Comparative Zoology and a German Research Foundation
grant (DFG MU2914/2-1).

b2



References

Altig, R., McDiarmid, R.W. (1999). Diversity, familial and generic characterizations.
In: Tadpoles - the biology of anuran larvae. Edited by R. W. Mc Diarmid and R.
Altig. Chicago University Press, USA, pp. 24-51.

Anstis, M. (2008). Direct development in the Australian myobatrachid frog Meta-
crinia nichollsi from Western Australia. Records of the Western Australian
Muse-um 24: 133-150.

Anstis, M., Roberts, J.D., Altig, R. (2007). Direct development in two Myobatrachid
Frogs, Arenophryne rotunda Tyler and Myobatrachus gouldii Gray, from Western
Australia. Records of the Western Australian Museum 23: 259-271.

Bahir, M.M., Meegaskumbura, M., Manamendra-Arachchi, K., Schneider, C. J.,
Pethiyagoda, R. (2005). Reproduction and terrestrial direct development in Sri
Lankan shrub frogs (Ranidae: Rhacophorinae: Philautus). The Raffles Bulletin
of Zoology, Supplement 12: 339-350.

Bock, P. (1989). Romeis Mikroskopische Technik. Urban & Schwarzenberg, Miin-
chen.

Callery, E.M., Elinson, R.P. (2000). Opercular development and ontogenetic re-
organization in a direct-developing frog. Development, Genes and Evolution
210: 377-381.

Callery, E.M., Fang, H., Elinson, R.P. (2001). Frogs without polliwogs: Evolution of
anuran direct development. BioEssays 23: 233-241.

Candioti, M.F.V., Ubeda, C., Lavilla, E. (2005). Morphology and metamorphosis of
Eupsophus calcaratus tadpoles (Anura: Leptodactylidae). Journal of Morphology
264 (2): 161-177.

Chipman, A.D. (2002). Variation, plasticity and modularity in anuran development.
Zoology 105 (2):97-104.

Collin, R. (2004). Phylogenetic effects, the loss of complex characters, and the evolu-
tion of development in calyptraeid gastropods. Evolution 58: 1488-1502.

De Sa, R.O. (1988). Chondrocranium and ossification sequence of Hyla lanciformis.
Journal of Morphology 195(3): 345-355.

Duellman, W.E., Trueb, L. (1986). Biology of Amphibians. London: Johns Hopkins
University Press.

Edgeworth, F.H. (1935). The cranial muscles of vertebrates. Cambridge [Eng.]. The
University Press.

Elinson, R.P. (1990). Direct development in frogs: wiping the recapitulationist slate
clean. Seminars in Cell and Developmental Biology 1: 263-270.

Elinson, R. P. (2001). Direct development: an alternative way to make a frog. Gene-
sis, 29: 91-95.

b3



Elinson, R.P., Del Pino, E.M. (2012). Developmental diversity of amphibians. WIREs
Developmental Biology 1: 345-369.

Evans, B.I.,, Fernald, R.D. (1990). Metamorphosis and fish vision. Journal of
Neurobiology 21 (7):1037-1052.

Feng, Y.J., Blackburn, D.C., Liang, D., Hillis, D.M., Wake, D.B., Cannatella, D.C.,
Zhang, P. (2017). Phylogenomics reveals rapid, simultaneous diversification
of three major clades of Gondwanan frogs at the Cretaceous-Paleogene
boundary. Proceedings of the National Academy of Sciences 114: E5864-
ES870.

Frost, D.R., Grant, T., Faivovich, Bain, R.H., Haas A., Haddad, C.F.B., De S4a, R.O.,
Channing, A. Wilkinson, M., Donnellan, S.C., Raxworthy, C.J., Campbell, J.A.,
Blotto, Moler, B.L. P., Drewes, R.C., Nussbaum, R.A., Lynch, J.D., Green
D.M., Wheeler, W.C. (2006). The amphibian tree of life. Bulletin of the
American Muse-um of National History 297:1-370.

Gaudin, A.J. (1978). The sequence of cranial ossification in the California toad, Bufo
boreas (Amphibia, Anura, Bufonidae). Journal of Herpetology 12 (3): 309-318.

Gould, S.J. (1977). Ontogeny and phylogeny: Harvard University Press.

Goldberg, J., Candioti, M. F.V., Akmentins, M.S. (2012). Direct-developing frogs: on-
togeny of Oreobates barituensis (Anura: Terrarana) and the development of a
novel trait. Amphibia-Reptilia 33: 239-250.

Goldberg, J., Candioti, M. F. V. (2015). A tale of a tail: variation during the early on-
togeny of Haddadus binotatus (Brachycephaloidea: Craugastoridae) as com-
pared with other direct developers. Journal of Herpetology 49: 479-484.

Goin, 0.B., Goin, C. J. (1962). Amphibian eggs and montane environment.
Evolution 16: 364-371.

Gomez-Mestre I, Pyron RA, Wiens JJ. (2012). Phylogenetic analyses reveal unex-
pected patterns in the evolution of reproductive modes in frogs. Evolution 66:
3687-3700.

Hanken, J., Klymkowsky, M.W., Summers, C.H., Seufert, D.W., Ingebrigsten, N.
(1992). Cranial ontogeny in the direct-developing frog, Eleutherodactylus coqui
(Anura: Leptodactylidae), analyzed using whole-mount immunohistochemis-
try. Journal of Morphology 211: 95-118.

Hanken, J., Carl, T.F., Richardson, M.K., Olsson, L., Schlosser, G., Osabutey, C.K.,
Klymkowsky, M. (2001). Limb development in a ‘nonmodel’ vertebrate, the di-
rect-developing frog Eleutherodactylus coqui. Journal of Experimental Zoology
(Molecular Development and Evolution) 291: 375-388.

Hanken, J., Jennings, D.H., Olsson, L. (1997a). Mechanistic basis of life-history evo-
lution in anuran amphibians: Direct Development. American Zoologist 37: 160-
171.

b4



Hanken, J., Klymkowsky, M.W., Alley, K.E., Jennings, D.H. (1997b). Jaw muscle de-
velopment as evidence for embryonic repatterning in direct-developing frogs.
Proceedings of the Royal Society, Series B, 264: 1349-1354.

Haas, A. (1997). The larval hyobranchial apparatus of discoglossoid frogs: its struc-
ture and bearing on the systematics of the Anura (Amphibia: Anura). Journal of
Zoological Systematics and Evolutionary Research 35: 179-197.

Kerney, R., Gross, J.B., Hanken, J. (2010). Early cranial patterning in the direct Eleu-
therodactylus coqui revealed through gene expression. Evolution & Develop-
ment 12 (4): 373-382.

Kerney, R., Meegaskumbura, M., Manamendra-Arachchi, K., Hanken, J. (2007).
Cranial ontogeny in Philautus silus (Anura: Ranidae: Rhacophorinae) reveals
few similarities with other direct-developing anurans. Journal of Morphology
268: 715-725.

Liedtke, H. C., Miiller, H., Hafner, J., Penner, J., Gower, D. J., Mazuch, T., Rodel, M.-
0., Loader, S.P. (2017). Terrestrial Reproduction as an Adaptation to Steep Ter-
rain in African Toads. Proceedings of the Royal Society, Series B, 284: 20162598.

Lutz, B. (1948). Ontogenetic evolution in frogs. Evolution 2: 29-39.

Lynn, W.G. (1942). The embryology of Eleutherodactylus nubicola, an anuran which
has no tadpole stage. Contributions to Embryology 541: 27-62.

Lynn, W.G. (1961). Types of amphibian metamorphosis. American Zoologist 1: 151-
161.

Maglia, A.M., Pagener, L.A. (1998). Skeletal development and adult osteology of
Bombina orientalis (Anura: Bombinatoridae). Herpetologica 344-363.

Maxwell, E.E. (2008). Ossification sequence of the avian order Anseriformes, with
comparison to other precocial birds. Journal of Morphology 269 (9):1095-1113.

Mitgutsch, C., Wimmer, C., Sdnchez-Villagra, M.R., Hahnloser, R., Schneider, R.A.
(2011). Timing of ossification in duck, quail, and zebra finch: intraspecific
variation, heterochronies, and life history evolution. Zoological science 28
(7):491-500.

Moore, M.K., & Townsend Jr, V.R. (2003). Intraspecific variation in cranial
ossification in the tailed frog, Ascaphus truei. Journal of Herpetology 37(4):
714-717.

Miiller, H., Liedtke, H.C., Menegon, M., Beck, J., Balesteros, L., Nagel, P., Loader,
S.P. (2013). Forests as promoters of terrestrial life-history strategies in East Af-
rican amphibians. Biology Letters 9: 20121146.

Narayan, E.]J., Hero, J.-M., Christi, K.S., Morley, C.G. (2011). Early developmental
biology of Platymantis vitiana including supportive evidence of structural
specialization unique to the Ceratobatrachidae. Journal of Zoology 284: 68-75.

b5



Nunn, C.L., Smith, K. K. (1998). Statistical analyses of developmental sequences: the
craniofacial region in marsupial and placental mammals. The American
Naturalist 152 (1):82-101.

Portik, D.M., Blackburn, D.C. (2016). The evolution of reproductive diversity in
Afrobatrachia: A phylogenetic comparative analysis of an extensive radiation
of African frogs. Evolution 70-9: 2017-2032.

Pusey, H.K. (1943). On the head of the liopelmid frog, Ascaphus truei. I. The chon-
drocranium, jaws, arches, and muscles of a partly-grown larva. The Quarterly
journal of microscopical science, 84: 105-185.

Pyron, R.A., Wiens, J.J. (2011). A large-scale phylogeny of Amphibia including over
2,800 species, and a revised classification of extant frogs, salamanders, and
caecilians. Molecular Phylogenetics and Evolution 61: 543-583.

Raff, R.A. (1992). Direct-developing sea urchins and the evolutionary reorganization
of early development. BioEssays 14: 211-218.

Sanchez-Villagra, M.R., Goswami, A., Weisbecker, V., Mock, O., Kuratani, S. (2008).
Conserved relative timing of cranial ossification patterns in early mammalian
evolution. Evolution & Development 10 (5):519-530.

Schlosser, G. (2005). Amphibian Variations: The Role of Modules in Mosaic Evolu-
tion. In: Modularity: Understanding the Development and Evolution of
Natural Complex Systems. Edited by W. Callebaut and D. Rasskin-Gutman.
The Vienna Series in Theoretical Biology, pp. 143-179.

Schlosser, G., Roth, G. (1997). Evolution of nerve development in frogs. II. Modified
development of the peripheral nervous system in the direct-developing frog
Eleutherodactylus coqui (Leptodactylidae). Brain, Behavior and Evolution 50
(2): 94-128.

Scholtz, G. (2000). Evolution of the nauplius stage in malacostracan crustaceans.

Journal of Zoological Systematics and Evolutionary Research 38: 175-187.

Schweiger, S. (2012). Entwicklung des Kopfskeletts und assoziierter Muskulatur
beim direkt entwickelnden Frosch Arthroleptis cf. xenodactyloides. Unpublished
diploma thesis.

Schweiger, S., Naumann, B., Larson, J. G., Mockel, L., Miiller, H. (2017). Direct de-
velopment in African squeaker frogs (Anura: Arthroleptidae: Arthroleptis) re-
veals a mosaic of derived and plesiomorphic characters. Organisms, Diversity
and Evolution 17: 693-707.

Sokol, 0.M. (1975). The phylogeny of anuran larvae: A new look. Copeia 1-23.

Stephenson, E.M. (1955). The head of the frog, Leiopelma hamiltoni McCulloch. Pro-
ceedings of the Zoological Society of London 124: 797- 801.

Townsend, D.S., Stewart, M.M. (1985). Direct development in Eleutherodactylus coqui
(Anura: Leptodactylidae): a staging table. Copeia 1985: 423-436.

b6



Trueb, L., Hanken, J. (1992). Skeletal development in Xenopus laevis (Anura: Pipi-
dae). Journal of Morphology 214(1): 1-41.

Trueb, L., Pigener, L.A., Maglia, A.M. (2000). Ontogeny of the bizarre: an osteologi-
cal description of Pipa pipa (Anura: Pipidae), with an account of skeletal devel-
opment in the species. Journal of Morphology 243(1): 75-104.

Wake,M.H.(1980).Thereproductivebiologyof Nectophrynoidesmalcolmi (Amphibia:
Bufonidae), with comments on the evolution of reproductive modes in the
genus Nectophrynoides. Copeia 1980: 193-209.

Wake, D.B., Hanken, J. (1996). Direct development in the lungless salamanders:
what are the consequences for developmental biology, evolution and phylo-
genesis? International Journal of Developmental Biology 40: 859-869.

Wake, M.H. (1989). Phylogenesis of direct development and viviparity in
vertebrates. Complex organismal functions: Integration and Evolution in
Vertebrates: 235-250.

Weisbecker, V., Mitgutsch, C. (2010). A large-scale survey of heterochrony in anuran
cranial ossification patterns. Journal of Zoological Systematics and
Evolutionary Research 48 (4): 332-347.

Wiens, J.J. (1989). Ontogeny of the skeleton of Spea bombifrons (Anura: Pelobatidae).
Journal of Morphology 202(1): 29-51.

Wiens, J.J., Kuczynski, C.A., Duellman, W.E., Reeder, T.W. (2007). Loss and re-
evolution of complex life cycles in marsupial frogs: Does ancestral trait
reconstrucion mislead? The Society for the Study of Evolution. Evolution 61-8:
1886-1899.

Ziermann, J.M., Diogo, R. (2014). Cranial muscle development in frogs with different
developmental modes: direct development versus biphasic development. Jour-
nal of Morphology, 275: 398-413.

57



Tables

CHAPTER 2

Table 1: Specimen list. ab, Antibody; PMA, polymolybdenic acid; uCT, micro-computed tomography.

Nr.

O 00 N O 0o &~ NN/

TS Stage

5/6
6

7/8
8

9

10
10/M
1

1
11712
12

12
12/13
13

13
13/14
14

14

15

15

15

15
hatchling
hatchling
adult
adult

Species

A.
A.
A.
A.
A.
A.
. wahlbergii

> > > > > > > > D> D> D> D> D> D> D> D>

wahlbergii
xenodactyloides
wahlbergii
wahlbergii
xenodactyloides
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. xenodactyloides
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A.
A.
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Technique
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histology
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lllustration
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Figure 1: Cladogra
adult frog and eqgg

Natal, South Afric

Leiopelmatidae
Ascaphidae
Alytidae
Bombinatoridae
Rhinophrynidae
Pipidae
Scaphiopodidae
Pelodytidae
Pelobatidae
Megophryidae
Heleophrynidae
Calyptocephalellidae
Myobatrachidae
Rhinodermatidae
Alsodidae
Batrachylidae
Telmatobiidae
Ceratophryidae
Hemiphractidae
Hylidae
Dendrobatidae
Eleutherodactylidae
Craugasteroidae
Strabomantidae
Odontophrynidae
Leptodactylidae
Bufonidae
Sooglossidae

- Microhylidae

Hemisotidae
Brevicipitidae
Hyperoliidae
Arthroleptidae
Odontobatrachidae
Ptychadenidae
Phrynobatrachidae
Petropedetidae
Conrauidae
Pyxicephalidae
Ceratobatrachidae
Dicroglossidae
Mantellidae
Rhacophoridae
Ranidae

mm showing the distribution of direct development in anuran taxa and photographs of
clutch of the direct developing Arthroleptis wahlbergii. A: Adult female of A. wahlbergii
at Entumeni Forest, KwaZulu-Natal, South Africa. B: Clutch of A. wahlbergii at Entumeni Forest, KwaZulu-
a. Clutch was photographed in situ after the removal of covering leaves and soil. C:
Phylogeny from Feng et al. (2017). Plotted data on direct development from Miiller et al. (2005), Wake &
Hanken (1996), Stephenson (1955), Trueb et al. (2000), Wiens et al. (2007), Townsend & Stewart (1985),
Goldberg et al. (2015), Goldberg et al. (2012), Wake (1980), Callery et al (2001), Anstis et al (2007), Schweiger
et al.(2017), Narayan et al. 2010, Kerney et al. (2007), Bahir et al. (2005).
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Figure 2: Cross sections through an embryo of A. wahlbergii at late TS 5/early TS6 (thickness 3 pm). A
small overview image of the section is shown in the upper left or right corner. A: section through the
anterior head region. The head mesenchyme is marked by a dotted black line. B: Section through the
mandibular arch region. The anlage of the palatoquadrate and the cartilago meckeli (layer three) are
marked by a dotted black line. The mesenchyme (layer two and four) are marked by a dotted red line. C:
Section through the hyoid arch region. The anlagen of the hyomandibula and ceratohyale (layer three) are
marked by two dotted black line. The mesenchyme (layer two and four) are marked by a dotted red line. D:
Section through the branchial arch region at the anterior limb bud level. The central mesenchyme (layer
three) is marked by a dotted red line. Abbreviations: aCH anlage of the ceratohyale, aHM anlage of the
hyomandibula, aim? anlage of the intermandibularis muscle?, aMC anlage of the cartilago meckleli, aNC
anlage of the neurocranium, aPQ anlage of the palatoquadrate, aT anlage of the trabeculae, en endoderm,
ep epidermis, gVIll vestibulocochlear ganglion, mes mesenchyme, pc pharyngeal cavity.
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Figure 3: 3D reconstruction of yCT scans of embryos of Arthroleptis showing the development of the
chondrocranium. The different structures have been coloured as follows: cartilage, blue; bones, ochre.
A-C: A. wahlbergii. A: Lateral view, TS 8. B: Dorsal view, TS 8. C: Ventral view, TS 8. D-I: A. xenodacty-
loides. D: Lateral view, TS 12. E: Dorsal view, TS 12. F: Ventral view, TS 12. G: Lateral view, TS 15. H: Dorsal
view, TS 15. I: Ventral view, TS 15. Abbreviations: an angulosplenial, ca capsula auditiva, cb I-IV cerato-
branchialia I-1V, ch ceratohyale, em cartilago meckeli, co cartilago obliquus, cor coracoid, cpi cartilago
praenasalis inferior, cps cartilago praenasalis superior, fe so fenestra subocularis, fo oc foramen oculo-
motori, fo ol foramen olfactorium, fo op foramen opticum, fo po foramen prooticum, hy hyale, ir cartilago
labialis inferior, pao pila antotica, pl hyb planum hyobranchiale, pq palatoquadrate, pl ter planum termi-
nale, pr an processus anterior, pr m processus muscularis, pr mx an processus maxillaris anterior, pr pm
processus posteromedialis, pr pte processus pterygoideus, qu quadrate, sc scapula, ssc suprascapula,
sh solum nasi, sq squamosal, te so tectum synoticum, tn tectum nasi, tp tympanicum, ttma taenia tecti
marginalis, ttm taenia tecti medialis.
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Figure &4: 3D reconstruction of uCT scans showing the development of the hyobranchial skeleton in A.
wahlbergii. A: TS 8. B: TS 12. C: TS 15. Abbreviations: ch ceratohyale, eb | ceratobranchiale |, eb Il cerato-
branchiale ll, eb lll ceratobranchiale Ill, eb IV ceratobranchiale 1V, hs hyoglossal sinus, hy hyale, man ma-
nubrium, pl hyp planum hyobranchiale, pr ant processus anterior, pr pm processus posteromedialis.
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Figure 5: Maximum intensity projections of whole-mount antibody staining of A. wahlbergii showing the
development of bones from TS 11-hatchling. Abbreviations: an angulosplenial, de dental, ecd endolym-
phatic calcium deposits, ex exoccipital, mm mentomeckelian, mx maxilla, na nasal, pmx praemaxilla, po
prootic, psh parasphenoid, pte pterygoid, gj quadratojugal, smx septomaxilla, sq squamosal.
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Figure 6: Cleared and stained whole-mounts of Arthroleptis showing the development of bones from TS
1-adult. A: A. wahlbergii, TS 11, lateral view. B: A. wahlbergii, TS 12/13, lateral view. C: A.wahlbergii, TS 14,
lateral view. Bones of the upper and lower jaw are more prominent, the squamosal assumes a vertical
position. D: A. xenodacytloides, TS13/14, lateral view. E: A. wahlbergii, TS 15, lateral view. Most of the adult
bones nearly assumed their adult shape, the frontoparietal begins to extend in cranial and caudal direc-
tion. F: A. xenodacytloides, TS 15, lateral view. The frontoparietal is more significant than in TS 15 of A.
wahlbergii. G and H: Ventral and lateral view, hatchling of A. wahlbergii. | and J: Ventral and lateral view,
adult male of A. xenodacyloides. an angulosplenial, ea capsula auditiva, ¢l clavicular, em cartilago meck-
eli, cor coracoid, de dental, ecd endolymphatic calcium deposits, ex exoccipital, mx maxilla, na nasal, pl
hyb planum hyobranchiale, pmx praemaxilla, po prootic, pr pm processus posteromedialis, po prootic,
pte pterygoid, qj quadratojugal, sca scapula, smx septomaxilla, sq squamosal. D, I, J modified from un-
published diploma thesis (Schweiger, 2012).
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0,5 mm 0,5mm

Figure 7: 3D reconstruction of uCT scans of embryos of Arthroleptis showing the development of the
cranial muscles. The different structures have been coloured as follows: cartilage, blue; bones, ochre;
muscles, red. A-B: A. wahlbergii. C-F: A. xenodactyloides. A: TS 8, lateral view. B: TS 8, ventral view. C: TS
12, lateral view. D: TS 12, ventral view. E: TS 15, lateral view. F: TS 15, ventral view. Abbreviations: an an-
gulosplenial, ch ceratohyale, ¢b I-IV ceratobranchiale -1V, em cartilago meckeli, co cartilago obliquus,
cor coracoid, eu musculus cucullaris, dma musculus depressor mandibulae anterior, dmp musculus
mandibulae posterior, fo op foramen opticum, fp frontoparietal, ghl musculus geniohyoideus lateralis,
ghm musculus geniohyoideus medialis ha musculus hyoangularis, hg musculus hyoglossus, hy hyale, ih
musculus interhyoideus, ima musculus intermandibularis anterior, iml musculus intermandibularis lat-
eralis, imp musculus intermandibularis posterior, ir cartilago labialis inferior, lab musculus levator arcus
branchialis, Ime musculus levator mandibulae externus, Imlo musculus levator mandibulae longus, Imla
musculus levator mandibulae lateralis, ml musculus mandibulolabialis, oh musculus orbitohyoideus, pao
pila antotica, pq palatoquadrate, pr mx an processus maxillaris anterior, pr pte processus pterygoideus,
ga musculus quadratoangularis, s¢ scapula, sm musculus submentalis, sq squamosal, ssc suprascapula.
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Figure 8: Maximum intensity projections of whole-mount antibody staining, showing the development of
the cranial muscles in A. wahlbergii embryos from TS 7/8 - TS 15. A: TS 7/8, lateral view. B: TS 7/8, ventral
view. C: TS 10/11, lateral view. Muscles are beginning to fuse and change their orientation. D: TS 11/12,
lateral view. E: TS 13, lateral view. F: TS 15, lateral view. D: TS 15, lateral view. All cranial muscles are
formed in their adult shape before hatching occurs. Abbreviations: an angulosplenial, de dental, dma
musculus depressor mandibulae anterior, dmp musculus mandibulae posterior, ecd endolymphatic cal-
cium deposits, ex exoccipital, fp frontoparietal, gh musculus geniohyoideus, ha musculus hyoangularis,
ih musculus interhyoideus, ima musculus intermandibularis anterior, imp musculus intermandibularis
posterior, Imla musculus levator mandibulae lateralis Ime musculus levator mandibulae externus, Imlo
musculus levator mandibulae longus, mx maxilla, na nasal, oh musculus orbitohyoideus, pmx praemaxilla,
po prootic, pte pterygoid, qa musculus quadratoangularis, qj quadratojugal, se¢ scapula, sm musculus
submentalis, sq squamosal.
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Figure 9: Cranial ossification sequence in biphasic and direct developing species. Only regression lines of
species staged according to a similar system (TS or Go) can be compared directly/absolutely. Data refer-
ences: Bombina orientalis (Maglia & Pugener 1998), Spea bombifrons, (Wiens 1989), Xenopus laevis (Trueb
& Hanken 1992), Ascaphus truei (Moore & Townsend Jr. 2003), Bufo boreas (Gaudin 1978) and Hyla lancri-
formis (De Sa 1988), Pseudophilatus silus (Kerney et al. 2007), Eleutherodacytlus coqui(Hanken et al. 1992),
Arthroleptis wahlbergi and Arthroleptis xenodactyloides (present study), Pipa pipa(Trueb et al. 2000).
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Abstract

Background: Cases of parallel evolution offer the possibility to identify adap-
tive traits and to uncover developmental constraints on the evolutionary trajec-
tories of these traits. The independent evolution of direct development from
the ancestral biphasic life history in frogs is such a case of parallel evolution.
In frogs, aquatic larvae (tadpoles) differ profoundly from their adult forms and
exhibit a stunning diversity regarding their habitats, morphology and feeding
behaviors. The transition from the tadpole to the adult is a climactic, thyroid
hormone (TH)-dependent process of profound and fast morphological
rearrangement called metamorphosis. One of the organ systems that experi-
ences the most comprehensive metamorphic rearrangements is the skin.
Direct-developing frogs lack a free-swimming tadpole and hatch from terres-
trial eggs as fully formed froglets. In the few species examined, development is
characterized by the condensed and transient formation of some tadpole-
specific features and the early formation of adult-specific features during a
“cryptic” metamorphosis.

Results: We show that skin in direct-developing African squeaker frogs
(Arthroleptis) is also repatterned from a tadpole-like to an adult-like histology
during a cryptic metamorphosis. This repatterning correlates with histological
thyroid gland maturation. A comparison with data from the Puerto Rican
coqui (Eleutherodactylus coqui) reveals that the evolution of direct develop-
ment in these frogs is associated with a comparable heterochronic shift of thy-
roid gland maturation.

Conclusion: This suggests that the development of many adult-features is still
dependent on, and possibly constrained by, the ancestral dependency on thy-
roid hormone signaling.

KEYWORDS

Cardioglossa, developmental constraints, heterochrony, tadpole, terrestrialization

Developmental Dynamics. 2021;1-17.

wileyonlinelibrary.com/journal/dvdy © 2020 Wiley Periodicals LLC

72



NAUMANN ET AL.

Developmental Dynamics

1 | INTRODUCTION

How do developmental constraints influence phenotypic
evolution? A promising way to approach this question is
studying cases of parallel evolution.! Parallel evolution
can be defined as the independent origin of similar
(derived) traits in two or more taxa sharing a common
ancestry and bauplan.>* Investigating patterns of parallel
evolution allows to identify adaptive traits and to uncover
developmental constraints on the evolutionary trajecto-
ries of these traits." A potential case of parallel evolution
is the repeated, independent origin of direct development
within frogs (Anura) and other amphibians.*” Direct
development is characterized by the loss of an aquatic
larval phase® and may have evolved in response to envi-
ronmental conditions that restricted the availability of
suitable habitats for aquatic development.®™*?

In frogs, direct development evolved several times
independently (Figure 1(A)), making them a suitable
model system to unravel developmental constraints that
underlay patterns of parallel evolution.'*'* The ancestral
biphasic life history of frogs includes a free-swimming
larval stage called tadpole.'® In contrast to other amphib-
ian larvae, tadpoles differ extremely from their adult
forms and exhibit a stunning diversity regarding their
habitats, morphology and feeding behaviors.'® In
biphasic anurans, embryonic development from a fertil-
ized egg to a tadpole happens more or less gradually, sim-
ilar to other vertebrate groups. In contrast, the transition
from the tadpole to the adult is a climactic, thyroid hor-
mone (TH)-dependent process of profound and fast mor-
phological  rearrangement called metamorphosis
(Figure 1(B))."” In direct-developing species, development
from the embryo to the adult frog appears more gradual
without an obvious climactic phase (Figure 1(B)).'®
Tadpole-specific traits such as the larval skeleton and its
associated musculature, the cement glands, the lateral
line system and the coiled intestine are nearly or
completely reduced.'®'® However, morphological studies
on the embryonic development of direct-developing frogs
are limited to only a few species.®'*?°2? The only species
in which direct development has been investigated in
greater detail is the Puerto Rican coqui, Eleutherodactylus
coqui Thomas, 1966.'%>33*

Although direct-developing frogs have departed pro-
foundly from their ancestral ontogeny®'®*, studies in
E. coqui have shown that several developmental events
are still under the control of TH***® and that it undergoes
a cryptic metamorphosis.>*>’ Ontogenetic repatterning
seen in direct-developing frogs is thought to be the result
of changes in the expression of TH, which leads to
changes in timing of TH-dependent events during devel-
opment (“heterochronic shift” hypothesis). At least some
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developmental events are thought to have become
decoupled from TH-regulation (“loss of constraint”
hypothesis), but so far data are only available for E. coqui
and the general influence of TH during the ontogeny of
other direct-developing frogs remains unclear.

An interesting system to study putative developmen-
tal constraints on the evolution of direct development is
the skin. The frog skin hosts a complex microbiome and
plays major roles in immune response, pathogen defense,
respiration, osmoregulation, camouflage and even repro-
duction.*®** Among all tissues that remodel during meta-
morphosis the skin exhibits the most extreme changes
regarding histology and gene expression.*® It is exposed
to completely different environments (aquatic
vs. terrestrial) depending on life history phases and often
exhibits tadpole- and adult-specific adaptations.** The
skin of pre-metamorphic tadpoles is a mostly two-layered
epithelium with unicellular glands and an outer mucus
layer.** The underlying dermis consists of a stratum com-
pactum and some melanophores in the mesenchyme
beneath (Figure 1(C)). During pro-metamorphosis, the
cells of the epidermis degenerate except for cells attached
to the basal lamina. These basal cells start to proliferate
during metamorphic climax and build up the post-
metamorphic five- to seven-layered adult frog epidermis
with an outer keratinized cell layer (stratum corneum)
and different multicellular gland types. The underlying
dermis contains an outer (exterior to the stratum com-
pactum) and an inner (interior to the stratum com-
pactum) melanophore layer (Figure 1(C)).**®
Metamorphic changes in biphasic species are initiated by
TH production.**>! Thyroid hormone is also involved in
several developmental processes in E. coqui indicating
the presence of a cryptic metamorphosis in direct-
developing species.?*>*3>1

In this study, we provide detailed data on skin devel-
opment in direct-developing African Squeaker frogs
(Arthroleptis)  using  histological and  immuno-
histochemical techniques. To evaluate if potential
changes in the skin and thyroid gland histology of
Arthroleptis are due to direct development or instead
shared by biphasic Arthroleptidae, we investigated the
same tissues in a Cardioglossa tadpole, the sister genus of
Arthroleptis. Additionally, we describe thyroid gland
development in Arthroleptis and infer its maturity and
activity based on morphology and morphometric
measurements.

2 | RESULTS

Many aspects of the development of the embryonic pig-
mentation pattern, skin and thyroid glands are similar in
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FIGURE 1 (A) A family-level phylogeny of recent frogs based on Feng et al., 2017 . Blue boxes indicate the presence of an ancestral
biphasic live history while orange boxes indicate direct development. (B) A schematic graph showing the gradual morphological change
during ontogeny of the direct developing Arthroleptis (A. wahlbergii; 1, embryo; 2, adult frog) and the more climactic metamorphic change in
its biphasic sister genus Cardioglossa (C. manengouba; 1, tadpole; 2, adult frog). Photographs are not to scale. (C) Schematic diagrams of the
organization of the tadpole and adult frog skin
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A. wahlbergii and A. xenodactyloides. Differences between
the two species are mentioned where present.

2.1 | Development of the pigmentation
pattern in Arthroleptis embryos

Embryos until mid Townsend and Stewart-stage (TS) 5
lack any obvious, externally visible pigmentation and
have a white-yellowish color (Figure 2(A)). However,
very few melanophores were found in the epidermal
layer in histological sections of an embryo at TS4 (see
Figure 3 (A4)). At late TS5/early TS6 melanophores are
recognizable, extending ventrally until the ventral border
of the eye in the head region and until the dorsal-most
quarter of the lateral body wall in the trunk region
(Figure 2(B)). Melanophores at this stage are spindle-
shaped with long, thin extensions (Figure 2(B')). From
late TS7 to TS8, melanophores continue to extend
ventrad in the head and the trunk regions (Figure 2(C),
(D)) until they completely cover the lateral body wall
from TS9 on (Figure 2(E),(F)). At this stage, the body wall
has completely enclosed the yolk (Figure 2 (E3)). At

55 [IS6

57 RISE

head

trunk

T59  T510 T511

ventral mid line

FIGURE 2

TS11, the density of melanocytes of the head region starts
to increase resulting in a darkening of the skin (Figure 2
(G)). Additionally, another type of melanophores
becomes visible all over the body. These melanophores
are smaller, with a more spherical shape and with only a
few short or no extensions (Figure 2(G")). At TS12, mela-
nocyte density continues to increase dorso-ventrad until
the whole lateral body wall is heavily pigmented at TS15
(Figure 2(H)-(K)).

In summary, pigmentation development is character-
ized by a first dorso-ventrad wave of melanophore devel-
opment starting at late TS5 and a second wave made up
by a morphologically different type of melanophores
starting at TS11.

2.2 | Skin development in Arthroleptis

TS4 (Figure 3(A)) - The epidermis is single-layered with a
sometimes indistinct border between the underlying cells
and tissues. In the dorsal body region, cells are large and
cuboid with spherical nuclei. Ventrally, cells are flattened
and nuclei are ovoid to spindle-shaped. The cells possess

TS12 TS13 TS14 TS15

_dorsal

(A-G) Photographs of the skin pigmentation of different developmental stages of Arthroleptis wahlbergii. The schematic

embryo on the left illustrates the photographed regions (1-3, and). Blue arrows indicate the position of the eye, red asterisks the position of

the forelimb. The dotted grey lines and percentage number indicate the distance between the back (dorsal, 0%) and ventral midline (ventral,

100%). The black arrow in A2-D2 indicates the migration distance of the first melanophore type (shown in B'). The white arrow in H2-J2

indicates the migration distance of the second melanophore type (shown in G'). The black dotted line in C3-G3 indicates the ventral midline.

Scale bar is 200 pm
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head trunk
dorsal ventral lateral ventral

FIGURE 3 Histological cross sections of the skin of Arthroleptis wahlbergii at different developmental stages. The schematic embryo on
top illustrates the photographed regions (1-5). Grey arrows indicate the epidermal cilia. Orange arrows indicate intracellular yolk droplets.
Black arrows indicate epidermal nuclei. The yellow arrow in H3 indicates the glandular duct. The number of epidermal cellular layers is
indicated by a red line and asterisks. Scale bar is 20 pm. cc, ciliated cell; co, stratum corneum; ec, epithel cell; etm, epaxonic trunk muscles;
g, multicellular gland progenitor; g1, unicellular gland; g2, multicellular granular gland; g3, multicellular mucus gland; htm, hypaxonic
trunk muscles; m, mesenchyme; me, melanophore; sc, stratum compactum; sp, stratum spongiosum; vc, vacuole
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high amounts of intracellular yolk granules and some
seem to have large vacuoles with dark pigments. Ciliated
cells are found in a scattered pattern all over the embryo.
Very few melanophores can be found intercalating
between epidermal cells. A dense, undifferentiated mes-
enchyme lies beneath the epidermis.

TS5 (Figure 3(B)) - The dorsal epidermis of the head
as well as of the dorso-lateral trunk is two-layered while
the ventral epidermis of the trunk, covering the yolk sac,
is single-layered. Most cells are slightly flattened with
ovoid nuclei. The amount of intracellular yolk granules
has decreased compared to TS4 but is still high. The
number of ciliated cells has increased compared to TS4.
A sharp border between epidermal cells and the underly-
ing mesenchyme is recognizable.

TS6 and TS7 (Figure 3(C), (D)) - The number of epi-
dermal layers has not changed compared to TS5. Some
unicellular mucus glands are recognizable. The amount
of intracellular yolk granules has further decreased com-
pared to previous stages. A higher number of melano-
phores with long cytoplasmic extensions are present in
the mesenchyme directly beneath the epidermis.

TS8 (Figure 3(E)) - The number of epithelial layers is
similar to previous stages. Epidermal cells in both layers
are flattened and show spindle-shaped nuclei. Some
hypertrophied cells with a granular content that might
represent unicellular glands are present in the skin of the
head. Intracellular yolk granules are only detectable in
the trunk epidermis. In the head, a distinct stratum com-
pactum is present beneath the epidermis with a dense
layer of inner melanophores interior to it. In the trunk,
the stratum compactum is most distinct in the dorsal
region and becomes gradually less obvious in lateral and
ventral areas. This pattern is mirrored by the density of
associated inner melanophores.

TS11 (Figure 3(F)) -The epidermis has become single-
layered again in the head and dorsolateral trunk region
and epidermal cells exhibit extremely flattened nuclei. In
some scattered areas of the dorsal head, the epidermis is
still two-layered. Intracellular yolk granules and ciliated
cells are completely absent. Multicellular gland pri-
mordia, consisting of several compact cells, can be found
all over the body. In the head, a few outer melanocytes
are present between the stratum compactum and basal
epidermal cells. In the trunk, the stratum compactum
appears denser compared to the previous stage and the
density of inner melanophores has increased. It is still
lowest in the ventral trunk region.

TS13 (Figure 3(G)) - The skin exhibits many features
of an adult frog skin. The epidermis is two- to three-lay-
ered. The majority of the basal epidermal cells are
cuboid. The apical cell layer is flattened and is stained
dark-blue in Azan-stained section, indicating an
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increased keratinization and the presence of a stratum
corneum. The stratum corneum is more obvious in the
head compared to the trunk epidermis. Multicellular
mucus and granular glands can be found in various
regions of the body. They are localized within a thin stra-
tum spongiosum beneath the basal epidermal cell layer.
Mucus glands are outlined by a single cell layer with an
inner lumen. Granular glands are recognizable as large
sacs filled with many granulated cells. The density of
outer melanophores within the now developed stratum
spongiosum has increased compared to previous stages.

TS15 (Figure 3(H)) - Hatching occurs at this stage and
the skin of the froglet is similar to the skin of an adult
Arthroleptis (see Figure 4). The thickness of the epidermis
varies from two to five cell layers but is three-layered in
most areas. In the trunk region, the dark blue-stained
stratum corneum is now also recognizable as a distinct
cellular layer. Multicellular glands in the whole skin are
more numerous and melanophore density has increased
in the ventral trunk region compared to TS13.

In summary, the embryonic ectoderm and underlying
mesenchyme at TS4 are differentiated into a skin con-
sisting of an epidermis and an underlying dermis. Both
exhibiting pre-metamorphic tadpole-typical features at
TS8. By TS11 the apical epidermal layers seem to degen-
erate to a certain degree while multicellular gland pro-
genitors appear all over the body. The skin of embryos at
TS13 and TS15 exhibit many features typical for the post-
metamorphic frog skin.

2.3 | PCNA expression during epidermal
development in Arthroleptis

Metamorphic skin remodeling is characterized by the
degeneration of apical epidermal cells and the prolifera-
tion of remaining basal cells building the adult epider-
mis.*> We therefore investigated the epidermal
proliferation pattern in embryonic stages of A. wahlbergii
using two different antibodies against proliferating cell
nuclear antigen (PCNA). Signals from both antibodies
were detected in the same tissues of two adjacent serial
sections verifying antibody specificity. However, the sig-
nal from PCNA-1 antibody was always stronger than
from the PCNA-2 antibody.

At TS8, scattered signals of the PCNA-1 antibody are
detectable in nuclei of both epidermal cell layers as well
as some mesenchymal cells (Figure 5(A),(A")). Only a few
PCNA-2 positive cells are detectable at this stage
(Figure 5(B),(B)). At TS11, PCNA-1 and PCNA-2 signals
are detectable in the majority of epidermal cells, indicat-
ing a strong increase in the proliferation rate of the epi-
dermis (Figure 5(C),(D)). A few PCNA-1 and PCNA-2
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FIGURE 4 Adult skin histology. Histological cross sections of the skin of an adult (1.3 cm) Arthroleptis wahlbergi. (A) Dorsal head
region. (B) Lateral head region. The orange arrow indicates the glandular duct. (C) Ventral head region. The number of epidermal cellular
layers is indicated by a red line and asterisks. Scale bar is 20 pm. co, stratum corneum; ec, epithel cell; g2, multicellular granular gland; g3,
multicellular mucus gland; me, melanophore; sc, stratum compactum; sp, stratum spongiosum

TS8 TS11 ns1s TS15

A PCNA-1 + DAPI C PCNA-1 + DAPI E pcNA-1 + DAPI

-
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FIGURE 5 Fluorescent PCNA antibody staining in cross sections through the skin of Arthroleptis wahlbergii embryos at different
developmental stages. Two different antibodies against PCNA have been used. PCNA-1 is colored in yellow and shown in A, C, E and

G. PCNA-2 is colored in magenta and shown in B, D, F and H. Nuclei are stained with DAPI and colored in grey. A’ and B' Show a close up
of the PCNA signal within the nucleus. Magenta arrows in B indicate the scattered antibody signal. Scale bar for A-H is 20 pm. Scale bar for
A’ and B'is 10 pm. g2, multicellular granular gland; g3, multicellular mucus gland

positive mesenchymal cells are also present. No antibody =~ adopting a mature, adult-like morphology (Figure 6(B)). The
signals are detectable in the epidermis at TS13 and TS15, follicles have increased in size and number and the follicular
indicating a low proliferation rate (Figure 5(E)-(G)). In epithelium is now organized in a columnar pattern. Nuclei
some multicellular glands however, PCNA-1 positive of follicular epithelial cells are spherical to ovoid-shaped.
cells can be detected (Figure 5(G)). Some colloid, recognizable as a bluish substance in Azan-
In summary, PCNA reactivity (and therefore cell pro- stained sections, is present within follicular lumina
liferation rate) of the skin is detectable in a scattered pat- (Figure 6(F)). At TS13 the follicles have further increased
tern at TS8, has increased tremendously at TS11 and is in size and number. The cells of the follicular epithelium
low or absent at TS13 and TS15. appear slightly flattened compared to the previous stage.
No colloid is detectable in the investigated specimen
(Figure 6(G)). At TS15 the thyroid glands have continued
24 | Thyroid gland development in to elongate and are almost spindle-shaped (Figure 6(C)).
Arthroleptis embryos The size and number of follicles have further increased
and the follicular lumina are filled with colloid in the
The thyroid glands are paired, ovoid structures located at the investigated specimen. Erythrocytes are recognizable
lateral edges of the hyoid plate (Figure 6(A)-(C)). Primordia around and in between follicles indicating a continuous
are first detectable at TS8. They appear as spherical, con-  vascularization of the thyroid gland (Figure 6(H)).
densed cell masses including scattered lumina which lack an We measured the cell height of the follicular epithelium
epithelial lining. The primordia are located on the left and as well as the number and diameter of follicles (Figure 7(B)-
right side ventrally to the lateral edges of the developing (D)) from sections from the central region of the thyroid
hyoid plate (Figure 6(A),(D)). First developing follicles are gland.>® In A. wahlbergi we observed a huge increase in the
recognizable at TS10/11. The cells of the follicular epithelium follicle cell height from TS8 to TS10/11, followed by a grad-
are cuboid with little cytoplasm and large spherical nuclei ual decrease in TS13 and TS15. In the two examined stages
(Figure 6(E)). At later TS11, thyroid glands have elongated, of A. xenodactyloides cells were smaller compared to
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FIGURE 6

(A-C) Volume renderings of uCT scans of different developmental stages of Arthroleptis xenodactyloides. The thyroid glands

are colored in lilac. Renderings are not to scale. (D-H) Histological cross-sections of the ventral head region of A. wahlbergii embryos at
different developmental stages. Blue arrows indicate absence of colloid within follicles. Blue asterisks indicate the presence of colloid within

follicles. Scale bar is 25 pm. hp, hyoid plate; th, thyroid gland

A. wahlbergii. However, a similar but lower decrease in cell
height from TS11 to TS15 is also recognizable (Figure 7(B)).
Follicle numbers and follicle diameter are more or less simi-
lar in A. wahlbergii and A. xenodactyloides (Figure 7(C),(D)).
In A. wahlbergi, follicle number and diameter decrease from
TS8 to TS10/11 and then increases gradually from TS10/11
to TS15. In the two specimens of A. xenodactyloides, an
increase in follicle number and diameter can also be
observed.

In summary, our data indicate that thyroid glands dif-
ferentiate histologically between TS8 and TS10/11,
become highly active at TS11 (follicle cell height, first
detected colloid) and develop and adult-like morphology
between TS13 and TS15 (increasing follicle diameter and
number, decreasing cell height).

2.5 | Skin and thyroid gland histology in
a Cardioglossa tadpole

The skin of Cardioglossa sp. at Gosner-stage 27°°
exhibits a pattern typical for most tadpoles.'> The
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epidermis is two-layered. The basal layer consists of
cuboid cells with spherical nuclei while the apical
layer is slightly flattened in the head but not in the
trunk region (Figure 8(A1)-(A5)). A dark-blue stained
extracellular layer resembling the keratinized apical
cell layer present in late Arthroleptis embryos can be
found. Some unicellular gland cells are present in
between basal and apical cells (Figure 8(A1),(A3)). A
thick stratum compactum is present beneath the basal
epidermal layer. Melanophores are associated with
the stratum compactum. Their density decreases
dorso-ventrad in the head as well as the trunk region
(Figure 8(A1)-(A5)).

The thyroid glands exhibit a more elongated olive-
shape and are localized in the same position as described
for Arthroleptis embryos (Figure 8(B)). At this develop-
mental stage, well developed follicle outlined by slightly
flattened epithelial cells can be recognized. No colloid or
vascularization was detected in the examined specimen.
The flattened follicular epithelial cells and the absence of
colloid and vascularization indicate a low activity of TH-
production.
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(A) Schematic illustration of thyroid gland follicels and the measured parameters. (B) Box plot of the follicle cell height in

Arthroleptis at different developmental stages. (C) Diagram of the follicle number in Arthroleptis at different developmental stages.
(D) Diagram of the average follicle diameter in Arthroleptis at different developmental stages. Aw, A. wahlbergi (black outline); Ax,

A. xenodactyloides (red outline)

3 | DISCUSSION

3.1 | Arthroleptis exhibits accelerated
body wall fusion and a phase of
metamorphic skin pigmentation
repatterning that correlates with increased
thyroid gland activity

The skin of frogs harbors a variety of chromatophores.*’
In this study however we focus on the pattern of melano-
phores only. Different types of melanophores are present
in the adult frog skin.>* This adult pigmentation pattern
is established via metamorphic changes in the dermal
pigmentation, chromophore morphology, and biochemis-
try of the tadpole skin.>* This indicates a correlation of
TH production and metamorphic skin pigmentation
repatterning in biphasic anurans.>®

In direct developing species, pigmentation patterning
has only been described in E. coqui.®> At TS7, melano-
phores first appear in the trunk region and pigmentation
increases slowly until it becomes heavy at TS10. Pigmen-
tation of the head is delayed, becoming heavy at TS12.
This general process of melanophore patterning is also
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seen in Arthroleptis ® and we here provide the first
detailed data on the morphology of different melano-
phore types during skin development in a direct develop-
ing frog species. In Arthroleptis, the first type of
melanophore is spindle-shaped with long thin extensions.
This type is typical of embryonic melanophores in
biphasic species.>*> A second type of melanophore with
a smaller, more circular-shape with a few short or no
extensions appears at around TS11. This melanophore
type resembles melanophores appearing during TH-
mediated metamorphosis in biphasic species.**> It is
generally accepted that follicular cell height, follicle
diameter and number (see Figure 7(A)) roughly reflect
thyroid gland activity and TH production.’®>” The
appearance of this second melanophore type in
Arthroleptis correlates with a histologically inferred,
increased thyroid activity. The timing of pigmentation
repatterning and melanophore type appearance in
Arthroleptis is therefore very similar to the TH-mediated
metamorphic transitions seen in the skin of biphasic
species.>*>

Experimental studies on the pigmentation pattern®*
and histological investigation of thyroid gland activity®’
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(A) Histological cross sections of the skin of a Cardioglossa manengouba tadpole at Gosner-stage 27. The schematic tadpole

on top illustrates the photographed regions (1-5). Black arrows indicate epidermal nuclei. The number of epidermal cellular layers is

indicated by a red line and asterisks. (B) Volume renderings of a synchrotron scan of a C. manengouba tadpole at Gosner-stage 27. The

thyroid glands are colored in lilac. Renderings are not to scale. (C) Histological cross sections of the ventral head region of the same tadpole

as in A. Lilac arrows indicate absence of colloid within follicles. Scale bar is 20 pm. bh, basihyal; ch, ceratohyal; co, keratinized layer; ec,

epithel cell; g1, unicellular gland; htm, hypaxonic trunk muscles; m, mesenchyme; me, melanophore; mu, muscle; sc, stratum compactum;

th, thyroid gland

in E. coqui suggest that TH is also involved in the clo-
sure of the pigmented body surface.”>** While the
overall melanophore patterning and subsequent dark-
ening of the skin are similar in Arthroleptis and
E. coqui, there is a difference in the timing of the ven-
tral fusion of the pigmented lateral body walls. This
fusion appears much earlier in Arthroleptis (TS9,
Figure 2) compared to E. coqui at TS12.>* In E. coqui
this event correlates with a peak in thyroid gland
activity?® and has experimentally been shown to be
TH dependent.”® In Arthroleptis, the thyroid gland
appears histologically mature at TS10/11, and the
morphology of the thyroid gland of Arthroleptis at
this TS stage is comparable to histological and hor-
monal data from Eleutherodactylus.”” Based on this
histological comparison and available data from
Eleutherodactylus we speculate that thyroid gland
activity in Arthroleptis peaks at between TS11 and
TS12. Therefore fusion of the lateral body walls seems
slightly accelerated. This could be due to a higher TH-
sensitivity of the lateral body wall tissue or a not
detected earlier expression of TH due to a weaker
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correlation of histological maturity and actual TH pro-
duction in Arthroleptis compared to E. coqui. Experi-
mental and molecular/immuno-histochemical or mass
spectroscopic data from Arthroleptis are needed to
clarify this.

3.2 | Skin histology in Arthroleptis
exhibits a phase of metamorphic
repatterning that correlates with
histologically inferred thyroid gland
maturity

Skin and thyroid gland histology of the Cardioglossa tad-
pole are similar to many other tadpoles at a comparable
developmental stage.” Alterations in skin development
in Arthroleptis therefore seem to be correlated with the
evolution of direct development. However, an apical
extracellular layer resembling the stratum corneum in
adult frog skin is present in the C. manengouba tadpole.
Tadpoles of various species of Cardioglossa, including
C. manengouba, have been frequently found buried in
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FIGURE 9 Schematic summary of the skin composition of Arthroleptis at different developmental stages. Presumptive thyroid gland

activity inferred from histological measurements is indicated in lilac

the sediment of streams®®* and this putative stratum

corneum could be an adaptation to their fossorial life
style.

As reported for E. coqui“™~", major tadpole characters
such as cement glands, neuromasts and skein cells*® were
not observed in Arthroleptis. Data for Ischnocnema
henselii are not available.*' In Arthroleptis, skin develop-
ment can be divided into four major phases (embryonic,
“tadpole”, metamorphic and adult; Figure 9) that are also
typical for many biphasic species.®>®" At TS4 embryonic
ectoderm is a single-cell layered epithelium not yet differ-
entiated into an epidermis. At around TS7 the ectodermal
cells have differentiated into a tadpole-like epidermis
(two-layered, unicellular glands, inner melanophores).
However, the epidermis still exhibits some embryonic
features (intracellular yolk granules, low melanophore
density, ciliated cells and the lack of a stratum com-
pactum; Figure 9). At TS8, the skin exhibits more mature
tadpole-like features such as fewer intracellular yolk
granules and ciliated cells, a higher melanophore density,
many unicellular glands and a stratum compactum. At
TS11, degeneration of the apical epidermal layer and uni-
cellular glands together with the appearance of mul-
ticellular gland progenitors and an additional outer
melanophore layer (Figure 9) resembles skin repatterning

25,31
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during the metamorphic climax of biphasic species.**¢*>%*

In biphasic species, shortly before metamorphic climax,
apical cells in the tadpole epidermis undergo apoptosis
except for the single layer of basal cells. The remaining
basal cells proliferate extensively during metamorphic cli-
max building up the adult epidermis and gland
cells.***7%*  In  Arthroleptis, ~metamorphic  skin
repatterning is seen at TS11, when the “tadpole” apical
epidermal layer degenerates and cells in the remaining
basal layer start to proliferate (Figure 9; strong PCNA sig-
nal). This patterning of the tadpole-like skin and
increased PCNA activity correlate with an increase of his-
tologically inferred thyroid gland activity at TS10/11 (see
Figure 7). From TS13 on, the skin of Arthroleptis exhibits
major features of an adult frog skin, such as a multilay-
ered (three to five layers dorsally) epidermis with an api-
cal stratum corneum, large multicellular glands
embedded into a stratum spongiosum and a layer of outer
and inner melanophores bordering the thick stratum
compactum (Figure 9). This in term correlates with a
decreased thyroid gland activity, as inferred from histol-
ogy, and the absence of a PCNA signal in epidermal cells.

Regarding other direct-developing species, detailed
histological data are only available for two developmental
stages of I. henselii.”' At TS6, the epidermis of this species
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is a single-layered epithelium overlaying an
undifferentiated mesenchymal dermis.*! This is very sim-
ilar to Arthroleptis embryos except that the epidermis is
two-layered in most body regions at this developmental
stage. In I. henselii embryos at TS14, epidermal cells start
to proliferate forming a two-layered epidermis. Ciliated
cells are still present in many body areas, progenitors of
multicellular glands are detectable and melanocyte den-
sity has increased compared to TS6. The dermis has also
differentiated and a stratum compactum is present.*!
This is different to Arthroleptis, where the features
described for I henselii at TS14 are already present at
TS11 (Figure 9). In contrast to I henselii, the short
description of a stage likely corresponding to TS9 in
Eleutherodactylus that exhibits a two-layered epidermis®,
implies an earlier pattern of skin differentiation more
similar to Arthroleptis. This is very interesting since a his-
tologically differentiated thyroid gland is already present
at TS6 in I henselii. This is much earlier compared to
Arthroleptis (TS8; this study) and E. coqui (TS10)*” and
skin development does therefore not seem to correlate
with thyroid gland maturation in I. henselii.

This mismatch between very early thyroid gland mat-
uration and very late skin remodeling in I. henselli could
be indicative of a loss of TH-dependency of skin remo-
deling and hence a loss of constraint. Alternatively, skin
maturation might still be dependent on TH-signaling, but
TH-production of the thyroid gland could be very low
and a concentration necessary to induce skin
repatterning is reached very late. Another possibility is
that TH-levels are normal but the sensitivity of the skin
tissue is decreased, requiring higher TH concentrations
to induce repatterning. Both of these TH-dependent sce-
narios would explain the late onset (ie, heterochronic
shift) of skin remodeling.

Developmental Dynamics

3.3 | Thyroid gland development and
maturation in direct developing frogs

It has been shown that metamorphic changes in anurans,
and amphibians in general, are under a complex hor-
monal control with TH as a major regulator.'” There are
two hypotheses how the ancestral thyroid axis has
influenced the evolution of direct development (see
Jennings & Hanken, 1998 and references therein).
(1) Thyroid gland activity and TH production are acti-
vated early in development leading to a precocious for-
mation of adult features. Direct development is still
constrained by the ancestral dependency on TH for adult
development. Consequently, direct development evolved
by a heterochronic shift®® of ancestral developmental
mechanisms rather than the loss of constraints from it
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(“heterochronic shift” hypothesis). (2) Metamorphosing
tissues lost their ancestral TH-dependency. In this case,
the loss of constraints would have been more important
in the evolution of direct development than
heterochronic shifts of ancestral mechanisms (“loss of
constraint” hypothesis). Experimental studies on E. coqui
have shown that this species exhibits a mosaic pattern of
heterochronic shifts and loss of constraints for different
morphological features,'2%27-33:67-70

There are many similarities between E. coqui and
Arthroleptis regarding metamorphic repatterning pro-
cesses that correlate with histological thyroid gland mat-
uration, such as tail regression, remodeling of the
“larval” into the adult hyobranchial apparatus, and cra-
nial muscle repatterning.®'*?”**”" Most of these pro-
cesses start slightly earlier in Arthroleptis, which
correlates with an earlier appearance of the thyroid
glands compared to E. coqui (Jennings & Hanken, 1998;
this study). Assuming that histologically inferred thyroid
gland maturity roughly correlates with its activity and
the production of TH, Ischnocnema henselii might be
another example where some features of skin develop-
ment might have lost their dependency on TH. However,
the interpretation of the data for I henselii is hampered
by the lack of a detailed investigation of thyroid gland
and skin development over several developmental stages.

Our data indicate that many tadpole specific struc-
tures appear, differentiate, and are repatterned to the
adult configuration during a short metamorphic phase
that correlates with the histological thyroid gland matu-
ration is in many biphasic taxa undergoing a metamor-
phosis. Although this cryptic metamorphosis appears to
be not as climactic as it is in biphasic frogs.

3.4 | Developmental constraints,
heterochrony and the parallel evolution of
direct development

Direct development has evolved in parallel in different
groups of frogs. The comparison of embryonic develop-
ment of these direct developing frogs offers the possibility
to identify how developmental constraints may have
influenced the observed pattern of parallel evolution.
Many developmental mechanisms are governed by major
regulators such as TH. In case of a heterochronic shift of
this regulator (eg, embryonic thyroid maturity and its
inferred activity in direct developing frogs), traits that are
under the control of this regulator have to follow this
shift (they are constrained). Other traits not dependent
on TH are not constrained by this hormone and do not
follow the heterochronic shift of this regulator. This may
lead to a decoupling of ancestrally synchronous processes
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such as, for example, growth and differentiation of the
retinotectal system in E. coqui.>

Further investigations of the developmental timing
and experiments testing the TH-dependency of ana-
tomical features of Eleutherodactylus, Arthroleptis,
Ischnocnema and other direct developing frogs are
needed to test the inferences made in this study.
These investigations will clarify if repatterning of dif-
ferent tissues like the skin, muscles, cartilaginous and
bony skeleton are generally under the control of TH
and therefore constrained by thyroid gland activity.
Studies on direct development in frogs, or amphibians
in general, and various other cases such as the classic
example of the evolution of similar morphotypes in
African cichlids’>”® or the recently “re-discovered”
dispersion/re-aggregation and diapause phases in
early killifish development’*”> will help to better
understand how developmental processes constrain
the evolution of adaptive traits and further clarify
mechanisms and identify major regulators underlying
parallel evolution.

4 | EXPERIMENTAL PROCEDURES

41 | Specimens

Embryos of Arthroleptis wahlbergii Smith, 1849, collected
in South Africa, and A. xenodactyloides Hewitt, 1933, col-
lected in Tanzania, were euthanized using 0.1%
tricaine methanesulfonate (MS222, Fluka), fixed in 4%
phosphate buffered formalin and stored in 70% etha-
nol.® Staging of embryos follows Townsend and Stew-
art (1985); TS stages hereafter. One tadpole of
Cardioglossa manengouba Blackburn, 2008 was avail-
able for investigation. For a complete list of specimen
see Table 1.

4.2 | Histological sectioning and staining
For sectioning, embryos were dehydrated in an etha-
nol series (70%, 90%, 2 x 96%; 5 minutes each), sec-
tioned and subsequently rehydrated (2 x 96%, 90%,
70% ethanol, distilled water; 5 minutes each) prior to
staining. Embryos up to TS8 were embedded in
Technovit 8100 (Kulzer, R0010022), sectioned at 3 pum
and stained with a mixture of basophilic Methylene
blue and acidic Fuchsin.”® Embryos from TS10/11 on
were decalcified for up to three days (Osteomoll,
Merck), embedded in Paraplast (Roth, X881.1), sec-
tioned at 8 pm and stained with Heidenhain's Azan.”®
All sections were made using a Microm HM
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360 (Zeiss) and photographs were taken using an
Olympus Dotslide BX51 microscope.
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4.3 | Fluorescent antibody staining
Paraffin sections were rehydrated as described before.
For antigen retrieval, slides were transferred to a plastic
cuvette with citrate buffer (recipe see Schlosser, 2008)
and heated in a microwave (Bosch HMT 72 M 420) for
10 minutes at 180 W. Subsequently, slides were placed at
room temperature (RT, 21-25°C) to cool down for at least
5 minutes and then rinsed in distilled water for 1 minute.
Afterwards, slides were rinsed with PBS (3 x 5 minutes),
placed into a wet chamber and blocked with antibody dil-
uent (DAKO) for 1 hour at RT. Primary antibodies
against proliferating cell nuclear antigen (PCNA-1, 1/200,
sc-7907, Santa Cruz; PCNA-2, 1/200, M087901, Dako)
were applied overnight at 4°C. On the next day, slides
were rinsed in PBS (3 x 5 minutes), blocked and incu-
bated with secondary antibodies (Alexa-488 anti-mouse,
#A28175, Thermo Fisher Scientific and Alexa-568 anti-
rabbit, #A-11011, Thermo Fisher Scientific) for 1 hour at
RT. Afterwards, slides were rinsed with PBS (3 x
5 minutes), quickly washed with distilled water and
cover-slipped with Fluoroshield with DAPI (Sigma,
F6057). Slides were photographed using a Zeiss Axioplan
Microscope equipped with a Spot camera and the Zeiss
Axioplan software.

4.4 | Micro-CT scanning and 3D
reconstruction

Specimens were contrasted using a solution of 1% poly-
molybdenic acid in 70% ethanol.”” Arthroleptis speci-
mens were CT-scanned using a Nanotom S pCT
scanner (Phoenix X-Ray) and the Cardioglossa tadpole
was studied using synchrotron radiation based x-ray
micro-CT. Imaging was performed at the Imaging
Beamline P05 (IBL)’®*®° operated by the Helmholtz-
Zentrum-Geesthacht at the storage ring PETRA III
(Deutsches Elektronen Synchrotron - DESY, Hamburg,
Germany) using a photon energy of 24 keV. Projections
were recorded using a CCD camera system (MicroLine
ML09000 - Finger Lake Instruments) with an effective
pixel size of 2.42 pm. For each tomographic scan 1801
projections at equal intervals between 0 and & have been
recorded. Tomographic reconstruction has been done by
applying a filtered back projection algorithm (FBP)
implemented in a custom reconstruction pipeline '
using Matlab (Math-Works) and the Astra Toolbox.?*#*
For the tomographic reconstruction, raw projections
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were binned two times resulting in an effective pixel size
of the reconstructed volume of 4.83 pm. Thyroid glands
are easily recognizable as ovoid organs, with dense epi-
thelial cells (light grey) surrounding follicular lumina
(black), ventrally on both sides of the hypobranchial
plate. Three-dimensional reconstructions and mixed
surface-volume renderings of the thyroid gland were
prepared using AMIRA 5.4.2 (FEI Visualization, Science
Group, Bordeaux, France).

4.5 | Follicle cell height and follicle
diameter measurements

Qualitative and quantitative descriptions of thyroid
glands are based on sections from the middle region of
the paired thyroid lobes according to Cruz and Fabrezi
(2020). Measurements of follicle cell heights and follicle
diameter were obtained from digitalized sections using
Imagel.®> A box and whisker plot of follicle cell heights
was prepared using Microsoft Excel 2010. Numbers of fol-
licles were counted and mean values of the measured fol-
licle diameters were calculated for each specimen
investigated.

4.6 | Photographs and Image processing
Photographs of whole embryos were taken using a Zeiss
Discovery V12 stereomicroscope with an attached Zeiss
AxioCam digital camera. Brightness and Contrast of
Images was adjusted using either ImageJ or Adobe Pho-
toshop CS6. Channel colors of fluorescent antibody
staining were assigned in ImageJ]. In some images the
“CLAHE” filter implemented in ImageJ was applied to
enhance local contrast.
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Abstract

Within Arthroleptidae, a taxon of sub-Saharan frogs of the clade Afrobatrachia, a
high ecological and reproductive diversity has evolved. Arthroleptid tadpoles
predominately occur in flowing water systems of montane or hilly areas. Tadpole
skeletal morphology, associated musculature and the relationship between tadpole
morphology and lifestyle are poorly understood. To examine this question we
investigated the cranial morphology of four arthroleptid tadpoles — Leptopelis parkeri
BARBOUR & LOVERIDGE 1928, Astylosternus occidentalis PARKER 1931, Trichobatrachus
robustus BOULENGER 1900 and Nyctibates corrugatus BOULENGER 1904. All live in
streams of lowland or montane forests, but the microhabitat of each of these species
differs regarding water flow velocity. We found that the muscolskeletal systems of
the tadpoles of A. occidentalis, N. corrugatus and T. robustus are highly modified
relative to L. parkeri. Modifications include wide, robust and partly or completely
fused cornua trabeculae, a fused and strongly chondrified cartilago labialis superior
as well as several modifications of the palatoquadrate. The cranial muscles
accompany the modifications of the robust chondrocranium. Beside these common
modifications there is also variation among the closely reated A. occidentalis, N.
corrugatus and T. robustus. The presence of a big processus hyoquadratis is only seen
in the tadpole of N. corrugatus, indicating a possible autapomorphy of the genus
Nyctibates that may have evolved as an adaptation to its microhabitat. Collectively,
our data reveal modifications of cranial morphology in arthroleptid tadpoles that are
associated with the different microhabitats they inhabit.

Key words

Afrobatrachia, Arthroleptidae, mountain stream tadpoles, cranial morphology,
habitat ecology
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Introduction

There is high diversity in anuran larval morphology that results from adaptions to
different habitats. In Afrobatrachia, a clade of endemic sub-Saharan frogs, a high
degree of ecological and reproductive diversity has evolved primarily in lowland and
montane forests (Portik & Blackburn 2016). Within the family Arthroleptidae
(Afrobatrachia), fully aquatic, semi aquatic and completely terrestrial development
in the form of direct development have evolved. Portik & Blackburn (2016) proposed
that Arthroleptidae comprises the clades Leptopelis, Leptodactylodon, a clade
containing Nyctibates, Scotobleps, Astylosternus and Trichobatrachus, and a clade
containing Cardioglossa and Arthroleptis.

The skeletal morphology and associated musculature in arthroleptid tadpoles are
poorly understood. We here present a detailed description of tadpole cranial
morphology of four arthroleptids - Leptopelis parkeri, Astylosternus occidentalis,
Trichobatrachus robustus and Nyctibates corrugatus. The tadpoles of all four species
inhabit streams in lowland or montane forests, which differ in water flow velocity.
While L. parkeri and A. occidentalis inhabit more slowly flowing stream sections, T.
robustus and N. corrugatus occur in more fast flowing, rocky stream sections.
Tadpoles that inhabit fast flowing water systems (lotic tadpoles) share several
anatomical adaptations to prevent being swept away. These adaptations include the
presence of a modified oral sucker and/or an abdominal sucker, low caudal tail fins
and massive caudal tail muscles (De Oliveira et al. 2017; Baldo et al. 2014; Haad et al.
2014; Oberhummer et al. 2014; Raj et al. 2012; Haad et al. 2011; Haas et al. 2009;
Aguayo et al. 2009, Lavilla & De S4 2001, Altig & McDiarmid 1999, Haas & Richards
1998; Inger 1992; Cadle & Altig 1991). Because tadpoles show a variety of adaptive
strategies, the architecture of the cranium with its highly specialized structures can
give relevant insights to uncover evolutionary modifications as an adaptation to
environmental factors. Inger (1992) discussed that not body shape but variations in
head morphology (e.g. the oral discs) might be the features affected by water flow.
Therefore head morphology should be regarded as the target of adaptation to
varying water flow velocities. Therefore, the aim of this study is to compare the
cranial morphology of lotic tadpoles of closely related species within Arthroleptidae
and relate them to their favored microhabitats. We focus on the question, if
differences in habitat choice of the arthroleptid tadpoles are reflected in the cranial
muscoskeletal system.

Materials and methods

Because preserved material is rare, only one tadpole of Leptopelis parkeri (MTSN
7740, Tanzania, Uluguru North), three tadpoles of Asytlosternus occidentalis (MNHN
uncatalogued, Collecion Lamotte), one tadpole of Nyctibates corrugatus (ZMB 79240,
Cameroon, Ebo Forest) and one tadpole of Trichobatrachus robustus (MNHN
uncatalogued, Collecion Lamotte) were available for examination. Specimens were
measured, analyzed and partly dissected using a Zeiss Discovery V12 stereo
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microscope. Photos were taken with a Zeiss Axiocam ICcl-camera and images were
processed using Adobe Photoshop CS6. Developmental stages of the tadpoles were
determined using Gosner (1960). For further details see Table 1.

Histology

Given the rarity of material, only one specimen of Astylosternus occidentalis was used
for histological sectioning. The tadpole therefore was dehydrated in ethanol series
(70%, 90%, 2 x 96%; 5 min each) and embedded in paraffin, sectioned at 8 um in
transverse orientation and stained after Heidenhain’s Azan (Romeis 2010). Sections
were made using a Zeiss Microm HM 360 and investigated and photographed using a
Zeiss Axioplan microscope with an attached Zeiss camera. Histological sections
were only used to compare them with the results of the p-CT scans.

Clearing and Staining

One tadpole of Astylosternus occidentalis was prepared using standard methods for
clearing and staining (Dingerkurs and Uhler 1977, modified by Taylor and van Dyke
1985). Specimens were photographed with a Zeiss Axiocam ICcl-camera and images
were processed using Adobe Photoshop CS6. The cleared and stained specimen was
then used for preparation and compared with the results of the p-CT scan.

p-CT Scanning and 3D reconstruction

One tadpole of each (Leptopelis parkeri, Astylosternus occidentalis, Nyctibates corrugatus
and Trichobatrachus robustus) were contrasted with 1% polymolybdenic acid in 70%
Ethanol following Metscher (2009). CT-scans were made using a Phoenix Nanotom
at the Helmholtz-Zentrum Geesthacht (Deutsches Elektronen Synchrotron - DESY).
Three-dimensional reconstructions of the cranial musculoskeletal system were
prepared using Amira®5.4.2 (FEI Visualization, Sciences Group) and Maya®2015
(Autodesk). Muscles were only reconstructed on the right side of the head.

Results

The larval cranial skeleton and associated musculature are described for Lepropelis
parkeri, Astylosternus occidentalis, Nyctibates corrugatus and Trichobatrachus robustus.
Differences were mentioned when present. Origin and insertion of all cranial
muscles of each species are listed in Table 2.
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External morphology (Figure 2)

The tadpole of L. parkeri (Gosner stage 35) is slender, with a moderately elongated,
slightly dorsoventrally flattened body and a relatively long tail with low dorsal and
ventral fins.

The tadpole of A. occidentalis (Gosner stage 25/26) is robust and large with a long,
muscular tail with low dorsal and ventral fins.

The tadpole of Nyctibates corrugatus (Gosner stage 26) is long and thick, exhibits an
expanded oral disc and a heavily muscularized, thick tail. The tail is as thick as the
body, and equipped with very low dorsal and ventral fins.

The tadpole of T. robustus (Gosner stage 36/37) is large and has an enlarged mouth
modified into an oral sucker. The tail is long and heavily muscularized, the ventral
fin is reduced.

Cranial skeleton
Leptopelis parkeri (Figure 3)

The cornua trabeculae are long and flat cartilages of the ethmoidal region extending
to the anterior end of the head. Medially, they are separated by a wide gap and curve
ventrally, articulating with the cartilago labialis superior each. Posteriorly, the
cornua trabeculae are confluent with the planum ethmoidale. The cartilago orbitalis
forms the lateral wall of the braincase and is joined to the floor of the cavuum cranii.
The cartilago orbitalis consists of several pillars and exhibits several foramina. The
anteriormost is the optic foramen. In posterior direction, the pila metoptica forms a
cartilaginous wall between the optic foramen and the foramen oculomotori. The pila
antotica separates the foramen oculomotori from the foramen prooticum. The
foramen prooticum is large and has an ovoid-to triangulate shape. It is situated
anterior to the capsula auditiva. The cavuum cranii opens dorsally via the fenestra
frontoparietalis and ventrally via a large ovoid fenestra. Laterally, the taenia tecti
marginalis forms the dorsal rim and is confluent with the cartilago orbitalis.
Posteriorly, the tectum synoticum forms a thin cartilaginous bridge connecting the
capsulae auditivae. There is no taenia tectum transversalis formed. A small taenia
tecti medialis is seen anteromedially to the tectum synoticum. The capsula auditiva
is large and ovoid in shape. A large foramen ovalis is located ventrolaterally and a
foramen jugularis is present posteroventrally on each capsula auditiva.

The palatoquadrate appears as a long flat cartilaginous strip. At its anterior end, the
palatoquadrate bears a prominent processus articularis anterior extending from the
rectangle-shaped pars articularis quadrati. The most prominent part of the
palatoquadrate is the anteriorly situated, broad and massive processus muscularis.
Dorsally, the processus muscularis merges into a small strip of cartilage, the
commissura quadrato-orbitalis and joins the anterolateral part of the cartilago
orbitalis. Anteromedially, a thick commissura quadratocranialis anterior joins the
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palatoquadrate to the floor of the cavuum cranii. Posteriorly, the palatoquadrate
merges into the arcus subocularis. The arcus subocularis is less curved and
relatively straight. It is separated from the neurocranium by the fenestra
subocularis. A wide processus oticus connects the palatoquadrate to the capsula
auditiva posteriorly. An ascending process is absent.

The cartilago labialis superior forms the massive upper jaw as a paired element.
Each cartilago labialis superior consists of two distinct elements, the central corpus
and the lateral ala, named the pars alaris. The pars alaris is short and slightly curved
outwards, where it articulates with the cartilago meckeli. Dorsolaterally, the
cartilago labialis superior is connected to the anterior end of the cornua trabeculae.
The cartilago labialis inferior is a paired element of the lower jaw and is v-shaped in
frontal view. Posteriorly, the cartilago labialis inferior articulates with the cartilago
meckeli. The cartilago labialis inferior articulates with the dorsomedial process of
the s-shaped cartilago meckeli. The cartilago meckeli bears two other processes, the
ventromedial process and the processus retroarticularis, where it articulates with
the pars articularis quadrati of the palatoquadrate.

At this developmental stage, the frontoparietal and the parasphenoid bones are
ossified. The frontoparietals are not completely developed and form bony elements
alongside the dorsal rim of the cartilago orbitalis and the taenia tecti marginalis.
Medially, the frontoparietals are separated by a wide gap. The parasphenoid forms
the bony protection of the ventral braincase. It is formed as an elongated element.
Anteriorly, the parasphenoid is narrower, while it broadens posteriad.

Astylosternus occidentalis (Figure 4)

The cornuae trabeculae are about one third of the length of the chondrocranium
and originate from the ethmoid. Each trabecula is transversely curved. Their tips are
flat and rounded. Each trabecular horn is connected to the pars articularis quadrati
of the palatoquadrate by a strong lateral circumoral ligament. The braincase opens
dorsally via a frontoparietal fenestra and two parietal fenestrae; all of them fused
together. A taenia tecti transversalis is absent. The taenia tecti medialis is reduced to
a small protrusion and does not separate the parietal fenestra from each other; it is
confluent with the tectum synoticum. The cranial floor is heavily chondrified.
Posteriorly, at a level below the capsula auditiva, the prootic foramen is visible. The
capsula auditiva is spheric and connected dorsally via the tectum synoticum.
Posteriorly, the lateral rim of the tectum synoticum and the cranial floor form the
foramen magnum.

The palatoquadrate is anteroventrally connected to the neurocranium via a broad
commissura quadratocranialis anterior. Dorsally, the commissura quadrato-orbitalis
is formed as a broad strip of cartilage. It is confluent with the processus muscularis
of the palatoquadrate and connects the latter to the cartilago orbitalis. The processus
muscularis is the most prominent process of the palatoquadrate. It is flattened and
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heavily chondrified. The anteroventral situated pars articularis quadrati of the
palatoquadrate is square-shaped and relatively short. It broadly articulates with the
cartilago meckeli by the ventromedial process and the processus retroarticularis.
Ventrolaterally, the palatoquadrate bears two ventrally angled processes, the short
processus articularis anterior and the longer processus ventralis. In posterior
direction, the palatoquadrate forms the dorsoventrally flattened arcus subocularis.
The arcus subocularis merges into the processus oticus, connecting the
palatoquadrate with the capsula auditiva. It is the only posterior connection with the
neurocranium. An ascending process is reduced and has no contact to the
neurocranium.

The upper jaw bears the cartilago labialis superior, a single massive element
consisting of a central corpus, the pars corporis, and upwards and slightly outwards
curved lateral alae, the pars alaris. The corpus is partially separated by a
dorsomedial semicircular notch and forms a dorsolateral protrusion on each side.
The dorsolateral surface on each side of the corpus is flattened forming a broad
articulation with the cornu trabeculae. The cartilago labialis inferior is a paired
element of the upper jaw and is v-shaped in frontal view. Posteriorly, it articulates
with the cartilago meckeli. The latter appears s-shaped in lateral view and has a
dorsomedial process, a ventromedial process and a processus retroarticularis. The
cartilago meckeli articulates broadly with the pars articularis quadrati of the
palatoquadrate by the ventromedial process and the processus retroarticularis.

The frontoparietal forms a relatively thin and narrow bone, which covers the
dorsolateral part of the cavum cranii. Anteriorly it supports the posterolateral part
of the ethmoid. On its posterior end, the frontoparietal covers the anterolateral part
of the otic capsule and the tectum synoticum. The parasphenoid has a typical T-
shape and covers the cranial floor ventrally. Posteriorly, it has two tapered,
anteriorly angled alae. The exoccipital bone is a convex curved bone. It forms the
bony lateral margin of the foramen magnum.

Nyctibates corrugatus (Figure 5)

The cornua trabeculae are fused together. They originate from the ethmoid and
diverge laterad and curve slightly ventrad associating with the processus articularis
anterior of the palatoquadrate by a lateral circumoral ligament. Laterally, the
cornua trabeculae articulate with the cartilago labialis superior. Anteroventrally, the
ethmoid bears a ventral, posteriad directed process on each side. The cavuum cranii
is oval. Its lateral wall consists of a cartilago orbitalis, joined to the floor of the
braincase. The floor of the braincase forms a huge fenestra. The braincase and the
lateral wall of the cavuum cranii are well chondrified and bear several foramina.
The anteriormost is the lateroventrally situated optic foramen, formed by the
preoptic root. The pila metoptica separates the optic foramen from the foramen
oculomotori. Mediodorsally, the lateral sidewall of the cavuum cranii bears a
trochlear foramen. A spherical prootic foramen is formed between the capsula
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auditiva and the pila antotica. The taenia tecti marginalis is located dorsolaterally to
the cartilage orbitalis. A taenia tecti transversalis is absent, leading to the fusion of
the frontoparietal fenestra with the parietal fenestra. A taenia tecti medialis is
reduced to a small protuberance.

The palatoquadrate is a long cartilaginous strip. It is widest anteriorly and relatively
thin and slender at its posterior end. The prominent processus muscularis of the
palatoquadrate is flat and square-shaped. At the anteroventral part of the processus
muscularis, a commissura quadratocranialis anterior connects the palatoquadrate to
the ventral part of the neurocranium. The commissura quadrato-orbitalis forms a
delicate, cartilaginous strip connecting the palatoquadrate to the trabecula cranii.
Anteroventrally, the palatoquadrate forms the pars articularis quadrati bearing two
short processes. The anterior process (processus articularis anterior) connects the
palatoquadrate to the cornua trabeculae by a lateral circumoral ligament. At the
medial part of the palatoquadrate, just anterior to the arcus subocularis, a long
processus hyoquadratis is formed. It is thicker at its basis and tapers to its tip. The
processus hyoquadratis articulates widely with the hypobranchial apparatus via the
lateral part of the ceratohyale. There is a wide gap between this process and the
processus muscularis. The ceratohyale fits into this gap, articulating with the
palatoquadrate. Posteriorly, the palatoqudarate bears a processus ascendens and a
processus oticus. The processus ascendens is reduced to a small stub and not
connecting with the neurocranium. The processus oticus joins the ventrolateral part
of the capsula auditiva connecting the posterior end of the palatoquadrate to the
neurocranium.

The cartilago labialis superior is a massive, heavily chondrified, single element of
the upper jaw. It bears lateral alae and each pars alaris is slightly curved dorsad
where the cartilago labialis superior articulates with the cornua trabeculae. The
lower jaw is formed by the cartilago labialis inferior and the cartilago meckeli. The
cartilago labialis inferior is is v-shaped in frontal view and located medially to the
cartilago meckeli and posterior to the cartilago labialis superior. The cartilago
meckeli is robust and compact; it is concave on the dorsal side and convex on the
ventral side. If forms three processes; a dorsomedial and ventromedial process
articulating with the cartilago labialis inferior and a processus retroarticularis
articulating with the anterior part of the palatoquadrate. It forms the insertion side
of several muscles of the hyoid group.

The frontoparietal is a paired, thin and slender dermal bone supporting the cranium
dorsolaterally. It is widest at its posterior end and narrows in anterior direction.
Both frontoparietal bones are separated from each other by a wide gap. The
parapshenoid is an extremely long bone and is present in typical T-shape. It
supports the ventral side of the neurocranium over its nearly full length. Posteriorly,
the parasphenoid bears strong lateral alae supporting the capsula auditiva ventrally.
The parasphenoid broadens in medial direction covering the cavuum cranii
ventrally. It continues anteriorly and narrows to a sharp tip at its anterior end where
it supports the ventral side of the ethmoid and the ventral basis of the cornua
98



CHAPTER 4

trabeculae. The prootic is a paired, round-ovoid dermal bone and lies in front of the
capsula auditiva. The exoccipital is a c-shaped dermal bone forming the posterior
end of the cranium and the lateral margin of the foramen magnum.

Trichobatrachus robustus (Figure 6)

The cornu trabeculae are relatively long and heavily chondrified, representing one
third of the length of the chondrocranium. They are flattened and triangular in
shape. Anteriorly, each trabecular horn curves ventrad and slightly bends laterad
articulating with the dorsolateral area of the cartilago labialis superior. Posteriorly,
the trabecular horns merge at the level of the cartilago meckeli and fuse with the
ethmoid. The cavuum cranii represents two thirds of the length of the
chondrocranium. Anteriorly, the cavuum cranii is completed by the orbital cartilage
and ventrally enclosed by the cranial floor. Posteriorly, the floor of the cavuum
cranii is the planum basale which is confluent with the ventral area of the capsula
auditiva. The cavuum cranii medially bears an optic foramen. The prootic foramen
is formed between the posterior end of the lateral wall of the braincase and the
capsula auditiva. The capsula auditiva is relatively small and in spherical shape.
Dorsally, the otic capsules are connected by the tectum synoticum. Medially of this
tectum synoticum is the taenia tecti medialis. It is formed as a rather reduced
process. A taenia tecti transversalis is absent.

The palatoquadrate is anteroventrally connected to the neurocranium by a broad
and heavily chondrified commissura quadratocranialis anterior. Anteriorly, the
palatoquadrate forms a pronounced process (processus articularis anterior of the
pars articularis quadrati) articulating with the cartilago meckeli. A second, upward
and slightly backward curving process is distinct as processus ventralis. The
prominent processus muscularis of the palatoquadrate is wide and squarish.
Dorsally, the processus muscularis merges into the commissura quadrato-orbitalis
connecting the palatoquadrate with the dorsal neurocranium. Posteriorly, the
palatoquadrate narrows and forms the arcus subocularis. The latter is coincident
with the processus oticus connecting the palatoquadrate with the capsula auditiva
posteriodorsally. An ascending process is absent.

The upper jaw is composed of a single, heavily chondrified cartilago labialis
superior. In dorsal view, the corpus is in triangular shape bearing a dorsolaterad
protuberance on each side that serve as attachment sites to the cornu trabeculae.
The lower jaw consists of the cartilago meckeli and the cartilago labialis inferior.
The cartilago labialis inferior is triangular in shape and, both cartilages are medially
separated. On the dorsal surface, the cartilago labialis inferior articulates with the
cartilago meckeli. The cartilago meckeli is a short and stout transversally oriented
cartilage which is in L-shape in frontal view. It bears three processes, the
dorsomedial and ventromedial processes and the processus retroarticularis.
Proximal, the cartilago meckeli articulates with the cartilago labialis inferior on its
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medial surface. On its distal end, it is saddle-shaped and articulates with the pars
articularis quadrati of the palatoquadrate.

The frontoparietal bone supports the dorsolateral part of the neurocranium and
covers the cavuum crani. Each frontoparietal bone is tapering anteriorly. At its
posterior end it covers one half of the capsula auditiva dorsally. The parasphenoid
appears in typical T-shape and supports the braincase ventrally. It is comparatively
long and runs from the ventral part of the capsula auditiva to the ventral part of the
ethmoid, where it covers both cornu trabeculae. Posterially, the parasphenoid
shows broad and strong alae. In anterior direction, the parasphenoid narrows and
then widens mediad to a level of the ventromedial part of the chondrocranium. The
anterior tip of the parasphenoid splits into two cusps. The prootic bone is small and
rounded. Ventrolaterally, it partially covers the foramen jugulare of the capsula
auditiva. The exoccipital is a, in longitudinal direction, convex curved bone. It
supports the posterior part of the cranium enclosing the margin of the foramen
magnum on each side.

Hyobranchial skeleton (Figure 7)

The hyobranchial apparatus of each tadpole examined is composed of the
prominent ceratohyalia and the branchial basket, consisting of the
ceratobranchialia I-IV. Each ceratohyale is situated anterior to the branchial basket.
In L. parkeri, A. occidentalis and T. robustus, the ceratohyale is transversely oriented.
Laterally, it is flattened dorsoventrally. Anteriorly, the ceratohyale forms a
processus anterior. Posteriorly, the ceratohyale is connected to the planum
hyobranchiale via the processus posterior hyalis. The processus anterior is much
more prominent in L. parkeri than in the other species examined. A basibranchiale
is formed in all four species and is connected to the ceratohyale and the planum
hyobranchiale. A basihyale is only seen in N. corrugatus and is located anterior to the
pars reuniens. The pars reuniens is also present in T. robustus, but is absent in L.
parkeri and A. occidentalis.

The branchial basket is located posterior to the ceratohyalia and is composed of a
planum hyobranchiale and the ceratobranchialia I-IV. The morphology of the
branchial basket differs among the examined tadpoles. In L. parkeri, A. occidentalis
and N. corrugatus, the planum hyobranchiale is anterolaterally connected to the
ceratohyale via the processus anterior branchialis. Posteriorly, the planum
hyobranchiale forms a processus posterior. In L. parkeri, the processus posterior is
wide and square-shaped, whereas it is narrow and tapering in A. occidentalis, N.
corrugatus and T. robustus. A. occidentalis and N. corrugatus show four separated
ceratobranchialia. In L. parkeri, Ceratobranchiale I is anteriorly free-ending and the
Ceratobranchialia II-IV are proximally fused to the planum hyobranchiale. The
ceratobranchialia I-III are fused distally by the commissurae terminalis.
Ceratobranchiale IV shows a free distal end. In T. robstus, the ceratobranchiale I and
IT are joined together while the ceratobranchiale III and IV are separated. In A.
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occidentalis, N. corrugatus and T. robustus, all four ceratobranchialia are fused
proximally to the planum hyobranchiale. Only three spiculae are formed in L.
parkeri and N. corrugatus.

Cranial muscles

The origin and insertion of all cranial muscles of each species are shown in Table 2.
The muscles are grouped into mandibular, hyoid, branchial and hypobranchial
muscles. For each species, special configurations of particular muscles are
described in detail hereafter (see Table 2 for comparison).

Leptopelis parkeri (Figure 8)

The musculus (M.) levator (l.) mandibulae posterior superficialis is the largest
muscle of the levator complex. Posteriad and mediad, the M. 1. mandibulae
posterior superficialis is broad and wide. It narrows anteriad/craniad and is rounded
at its anterior tip.

The M. 1. mandibulae anterior lies ventrad/profound to the M. 1. mandibulae
posterior profundus. It is the deepest of the three muscles running along the orbit.

The M. orbitohyoideus is associated with the ceratohyale and is the largest cranial
muscle.

The M. suspensoriohyoideus broadly originates on the surface of the processus
muscularis of the palatoquadrate. The M. suspensoriohyoideus extends ventrad and
anteriad and has insertion sides in both directions. Ventrally, muscle fibers insert
on the ceratohyale. Anteriorly, the M. suspensoriohyoideus narrows and inserts on
the ventrolateral surface of the cartilago meckeli.

The M. subarcularis rectus consists of four components. The dorsal head of the M.
subarcularis rectus connects the ceratohyale with the branchial basket. The ventral
head forms a coalescence of the M. subarcularis rectus II-IV. This muscle spans the
branchial basket and is much longer than the M. subarcularis rectus I. It extends
from the ceratohyale towards the ceratobranchiale IV.

Astylosternus occidentalis (Figure 9)

The M. 1. mandibulae posterior superficialis runs posteroventrally from the capsula
auditiva to the cartilago meckeli anteriorly. It partly overlaps the M. 1. mandibulae
longus profundus. The M. 1. mandibulae longus superficialis originates from two
heads: the posteromedial head originates on the inner side of the ventral part of the
capsula auditiva, near the prootic foramen. The posterolateral head originates on
the outer side of the capsula auditiva, directly behind the small processus ascendens
of the palatoquadrate. The M. 1. mandibulae longus superficialis is relatively broad
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tapering on its anterior end. The muscle inserts on the dorsomedial process of the
cartilago meckeli.

The M. hyoangularis is the second largest muscle of the hyoid group and is situated
ventrolateral to the M. orbitohyoideus. It originates on the mediolateral part of the
ceratohyale and inserts on the ventromedial process of the palatoquadrate.

The M. subarcularis rectus complex is present as a single muscle. It originates on
the ventral side of the ceratohyale and inserts anteriorly on the ceratobranchiale III,
next to the insertion side of the M. subarcularis obliquus. The latter is a short and
triangular shaped muscle originating on the planum hyobranchiale anteriorly and
inserting on the anterior part of the ceratobranchiale III.

The M. 1. arcus branchialis group is represented by poorly developed thin muscles.

Nyctibates corrugatus (Figure 10)
The M. intermandibularis posterior is a long muscle running along the ceratohyale.

The M. 1. mandibulae longus profundus is situated below the M. 1. mandibulae
longus superficialis and is encased by the palatoquadrate and the sidewall of the
cavuum cranii. Anteriorly, the muscle is narrow and originates on the dorsal part of
the cartilago labialis inferior. The M. 1. mandibulae longus profundus broadens and
widens at a level of the palatoquadrate. Posteriorly, it inserts at the capsula auditiva.

The M. 1. mandibulae anterior articularis consists of two incompletely separate
portions. Both portions originate at the dorsolateral part of the inner side of the
processus muscularis of the palatoquadrate. One portion inserts at the anterior part,
the other portion inserts at the posterior part of the processus retroarticularis of the
palatoquadrate.

The M. 1. mandibulae lateralis is situated dorsal to the M. 1. mandibulae anterior
articularis. It originates at the medial part of the processus muscularis of the
palatoquadrate and inserts medially on the cartilago meckeli.

The M. orbitohyoideus is a very long and strong muscle. It originates at the lateral
part of the processus muscularis and the processus ventralis on the palatoquadrate.
The M. orbitohyoideus inserts along the lateral part of the ceratohyale and on the
processus hyoquadratis.

The M. subarcularis obliquus is a short triangular muscle. It originates on the
hyobranchial plate of the hyobranchial apparatus and inserts on the anterior part of
the ceratobranchiale III.

Trichobatrachus robustus (Figure 11)

The M. 1. mandibulae posterior superficialis is the most superficial muscle of the
levator mandibulae complex. It originates dorsally on the lateral wall of the taenia
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tecti marginalis and inserts between the dorsomedial process and the processus
retroarticularis of the cartilago meckeli. The M. . mandibulae longus superficialis is
short compared to the other levator mandubulae muscles.

The M. 1. mandibulae posterior profundus is the largest muscle of the levator
mandibulae complex. Posteriorly, it originates on the ventromedial side of the
capsula auditiva and the posterior end of the palatoquadrate. The M. 1. mandibulae
longus profundus is located between the lateral sidewall of the cavuum cranii and
the arcus subocularis of the palatoquadrate. It inserts on the dorsomedial process of
the cartilago meckeli.

The M. suspensorioangularis originates on the postolateral margin of the processus
muscularis of the palatoquadrate and anterior part of arcus subocularis and inserts
on the dorsal part of the processus lateralis hyalis of ceratohyale.

The M. subarcularis obliquus originates medially on the planum hyobranchiale and
inserts on the anteromedial part of the ceratobtranchiale IV.

Discussion
Forest streams - Different microhabitats of arthroleptid tadpoles

A high diversity of tadpole-morphotypes has evolved in lotic habitats (Griesbaum et
al. 2019; Candioti et al. 2016; Haad et al. 2014; Channing et al. 2012; Rodel et al. 2012;
Haad et al. 2011; Lavilla & De Sa 2001; Saidapur 2001; Altig & McDiarmid 1999; Haas
& Richards 1998; Inger 1992; Cadle & Altig 199). As mentioned above, Tadpoles of
Leptopelis parkeri, Astylosternus occidentalis, Nyctibates corrugatus and Trichobatrachus
robustus all inhabit streams of lowland or montane forests with different water flow
velocities in each of the tadpoles (micro-)habitats.

The genus Leptopelis currently comprises 52 species (Frost 2020). The reproductive
mode is semiaquatic and associated with water-independent egg-deposition in the
moist soil. Tadpoles hatch with the beginning of the rainy season and move actively
towards the water (Barej et al. 2015). The tadpole of L. parkeri is commonly found in
slow moving streams of montane forest habitats of the Eastern Arc mountain chain
of Tanzania. Within the stream, the tadpoles are mostly located where the water
builds up in cavities (Fig. 1A) where in most cases water flow velocity is so low that
these tadpoles do not suffer from drift.

The tadpole of Astylosternus occidentalis prefers slow moving streams in dense
lowland forests (Fig. 1C) of Sierra Leone, Liberia, Guinea and the west of Ivory Coast
(Griesbaum et al. 2019; Rodel et al. 2012; Channing et al. 2012). The reproductive
mode is completely aquatic and eggs are attached on stones in deeper water regions
(Rodel et al. 2012). The tadpole is large and robust with a long tail and low fins what
might counteract drifting due to areas of higher water flow velocity (Griesbaum et
al. 2019; Channing et al 2012).
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Nyctibates corrugatus is the only species within the genus Nyctibates and occurs in the
Oban Hills of Nigeria, Cameroon and mainland Equatorial Guinea. This species
inhabits humid lowland forests with hilly areas and breeds in fast flowing and rocky
streams with stony substrate and clear water (Fig. 1B). The species was re-described
as Astylosternus corrugatus by Perret (1966), but Amiet (1971) resurrected Nyctibates
on the basis of the tadpole morphology. Molecular data from Frost et al. (2006) also
support the recognition of Nyctibates. The mouth field of the tadpole is big with large
flattened lobes, but the species does not exhibit an oral sucker. To counteract drift,
the tadpole of N. corrugatus has an ‘eel-shaped body’ (Channing et al. 2012).

Trichobatrachus robustus is the only described species within the genus
Trichobatrachus and occurs from eastern Nigeria to the western Democratic Republic
of Congo and inhabits shaded, fast flowing streams with mainly rocky substrate and
occasional muddy areas (Fig. 1D). Little is known about the reproductive biology
and about the morphology of the aquatic tadpole. However, the tadpole is
recognized to be carnivorous. It has a large oral sucker preventing it from drifting in
faster flowing water areas and is therefore ecomorphologically categorized as a
suctorial tadpole (Channing et al. 2012; Altig & McDiarmid 1999).

Of these four species examined, the habitats of tadpoles of N. corrugatus and T.
robustus can be characterized as the fastest flowing water systems in relation to the
habitats of L. parkeri and A. occidentalis. One might expect that the more closely
related A. occidentalis and T. robustus (Feng et al. 2017; Portik & Blackburn 2016)
share similar craniomorphological features. Surprisingly, various differences exist
further supporting that morphological structures in tadpoles are likely unsuitable
for systematic analyses. Griesbaum et al. (2019) however reported only minor
morphological variability among tadpoles of Astylosternus, Nyctibates and Scotobleps.
This hints to an adaptation to fast flowing streams in humid montane forests
exerting similar selection pressures (Lamotte & Lescure 1988, 1989a,b). Only
Nyctibates differs in having a very elongated and muscular body.

Cranial morphology of the arthroleptid tadpoles — a comparative approach
Cranial skeleton

Overall, the cranium of the tadpole of Leptopelis parkeri is less robust and less heavily
chondrified compared to the tadpoles of Astylosternus occidentalis, Nyctibates
corrugatus and Trichobatrachus robustus. Comparing the microhabitats of A.
occidentalis and T. robustus with N. corrugatus (Fig. 1), there is difference in water
flow velocitiy presumably affecting the cranial skeleton.

In tadpoles of L. parkeri, the cornua trabeculae, the ethmoid and the orbital region
are more delicate while these structures are wider and more massive in the three
other tadpoles examined. In tadpoles of A. occidentalis and T. robustus, the cornua
trabeculae do not form a continuous plate but diverge craniad. In the tadpoles of N.
corrugatus, the cornua trabeculae are fused to form a continuous plate giving a
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characteristic shape to the chondrocranium, and the ethmoid is comparatively
narrower and broadens when continuing into the cornua trabeculae (Fig. 12, dark
green). We interpret the near complete or entire fusion of the cornua trabeculae as
an adaptation to lotic habitats, because the fusion of the cornua trabeculae is also
reported for suctorial larvae of the neobatrachian species Heleophryne spp., Hyla
armata BOULENGER 1902, and Nyctimystes dayi (GUNTHER 1987) (Haas & Richards 1998),
Heleophryne orientalis FITZSIMONS 1946(Lukas 2021) and for the bromeliad tapoles of
Phyllodytes gyrinaethes PEIXOTO, CARAMASCHI & FREIRE 2003 (Candioti et al. 2016). The
presence of this feature in bromeliad tadpoles reveals that environmental factors
other than flowing water can lead to modifications of the cornua trabeculae. These
modifications also occur in microhabitats, where stabilization of the cranium is
needed. This is the case in bromeliads, where the tadpoles adhere to the wall of the
water filled leaves.

The processus muscularis of the palatoquadrate in tadpoles of A. occidentalis and T.
robustus is a massive element and reaches the anterior part of the cartilago orbitalis
and is confluent with the broad commissura quadrato-orbitalis (Fig. 12, orange). The
presence of a robust and wide processus muscularis can be interpreted as
adaptation to lotic habitats as it is also reported for several other species inhabiting
lotic water systems (De Oliveira et al. 2017, Haas & Richards 1998, Haas 1996, Haas
1995, De Sa 1988, De Jongh 1968).

A processus ventralis of the palatoquadrate is present in tadpoles of A. occidentalis,
N. corrugatus and T. robustus, but it is not seen in the tadpole of L. parkeri (Fig. 12).
This processus ventralis is also reported as a common feature of the palatoquadrate
in suctorial tadpoles of the genera Litoria and Nyctimystes (Haas & Richards 1998)
and may be an adaption of the cranium to lotic ecosystems.

In the tadpole of T. robustus, the processus articularis anterior and the processus
ventralis are longer and more heavily chondrified compared to other species
examined. The commissura quadrato-orbitalis in tadpoles of A. occidentais and T.
robustus is massive and blends into the dorsal part of the processus muscularis of the
palatogadrate. In the tadpole of N. corrugatus, the same commisura is developed as a
filigree slender cartilaginous strip (Fig. 12, orange). Tadpoles of A. occidentalis, N.
corrugatus and T. robustus all share a broad and massive commissura
quadratocranialis anterior, although it is wider in tadpoles of N. corrugatus and T.
robustus (Fig. 12). This condition is described as one of the most characteristic
features of the palatoquadrate in lotic tadpoles (De Oliveira et al. 2017; Nogueira-
Costa & Wachlevski 2015; Haas & Richards 1998; van der Westhuizen 1961).

An additional processus, forming a long cartilaginous element binding the
ceratohyale to the palatoquadrate, is only seen in the tadpole of N. corrugatus. We
named this processus the processus hyoquadratis. This character is absent in
tadpoles of A. occidentalis, T. robustus and L. parkeri. We propose that a long and
massive processus hyoquadratis in the tadpole of N. corrugatus has evolved as
adaption to lotic habitats with strong currents (Fig. 12). The processus hyoquadratis,

105



CHAPTER 4

together with the ceratohyal, comprises the insertion side for the long and strong M.
orbitohyoideus. This strong muscle may function as additional support preventing
drift in faster flowing water areas. Nyctibates corrugatus is placed as the sister group
to a clade containing Scotobleps, Astylosternus and Trichobatrachus (Portik &
Blackburn 2016) and it might be possible that the processus hyoquadratis is an
autapomorphy of this species. An investigation of the tadpoles of Leptodactylodon
and Scotobleps is needed to clarify the presence of a processus hyoquadratis in these
species.

In contrast to the tadpole of L. parkeri, the arcus subocularis of the palatoquadrate of
tadpoles in A. occidentalis, N. corrugatus and T. robustus is very broad and robust. A
broad processus oticus is seen in all species examined. A processus ascendens is
absent in all these species. We follow the interpretation of Haas & Richards (1998)
that the processus oticus replaces the function of the processus ascendens as the
origin side of some of the jaw adductor muscles of the mandibular group.

In the tadpole of L. parkeri, the cartilago labialis superior is medially separated by a
symphysis. This is strikingly different in tadpoles of A. occidentalis, T. robustus and N.
corrugatus, where the partes corpores of the cartilago superior are fused into a
continuous wide and massive, transverse element (Fig. 12, light blue). A fused
cartilago labialis superior is also described in the gastromyzophorous tadpole of
Atelopus tricolor BOULENGER 1902 (Lavillal & De S4 2001), in the bufonid lotic tadpoles
of Rhinella rumbolli CARRIZO 1992 (Haad et al. 2014) and R. quechua GALLARDO 1961
(Aguayo et al. 2009), in suctorial tadpoles of the neobatrachian Litoria nannotis
(ANDERSSON 1916), L. rheocola (LIEM 1974), and N. dayi (Haas & Richards 1998), in the
hylid tadpole of Corythomantis greeningi BOULENGER 1896 (De Oliveira et al. 2017) as
well as the bromeliad tapole of P. gyrinaethes (Candioti et al. 2016). Brucker (Master
thesis 2016) reported that a fused and robust cartilago labialis superior is seen in the
hyperoliid tadpoles of Afrixalus uluguruensis and A. fornasini, which are known to
inhabit lentic, but also lotic habitats. The tadpoles of A. uluguruensis (investigated by
Brucker, Master thesis 2016) are carnivorous and inhabit lotic habitats, like it is seen
in tadpoles of Trichobatrachus. Miiller et al. (2013) suggested that a carnivorous
feeding strategy might be advantageous for aquatic larvae in montane, lotic systems.
This supports that a robust, fused cartilago labialis superior can be interpreted as
head stabilizing structure, especially when strong forces are working (waterflow,
gravity, larval feeding strategies etc.).

In contrast to the tadpole of L. parkeri, the cranial bones are more massive in
tadpoles of A. occidentalis, N. corrugatus and T. robustus (Fig. 12, ochre). The
frontoparietal is distinctly longer and broader and covers much more area of the
dorsal braincase. The parasphenoid is more massive and bears strong lateral alae in
tadpoles of A. occidentalis, N. corrugatus and T. robustus. We interpret this
configuration as a protective adaptation to water turbulences in lotic habitats.
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Hyobranchial skeleton

In comparison to the tadpole of L. parkeri, the overall appearance of the
hyobranchial skeleton in tadpoles of A. occidentalis, T. robustus and N. corrugatus is
massive and heavily chondrified (Fig. 6). The ceratohyalia are strikingly larger than
in the tadpole of L. parkeri, especially in tadpoles of N. corrugatus and T. robustus. A
large and heavily chondrified ceratohyale is a typical feature of lotic tadpoles. It is
also present in the Australian suctorial tadpoles of the genera Litoria and Nyctimystes
(Haas & Richards 1998) and in lotic tadpoles in different bufonid species (A. tricolor,
Atelophryniscus chrysophorus (MCCRANIE, WILSON & WILLIAMS 1989) (Lavilla & De Sa
2001); R. rumbolli (Haad et al. 2014) and R. quechua (Aguayo et al. 2009)), in tadpoles
of Hylodes meridionalis (MERTENS 1927) (Nogueira-Costa & Wachlevski 2015) and in
bromeliad tapoles of P. gyrinaethes (Candioti et al. 2016) (see ‘fused cartilago labialis
superior’).

Cranial muscles

Table 2 and 3 show similarities and differences of the cranial muscle systems of the
species investigated in this study. Table 2 shows the description of origin and
insertion of each cranial muscle. In Table 3, muscles interpreted as an adaptation to
lotic habitats, are highlighted in blue. These muscles appear more massive or differ
in shape compared to the tadpole of L. parkeri.

The overall cranial muscle morphology of the tadpole of L. parkeri resembles a
‘normal tadpole’ and does not appear hypertrophied as in tadpoles of A. occidentalis,
N. corrugatus and T. robustus (see also Fig. 13 for comparison). The tadpole of N.
corrugatus shows more muscles of the mandibular group compared to the other
species investigated (Tab. 2).

The mandibular muscles

In tadpoles of L. parkeri, A. occidentalis and T. robustus, only some of the mandibular
levator muscles seen in the tadpole of N. corrugatus are present (Tab. 3, coloured in
orange).

In the tadpole of N. corrugatus, the M. intermandibularis posterior differs from the
other species examined, by not inserting on a median raphe. Instead, muscle fibers
insert along the broad and massive ceratohyale.

The M. 1. mandibulae posterior superficialis is one of the longest cranial muscles in
all examined species. However, its origin differs in tadpoles of A. occidentalis and T.
robustus compared to tadpoles of L. parkeri and N. corrugatus. In the tadpole of A.
occidentalis, the muscle has a two-headed origin at the capsula auditiva. In the
tadpole of T. robustus, the M. 1. mandibulae posterior superficialis originates along
the sidewall of the braincase. The M. 1. mandibulae posterior superficialis functions
as a lower jaw adductor. The lower jaws of the tadpoles of A. occidentalis, N.
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corrugatus and T. robustus are slightly more massive compared to the lower jaw of
the tadpole of L. parkeri. Nevertheless, there is no indication that the M. L
mandibulae posterior superficialis is adapted to lotic habitats. In Table 3, changes of
muscles interpreted as an adaptation to lotic habitats, are highlighted in blue. These
muscles appear more massive or differ in shape compared to the tadpole of L.
parkeri.

In the tadpole of L. parkeri, the M. 1. mandibulae anterior originates anteroventrally
on the capsula auditiva. In tadpoles of A. occidentalis, N. corrugatus and T. robustus
the muscle originates far posteriorly at the capsula auditva and the lateral alae of the
parasphenoid. An expanded origin of the M. 1. mandibulae posterior superficialis is
reported for suctorial tadpoles of the neobatrachian hylids L. nannotis, L. rheocola
and N. dayi (Haas & Richards 1998) and it is assumed that this feature is ‘causally
linked to highly specialized suctorial habits’.

The M. l. mandibulae anterior articularis is only present in the tadpole of N.
corrugatus. There is no indication that this muscle is an adaptation to lotic habitats.

The M. 1. mandibulae externus is absent in T. robustus. It is relatively strong and
similar in tadpoles of L. parkeri, A. occidentalis and N. corrugatus. Haas (1996)
reported, that the M. levator mandibulae externus is absent in some anuran taxa.
Due to its presence and comparable shape in L. parkeri there seems to be no
correlation between the strong muscle and a (fast) flowing microhabitat.

In the species examined, the M. 1. mandibulae lateralis is only present in the tadpole
of N. corrugatus. Brucker (Master thesis 2016) also found that this muscle is absent in
tadpoles of the hyperoliid Afrixalus uluguruensis, A. fornasini and Kassina
senegalensis. Haas & Richards (1998) stated that the phylogenetic and functional
significance of this muscle is unclear, as it is found in lotic- and pond-dwelling
(lentic) tadpoles.

The hyoid muscles

In A. occidentalis, N. corrugatus and T. robustus, the M. hyoangularis, the M.
orbitohyoideus, the M. suspensoriohyoideus and the M. interhyoideus are distinctly
bigger and heavier muscularized compared to the tadpole of L. parkeri.

In all specimens examined, the M. orbitohyoideus is the strongest and biggest
muscle of the cranium (Fig. 13). In tadpoles of A. occidentalis, N. corrugatus and T.
robustus, its origin extends onto the processus ventralis of the palatoquadrate. This is
not seen in the tadpole of L. parkeri. In T. robustus, the M. orbitohyoideus in fact
consists of three muscular layers (Fig. 10A). A big and well developed M.
orbitohyoideus is likewise seen in the carnivorous tadpole of Afrixalus uluguruensis,
occurring in lotic habitats (Brucker, Master thesis 2016). Descriptive analyses
suggest that a big M. orbitohyoideus and a massive ceratobranchial correlate with
higher bite forces providing a mechanical advantage for lotic tadpoles (Haas &
Richards 1998; Satel & Wassersug 1981; Wassersug & Hoff 1979).

108



CHAPTER 4

The M. suspensoriohyoideus in tadpoles of A. occidentalis, N. corrugatus and T.
robustus is located posterior to the M. orbitohyoideus (Fig. 13). In these three
species, the muscle originates along the palatoquadrate and inserts laterally on the
ceratohyale. In the tadpole of L. parkeri, the M. suspensoriohyoideus originates at
the cartilago meckeli, broadens running along the processus muscluaris and inserts
at the ceratohyale.

The branchial muscles

In tadpoles of L. parkeri, A. occidentalis, N. corrugatus and T. robustus the M. levator
arcus branchialis I-IV and the M. constrictor branchialis I-IV are present showing
only little interspecific variation. In tadpoles of A. occidentalis and T. robustus, the
muscles appear slightly more massive compared to the two other species examined.
There is no obvious correlation with a lotic habitat.

The hypobranchial muscles

A single M. geniohyiodeus is present in tadpoles of L. parkeri, A. occidentalis and T.
robustus. In the tadpole of N. corrugatus it is divided into a M. geniohyoideus lateralis
and M. geniohyoideus medialis (Fig. 13). The muscles of the hyobranchial group are
stronger and thicker in the tadpole of T. robustus, correlating with its stout and
robust hyobranchial skeleton.

The sucker - a typical feature of lotic tadpoles?

Lotic Tadpoles often share several anatomical adaptations. One of these adaptations
is the presence of a modified oral or abdominal sucker (Altig & McDiarmid 1999).
These structures enable tadpoles to adhere to the substrate in order to prevent drift
in lotic habitats. Tadpoles were distinguished as ‘suctorial larvae’, implying the
presence of an oral sucker and ‘gastromyzophorous larvae’ meaning that tadpoles
exhibit a modified abdominal sucker.

The presence or absence of characters adapted to lotic water systems varies across
taxa. Of the four arthroleptid tadpoles examined in this study, an oral sucker is
present in T. robustus. Astylosternus occidentalis and N. corrugatus rather have large
lobes and a prominent oral mouthpart. Like the tadpole of T. robustus, the tadpole of
N. corrugatus also occurs in very fast flowing streams, but an oral sucker is not
formed. By contrast, N. corrugatus has a large processus hyoquadratis, a structure
that potentially compensates an oral sucker functionally by supporting the
chondrocranium with stronger muscles to prevent the tadpole from drift in stronger
flowing water systems. The inhabitation of lotic habitats is not necessarily linked to
the presence of an oral or abdominal sucker. Lavilla and De Sa (2001) proposed that
the presence of e.g. a large abdominal sucker in tadpoles may compensate a less
massive chondrocranium. We found that both, a sucker as well as a heavy and
compact chondrified chondrocranium are present in the tadpole of T. robustus.
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It is assumed that forces of the M. rectus abnominis possibly act on the processus
ventralis as the oral sucker is attached to the stream bottom or on rocks (Haas &
Richards 1998; Gradwell 1973). We did not investigate the morphology of the rectus
abdominis muscle, but a processus ventralis of the palatoquadrate is also present in
the lotic tadpoles of A. occidentalis, N. corrugatus and T. robustus. In these species,
the processus ventralis of the palatoquadrate is the origin of the massive M.
orbitohyoideus. The processus ventralis of T. robustus is much longer compared to
the two other species. Primarily, the processus ventralis functions as an origin
attachment side of the broad M. orbitohyoideus in all three species. We assume that
the presence of an oral sucker is not directly linked to the presence of a processus
ventralis of the palatoquadrate. The presence of a much longer processus venralis in
T. robustus, together with the presence of a large oral sucker let us agree with the
assumption of Haas & Richards (1998) that this process may additionally function as
an attachment side for the M. rectus abdominis. Its action may pull the body of the
tadpole to the ground after the oral sucker has been attached to the substrate.

The tadpoles of P. gyrinaethes are also known for their large suckers (Candioti et al.
2016). However, these tadpoles do not occur in lotic water systems but live in the
water-filled leaf axis of bromeliads and mainly move with their oral and abdominal
suckers (Candioti et al. 2016). Candioti et al. (2016) stated that the strong and wide
ceratohyale functions as skeletal support to the sucker. Many gastromyzophorous
tadpoles have a large, robust ceratohyale which gives functional support for the
attached strong muscular hyoid masses (Candioti et al. 2016). In this study, we also
found that a large ceratohyale, together with strong hyoid muscles, especially the
strong orbitohyoideus and the hyoangularis muscles, are formed in each of the lotic
tadpoles. These characters are not associated with the presence of an oral sucker
except in T. robustus. Therefore, selection pressures for oral suckers and stronger
ceratohyale skeletons are similar for lotic tadpoles (streaming forces) and for
tadpoles in bromeliads. But it may not be excluded that different selection pressures
may have led to a similar adaptation in these tadpoles.

Big heads in fast flows?

In the present study we found that the musculoskeletal system of the tadpoles of A.
occidentalis, N. corrugatus and T. robustus correlate with their habitat type and are
highly modified compared to the configuration present in the tadpole of L. parkeri.

In tadpoles of A. occidentalis, N. corrugatus and T. robustus, the cranium is massive,
strongly chondrified and heavily muscularized. This correlates with occupation of
streams in rocky areas (Fig. 1). The presence of highly adapted cranial features is
reported for several lotic species and has evolved several times independently
(Griesbaum et al. 2019; De Oliveira et al. 2017; Candioti et al. 2016; Haad et al. 2014;
Channing et al. 2012; Rodel et al. 2012; Haad et al. 2011; Lavilla & De Sa 2001; Altig &
McDiarmid 1999; Haas & Richards 1998; Inger 1992; Cadle & Altig 1991).
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Haas & Richards (1998) analyzed the correlations of cranial morphology, ecology
and evolution in Australian suctorial tadpoles of the neobatrachid genera Litoria and
Nyctimystes and concluded that the special morphological features of the cranial
musculoskeleton, e.g. changes in muscular proportions and sizes as well as more
massive and heavily condrified skeletal elements, are causally linked to the habitat
types of the tadpoles. Positional shifts or changes in proportions are rather involved
than structural novelties (Haas & Richards 1998).

Modified features of the cranium can be found in tadpoles of A. occidentalis, N.
corrugatus and T. robustus, although the tadpole of T. robstus can be considered a
suctorial tadpole based on the presence of a large oral sucker. We here interpret
these features as adaption on the microhabitat and agree with the following features
of Haas & Richards (1998) for A. occidentalis, N. corrugatus and T. robustus tadpoles
examined in this study:

» The cornua trabecula is more robust and wide, and the trabeculae are fused
along most of their length or completely fused.

» The lower jaw is more robust, but it does not change in form or shape.

» The cartilago labialis superior is wide and robust and forms a fused
transversal plate.

» The palatoquadrate is robust and is connected to the neurocranium by a
broad commissura quadratocranialis anterior and a broad processus oticus.

= The palatoquadrate bears a processus ventralis. This structure is a ventrad
angled process and at the basis of the processus muscularis and is orientated
posteriad.

= The ceratohyale is strong and wide and is larger compared to the branchial
basket.

= The M. 1. mandibulae anterior originates far posteriorly, at the capsula
auditiva and the lateral alae of the parasphenoid.

Additionally, we add features mentioned by Haas & Richards (1998), but not
integrated into their summary of common features of modified structures in lotic
tadpoles:

» The processus muscularis is wide, robust and strongly chondrified.

= The M. orbitohyoideus is massive according to the wide and robust processus
muscularis, and originates along the processus ventralis of the
palatoquadrate.

Our data add further evidence that the cranial morphology of tadpoles is highly
adaptive, depending on the (micro-)habitat. However, some modified structures
such as a sucker disc, the fusion of the trabecular horns, a fused cartilago labialis
superior and a massive hyobranchial skeleton can be present in lotic and bromeliad
tadpoles living in completely different microhabitats. Also, some of these
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characteristics are seen in carnivorous tadpoles. Therefore, such structures may
have evolved independently in different functional tadpole guilds to stabilize the
larval cranium due to strong selection pressures (waterflow, gravity, larval feeding
strategies etc.).

Further investigations are necessary to answer this question more precisely. The
main questions of this study therefore could be addressed more analytically in e.g.
quantifying the stream velocities of each species or evaluating the cranial muscle
relative to tadpole size. Also, the cranial morphology of Leptodactylodon and
Sctoplebs, the closest relatives of the species investigated in this study, is of particular
interest. More comparative data on lentic tadpoles may add further evidence to test
the effect of different selection pressures in different (micro-) habitats.
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CHAPTER 4

Figures

Figure 1: Habitat photos. A: Leptopelis parkeri, Nguru Mountains, Tanzania. Foto taken by Hendrik Mller
in January 2008. B: Habitat of Nyctibates corrugatus, Ebo-Forest, Cameroon. Foto taken by Mark-Oliver
Rodel in September 2010. C: Habitat of Astylosternus occidentalis, Krahn-Bassa National Forest, Liberia.
Foto taken by Mark-Oliver Rédel in March 2018. D: Habitat of Trichobatrachus robustus, Obudu Plateau,

Nigeria. Foto taken by Mark-0Oliver Rddel in January 2007.
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Figure 2: Photos of the tadpoles. A and A’: Leptopelis parkeri, Gosner stage 30, habitus and mouthparts.
B and B': Astylosternus occidentalis, Gosner stage 25/26, habitus and mouthparts. C and C’: Nyctibates
corrugatus, Gosner stage 26, head and mouthparts. D and D’: Trichobatrachus robustus, Gosner stage
36/37, head and mouthparts.
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Figure 3: 3D reconstruction of a uCT scan of a tadpole of L. parkeri(Gosner stage 30) showing the skeletal
morphology of the cranium. The different structures have been coloured as follows: cartilage, blue;

bones, ochre; A: Lateral view. B, left: Dorsal view. B, right: Ventral view, hyobranchial skeleton not
shown. See supplement for abbreviations.
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Figure 4: 3D reconstruction of a UCT scan of a tadpole of A .occidentalis (Gosner stage 25/26) showing
the skeletal morphology of the cranium. The different structures have been coloured as follows:
cartilage, blue; bones, ochre; A: Lateral view. B, left: Dorsal view, hyobranchial skeleton not shown. B,
right: Ventral view. See supplement for abbreviations.
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Figure 5: 3D reconstruction of a uCT scan of a tadpole of N. corrugatus (Gosner stage 26) showing the
skeletal morphology of the cranium. The different structures have been coloured as follows: cartilage,
blue; bones, ochre; A: Lateral view. B, left: Dorsal view, hyobranchial skeleton not shown. B, right:
Ventral view. See supplement for abbreviations.
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Figure 6: 3D reconstruction of a uCT scan of a tadpole of T. robustus (Gosner stage 36/37) showing the
skeletal morphology of the cranium. The different structures have been coloured as follows: cartilage,
blue; bones, ochre; A: Lateral view. B, left: Dorsal view, hyobranchial skeleton not shown. B, right:
Ventral view. See supplement for abbreviations.
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L. parkeri RS mm A. occidentalis el

N. corrugatus 0.5 mm T. robustus 0.5 mm

Figure 7: Hyobranchialskeleton of L. parkeri (Gosner stage 30), A. occidentalis (Gosner stage 25/286), N.
corrugatus (Gosner stage 26) and T. robustus (Gosner stage 36/37) fom a ventral view. See supplement for
abbreviations.
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Figure 8: 3D reconstruction of a UCT scan of a tadpole of L. parkeri (Gosner stage 35) showing the
muscoskeletal morphology of the cranium. The different structures have been coloured as follows:
cartilage, blue; bones, ochre; muscles, red. A: Dorsal view. B: Ventral view. C: Lateral view. D:
Frontolateral view. See supplement for abbreviations.
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Figure 9: 3D reconstruction of a yCT scan of a tadpole of A. occidentalis (Gosner stage 25/26) showing the
muscoskeletal morphology of the cranium. The different structures have been coloured as follows:
cartilage, blue; bones, ochre; muscles, red. A: Dorsal view. B: Ventral view. C: Lateral view. D:

Frontolateral view. See supplement for abbreviations.
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Figure 10: 3D reconstruction of a uCT scan of a tadpole of N. corrugatus (Gosner stage 26) showing the
muscoskeletal morphology of the cranium. The different structures have been coloured as follows:
cartilage, blue; bones, ochre; muscles, red. A: Dorsal view. B: Ventral view. C: Lateral view. D:
Frontolateral view. See supplement for abbreviations.
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Figure 11: 3D reconstruction of a uCT scan of a tadpole of T. robustus (Gosner stage 26) showing the
muscoskeletal morphology of the cranium. The different structures have been coloured as follows:
cartilage, blue; bones, ochre; muscles, red. A: Dorsal view. B: Ventral view. C: Lateral view. D:
Frontolateral view. See supplement for abbreviations.
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L. parkeri A. occidentalis N. corrugatus T. robustus
(GS 35) (GS 25/26) (GS 26) (GS 36/37)

Figure 12: 3D reconstruction of UCT scan of tadpoles of L. parkeri (Gosner stage 35), A. occidentalis
(Gosner stage 25/26), N. corrugatus (Gosner stage 26) and T. robustus (Gosner stage 36/37) showing the
comparative morphology of the cranial skeleton. Homologous structures are depicted in the same color.
See supplement for abbreviations. Scale bar 1.0 mm.
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L. parkeri A. occidentalis N. corrugatus T. robustus
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Figure 13: 3D reconstruction of puCT scan of tadpoles of L. parkeri (Gosner stage 35), A. occidentalis
(Gosner stage 25/26), N. corrugatus (Gosner stage 26) and T. robustus (Gosner stage 36/37) showing the
comparative morphology of the cranial muscles. Homologous muscles are depicted in the same color.
See supplement for abbreviations.
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arcus subocularis

pi met
capsula auditiva pPq
cartilago labialis inferior prart ant
cartilago labialis superior (pc:a(:ane)
cartilago meckeli pr mus
cartilago orbitalis prot
ceratohyale a:arfrtne)
commissura quadratocranialis anterior psh
commissura quadrato-orbitalis tec syn
cornua trabeculae ttma
fenestra subocularis ttme
foramen jugularis prero
formane jugulare piant
foramen magnum eth
foramen oculomotori cbI-IV

foramen opticum

foramen ovalis

foramen prooticum

frontoparietale

lateral circumoral ligament

musculus constrictor branchialis
musculus geniohyoideus

musculus hyoangularis

musculus interhyoideus

musculus intermandibularis anterior
musculus intermandibularis posterior
m. lev arc bramusculus levator arcus branchialis
musculus mandibulolabalis

musculus orbitohyoideus

musculus quadratoangularis
musculus rectus cervicis

musculus suspensoriohyoideus
musclus subarcularis obliquus
musculus subarcularis rectus

musculus lavator mandibulae externus
musculus levator mandibulae posterior
superficialis

pars articularis quadrati

pars alaris of the cartilago labialis superior

pars corporis of the cartilago labialis superior
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pila metoptica

palatoquadrate

processus articularis
anterior

processus dorsomedialis
of the cartilago meckeli

processus muscularis

processus oticus

processus retroarticularis
of the cartilago meckeli

parasphenoid
tectum synoticum
taenia tecti marginalis

taetia tecti medialis

preoptic root
pila antotica
ethmoid

ceratobranchiale |-IV
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Abstract. The tadpole of Leptopelis natalensis is described based on a series of 32 specimens from Entumeni Forest,
KwaZulu-Natal, South Africa. Previous descriptions are brief, lack morphometric data, or are based on specimens of
imprecise origin. The tadpole resembles other Leptopelis tadpoles and is generally in agreement with existing accounts,
although some differences exist. Some of these differences seem to fall within the range of natural variation. Others,
such as the presence of a fifth anterior row of keratodonts, might be indicative of variation at the population level
and should be considered in future taxonomic revisions. Leptopelis natalensis tadpoles seem to be most readily dis-
tinguished by their more narrowly keratinized beaks from the geographically overlapping or adjacent L. mossambicus

and L. xenodactylus.

Keywords.
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INTRODUCTION

The genus Leptopelis currently comprises 53
described species (Frost, 2017) of medium to large tree
frogs that are distributed throughout most of Sub-Saha-
ran Africa (Schiotz, 1999). The most southerly distrib-
uted species of the genus is L. natalensis, which is found
in a variety of habitats along the eastern region of the
South African provinces of KwaZulu-Natal and part of
Eastern Cape (Schietz, 1999; Bishop, 2004; Venter and
Conradie, 2015). Although some, mostly brief, descrip-
tions and illustrations of L. natalensis tadpoles have been
published (Wager, 1930, 1965; van Dijk, 1966; Lambiris,
1988; Channing, 2001; du Preez and Carruthers, 2009;
Channing et al., 2012), Channing (2001) considered
none of the South African Leptopelis tadpoles to have
been adequately described. The various descriptions fur-
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thermore differ in a number of diagnostic characters,
such as labial keratodont formula. These differences in
the existing descriptions could be the result of variation
or population-specific differences that might be signifi-
cant in future taxonomic revisions (Penske et al., 2015).
To differentiate between these options, it is important to
provide detailed locality information, which is lacking in
some works providing information on tadpole morphol-
ogy of L. natalensis (e.g., du Preez and Carruthers, 2009).
While detailed, or at least limited, locality data are pro-
vided by Wager (1930, 1965, 1986), Pickersgill (2007) and
Channing et al. (2012), these accounts provide mostly
meristic data but few or no morphometric data that
would help in assessing subtle differences that might exist
between populations. We here provide a description and
measurements of an ontogenetic series of tadpoles of L.
natalensis based on a series collected at Entumeni Forest,
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KwaZulu-Natal, assess variability and ontogenetic chang-
es, and highlight differences between these and previous
descriptions.

MATERIALS AND METHODS

A total of 32 tadpoles were collected at Entumeni For-
est, KwaZulu-Natal, South Africa on 3 December 2014. The
tadpoles were collected in a small forest stream (28.888334°S,
31.365928°E). Some tadpoles were preserved on the day of col-
lection, while others were raised on a diet of commercial aquar-
ium fish food and sampled in regular intervals to obtain dif-
ferent stages of development. Identification of the tadpoles was
confirmed by raising some through metamorphosis. Specimens
were euthanized in an aqueous solution of tricaine methanesul-
fonate (MS222; Fluka), fixed in 4% neutral buffered formalin,
and transferred to 70% ethanol. Voucher specimens have been
deposited in the herpetological collection of the Museum fiir
Naturkunde Berlin, Germany (ZMB85717).

Staging followed Gosner (1960). Standard measurements
and labial tooth row formula followed Altig and McDiarmid
(1999) and description of buccopharyngeal morphology Was-
sersug (1976). Drawings were prepared with the aid of a camera
lucida attached to a Zeiss SV12 stereomicroscope. For inspec-
tion of the buccopharyngeal morphology, one tadpole of stage
36 was dissected, postfixed with 1% osmium tetroxide, dehy-
drated and critical point dried in an Emitech K850 critical point
dryer, sputter coated with gold-palladium using an Emitech
K500 and investigated using a Phillips XL30 ESEM scanning
electron microscope with a digital image capture system.

DESCRIPTION

Tadpole. The description is based on 32 tadpoles
from Gosner (1960) stages 25 to 42 (see Table 1 for
measurements and detailed information). The tadpole
is slender overall, with a moderately elongated, slightly
dorsoventrally flattened body (wider than deep) and a
relatively long tail with low dorsal and ventral fins. The
widest point of the body is just behind the eyes (Fig. 1).
No nares are visible until stage 34. From stage 35 to 37,
the nares are indicated as light coloured spots, but do
not seem to be open until stage 38. When fully formed,
the nares are positioned dorsolaterally, about twice as far
from the eye than the tip of the snout in lateral view. The
eyes are positioned dorsally. A small anlage of the devel-
oping eyelid is first visible at stage 40, anterior of the
eye. The spiracle is sinistral, about as far from the snout
as from the body-tail junction. The spiracular opening is
an upright oval, slightly slanted forward; its largest diam-
eter almost as large as the diameter of the eye lens. The
spiracular tube is angled upwards at about 45° the pos-
terior end, including its inner wall, is free from the body.
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The tail is about 2.5 times as long as the body (see Table
1 for measurements) and very muscular. The myomeres
are visible in the posterior half of the tail, but are other-
wise indistinct or obscured by the dense pigmentation.
The tailfins are very low, with the dorsal fin marginally
deeper than the ventral fin. The dorsal fin has a low ori-
gin on the base of the tail, just behind the tail-body junc-
tion, and gradually rises towards the middle of the tail,
where it reaches its maximum height. The ventral tailfin
is very even, with the margin of the fin running more or
less parallel to the ventral edge of the muscular tail. The
overall deepest point of the tail is at about half its length.
Tip of tail is pointed, with the muscular tail terminating
some distance before the tail tip (Fig. 1B). The vent tube
is attached to the right side of the ventral tailfin, with a
very large opening forming a pointed arch. The coiled gut
is well visible through the ventral body wall.

Oral Disc. The oral disc is positioned subterminally
and is not visible in dorsal view. The oral disc is light-
ly emarginated and has a broad rostral gap. One row
of globular marginal papillae is present anterolaterally
and laterally; posteriorly, two rows of papillae are pre-
sent. Papillae are largest anterolaterally and laterally, and
smaller posteriorly. A few submarginal papillae are pre-
sent laterally. Keratodont formula is 4(2-4)/3(1) in the
majority of the examined specimens (see below for vari-
ation). Moving inwards, supralabial keratodont rows are
progressively smaller (Fig. 1A), infralabial rows are of
nearly equal length, with P3 being slightly shorter than
P1 and P2. Interruption of P1, if present, is very nar-
row in some specimens (Fig. 1A) but more pronounced
in others. Keratodonts are about equally sized in most
rows, except in P3 where they get progressively smaller
laterally. The individual keratodonts are spoon-shaped
and have eight or nine cusps along their margins, with
the apical cusps being larger than the more laterally
positioned ones (see inset in Fig. 2A). The jaw sheaths
are serrated but only narrowly keratinised (indicated
by the dark pigmentation). By stage 42, the lower jaw
sheath and all keratodonts are absent and the papillation
is much reduced in extent.

Buccopharyngeal Morphology. The prenarial area of
the buccal roof (Fig. 2A) is somewhat elongated and con-
tains a few scattered pustules. In addition, a pair of short
ridges is present and somewhat slanted laterally. The ori-
entation of the choana is oblique to the midline (about 45
degrees) and both choanae form a forward-pointing angle
of approximately 90 degrees. The jagged narial valves pro-
ject deep into the buccal cavity and obscure the choanal
openings. Anterolateral of each choana is a broad, flap-
like papilla with a pustulate edge. Three to four thick,
broad-based papillae are present posterolaterally to each
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Table 1. Measurements of Leptopelis natalensis. All measurements in millimeters (arithmetic mean + SD). * indicates a damaged tail in one
of the specimens of the series, which was omitted from the calculations.

Gosner Stage 25 31 34 35 36 37 38 39 40 41 42
(n=3) (n=1) (n=1) (n=2) (n=14) (n=2) (n=2) (n=1) (n=1) (n=1) (n=4)

Total length 32.1£2.3*% 297 349 341+12 365+2.7* 35.3* 379+0.8 41.7 39.1 372  362%23
Body length 7.1 £0.6 8.2 9.5 92+08 102+08 107+0.0 107+08 11.8 11.2 11.0 10903
Body width 3.8+0.2 4.0 4.9 45+03 5206 59+£01 59=%0.1 6.0 6.1 5.5 43 +£0.6
Body height 29+0.1 3.6 4.2 34+£04 43+04 48+£01 49%0.1 5.3 4.4 5.0 42 %02
Tail length 16.7 £ 1.6* 212 252 249+0.1 264 +23* 24.5% 27104 300 27.6 270 26.1%1.8
Tail height 33103 3.6 4.2 41+04 46x03 44+06 51x04 5.0 4.9 5.0 4.1 £ 0.5
Tail muscle height 1.9+£03 2.3 3.0 28+02 32+04 32x0.1 3.1+0.1 3.5 3.0 2.9 28+0.3
Width of oral disc 1.2+£0.2 1.4 1.6 1.6 £ 0.1 1.9+£0.2 1.9+01 20=£0.1 2.4 2.2 2.0 1.6 £0.2
Interorbital distance 27+£03 33 3.9 35+£08 41+03 44+01 43%0.1 4.6 4.3 4.7 47 +04
Internarial distance - - - - - - 1.9+0.9 2.0 1.9 1.7 14+0.2
Snout-naris distance - - - - - - 1.6 £ 0.1 1.6 1.7 1.6 1.2+0.3
Snout-eye distance 25+£26 2.9 33 34+£01 33+£02 35+£02 34zx0.1 3.9 4.0 3.8 3.1+£0.1
Snout-spiracle distance 49+0.5 54 61 63+04 67+04 271+03 71£02 8.1 7.4 7.2 -

Naris-eye distance - - - - - - 1.9+0.1 2.1 2.0 2.1 22+0.1
Eye diameter 0.6 £0.1 0.8 1.1 1.0£00 12x£0.1 1.2+£0.1 1.2+0.1 1.5 1.5 1.5 14 £0.1

C

Fig. 1. Oral disc (A), lateral (B) and dorsal (C) view of a Gosner stage 36 tadpole of Leptopelis natalensis from Entumeni Forest, KwaZulu
Natal, South Africa. Scale bar equals 0.5 mm in (A) and 5 mm in (B) and (C).
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Fig. 2. Scanning electron microscope images of the (A) buccal roof and (B) buccal floor of a Gosner stage 36 tadpole of Leptopelis natalen-
sis. Inset in (A) shows a close-up of a keratodont. Scale bars in (A) and (B) equal 1 mm, and 5 um in the inset.
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Table 2. Ontogenetic variation in labial keratodont formula. Num-
ber in brackets indicates number of specimens exhibiting the labial
keratodont formula; asterisk (*) indicates asymmetry in the last
(innermost) anterior keratodont row, with keratodonts present on
one side only; keratodont data were only taken for 13 of the 14
investigated specimens of stage 36.

Stage Labial keratodont formula
25 4(2-4)/3(1) [2]; 4(2-4%)/3 [1]
31 5(2-5)/3(1) [1]
34 5(2-5%)/3(1) [1]
35 4(2-4)/3(1) [2]
36 4(2-4)/3(1) [6]; 4(2-4)/3 [1];
5(2-5%)/3(1) [1]; 5(2-5)/3(1) [5]
37 5(2-5)/3(1) [2]
38 4(2-4)/3(1) [2]
39 5(2-5)/3(1) [1]
40 5(2-5*)/3(1) [1]
41 5(2-5*)/3(1) [1]

choana, and about six small pustules are present in the
area between them. The median ridge separating post-
narial arena and buccal roof arena is very prominent
and forms an almost semi-circular flap. The buccal roof
arena is fringed by eight pairs of medium to large papil-
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lae of similar sizes as in the buccal floor arena. An addi-
tional three to four pairs of smaller papillae are present in
second row towards the posterior part of the buccal roof
arena. There is furthermore a group of three to four short
lateral roof papillae at each side of the arena. Within the
buccal roof arena and posterior to it are ca. 100 pustules.
A well-defined glandular zone with numerous secretory
pits is present; it is broader laterally and has a relatively
narrow medial gap. The dorsal velum has a broad medial
gap and number of smaller papillae and pustules along its
edge and sides. Additional pustules are present posterior
to the dorsal velum and within its median gap.

In the buccal floor (Fig. 2B), a pair of large, flap-
like infralabial papillae, with smaller pustules along their
margins, is present immediately inside the oral cavity on
each side. An additional large, flap-like infralabial papil-
la is present medially just behind the lower jaw sheath.
Four large lingual papillae are present on the tongue
anlage. The area immediately behind the lingual papillae
is marked by a transverse groove. To the left and right of
this grove is a fairly large, bulbous structure. The buccal
floor arena is fringed by nine to ten pairs of medium to
large buccal floor papillae, all curved towards the buccal
floor arena, except for the posteriormost pair of papillae,
which point backwards (possibly an artefact of preserva-
tion). Around 60 pustules cover the posterior two thirds

Table 3. Summary of published information on Leptopelis natalensis tadpoles. EC — Eastern Cape Province, KZN - KwaZulu-Natal Prov-

ince, G - Gosner (1960) stage.

Maximum length /tail

Reference Locality Keratodont Oral disc characters length as multiple of
formula
body length
this study Entumeni Forest ~ 4(2-4)/3(1) or double row of marginal papillae posteriorly, 42mm (G39)/2.5x

(KZN)

5(2-5)/3(1), rarely single row of slightly larger papillae laterally; jaw

4(2-4)/3 sheaths delicate and narrowly keratinized; disc
emarginated
Wager (1930) Port St. Johns (EC) 4(2-4)/3 double row of marginal papillae posteriorly, single 51mm/2.5x
row laterally; disc emarginated
Wager (1965) Port St. Johns (EC) 4(2-4)/3 double row of marginal papillae posteriorly, single 49mm/2.75x
row laterally; disc emarginated
Durban (KZN) 4(2-4)/3 35mm/2.5x
Nkandla (KZN) 5(2-5)/3 50mm/2.3x
Lambiris (1988) - 4(2-4)/3 double row of marginal papillae posteriorly, single 50mm (G38)/-
row laterally
Pickersgill (2007) Hillcrest (KZN) 4(2-4)/3, double row of marginal papillae posteriorly, single 49mm (G37?)/2.5x
sometimes 4(2-  row laterally; jaw sheaths narrowly keratinized;
4)/3(1) disc not emarginated
du Preez and Carruthers - 4(2-4)/3, double row of marginal papillae posteriorly, single 50mm/2.6x (figured
(2009) sometimes 4(2- row laterally; jaw sheaths delicate tadpole)
4)/3(1)
Channing et al. (2012) KZN 4(2-4)/3 double row of marginal papillae posteriorly, single 35mm/2.2x

row of slightly larger papillae laterally; jaw sheaths
delicate and keratinized along margins; disc
emarginated
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of the buccal floor arena, as well as the area immediately
posterior to it. In addition, ca. 15 pustules are present
anterolaterally of the buccal floor arena, just in front of
the buccal pockets. The buccal pockets are simple, narrow
but deep, curved slits, with no associated papillae or pus-
tules. It is unclear whether the buccal pockets are perfo-
rated to provide a bypass to the atrial chamber (Wasser-
sug, 1976) or whether these end blind. The ventral velum
is wide, with four marginal projections on each side, and
a deep medial notch that exposes the glottis. The ventral
velum contains secretory pits along its margin.

Coloration in life. A nearly uniform dark olive, with
a scatter of iridiophores across the entire dorsal and lat-
eral sides of body and tail. Ventral side more sparsely
pigmented anteriorly, but skin above the abdominal cav-
ity completely unpigmented and translucent in younger
stages but becoming somewhat more opaque in older
specimens.

Coloration in preservative. Dorsal body densely pig-
mented and overall homogenously dark brown in col-
our. Lateral line system very well visible as pigment-free
spots in clearly defined lines along the body. Ventral
body sparsely pigmented anteriorly but pigment-free
above the abdominal cavity, with the coiled gut clearly
visible. Pigmentation becomes somewhat less dense on
tail and individual melanophores more easily discernible.
Pigmentation on the dorsal tail-fin similar to the muscu-
lar tail, but distalmost edge pigment-free. Ventral fin free
of pigment and translucent, with only some scattered
melanophores present along the basal edge and towards
the posterior end.

Variation. Overall, little variation is present within
the examined material. Specimens differ slightly in the
distribution of melanophores on the tail-fins, with some
specimens having a ventral tailfin that is almost entirely
free of pigmentation except for the very tip of the tail,
whereas others show scattered pigment to a various
extent within the posterior half of the fin. Pigmentation
of the dorsal fin also slightly less or more dense in some
specimens. The most variation is seen in the oral disc, in
particular the number and arrangement of keratodont
rows. Slightly more than half of the specimens (14 of 27;
see Table 2) have four anterior rows of keratodonts, with
the first always undivided, and the remainder divided.
The rest of the specimens have an additional, innermost
fifth keratodont row (A5). In all specimens, the last ante-
rior row is usually rather short and in a number of speci-
mens present on one side only (Table 2). The first posteri-
or row is usually divided by a small gap of variable width,
but undivided in two of the 27 specimens examined that
have an oral apparatus.
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DISCUSSION

Overall, the tadpole of L. natalensis resembles other
Leptopelis tadpoles in general shape and appearance (see
Channing et al., 2012, and Barej et al., 2015, for most
recent and comprehensive treatments of the group).
In South Africa, the range of L. natalensis is close to or
overlaps with the ranges of L. xenodactylus and L. mos-
sambicus (Channing, 2001; Minter et al., 2004). Based
on the available information, the tadpole of L. mossam-
bicus appears to be somewhat larger and proportion-
ally shorter-tailed than that of L. natalensis, and overall
darker in colouration, being more brown than olive (du
Preez and Carruthers, 2009). Leptopelis mossambicus fur-
ther appears to differ from L. natalensis by having slightly
higher tailfins, a very broad rostral gap in the papilla-
tion of the oral disc that is almost as broad as the disc
itself, and somewhat more robust jaw sheaths that are
keratinized for about half their width (du Preez and Car-
ruthers, 2009; Channing et al.,, 2012). The tadpole of L.
xenodactylus is very similar to L. natalensis and these
species appear to be indistinguishable by overall shape
and colouration alone. However, in contrast to L. natal-
ensis, L. xenodactylus tadpoles do seem to have a more
robustly keratinized jaw (Channing, 2008; du Preez and
Carruthers, 2009; Channing et al., 2012), which should
help facilitate a correct identification. In addition there
are differences in papillation, with more submarginal
papillae being present in L. xenodactyloides and the pos-
terior papillae differing in size (inner row of shorter,
more globular papillae and outer row of relatively long
papillae; Channing 2008). The two species have so far
not been found in sympatry, although they occur in close
proximity to each other in central KwaZulu-Natal.

A number of descriptions of the tadpole of L. natal-
ensis have been provided before (summarized in Table
3), but most of them are brief, lack measurements, or
do not provide precise locality information. All previ-
ous accounts and our observations agree on the overall
shape and colouration of the tadpoles, but some differ-
ences especially in total length, oral disc morphology, and
keratodont formula exist. While most accounts provide
a maximum length of around 50 mm, Wager (1965) and
Channing et al. (2012) reported 35 mm as total length,
at least for some populations, but did not indicate what
stage the examined specimens were at. Furthermore,
there is some variation regarding the length of the tail,
but all of this seems to be within the limit of normal vari-
ation, given that maximum length is largely dependent
on condition. While most previous investigators reported
or figured a slightly emarginated oral disc, which matches
our own observations, Pickersgill (2007) illustrated a disc
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that is not emarginated. Assuming all observations to
be correct, this would indicate a more substantial differ-
ence between that population and others. Both van Dijk
(1966) and du Preez and Carruthers (2009) reported the
presence of an elygium in the eye of L. natalensis tad-
poles, although van Dijk (1966) indicated that an ocular
elygium might not generally be present and is not easily
detected. In our specimens, an ocular elygium is not pre-
sent, but dorsally the pigmented skin seems to somewhat
extend onto the eyeball, which may represent an epider-
mal elygium (see Kruger et al., 2013).

Most previous descriptions gave the keratodont for-
mula of L. natalensis tadpoles as 4(2-4)/3, indicating an
undivided P1 (Wager, 1930, 1986; Lambiris, 1988; Pick-
ersgill, 2007; du Preez and Carruthers, 2009; Channing
et al., 2012), but Pickersgill (2007) and du Preez and
Carruthers (2009) also stated that P1 can sometimes be
divided. In our series, only two specimens had an undi-
vided P1, the rest all had a divided P1 although the gap
was very slight in some specimens. While this may be an
indication of interpopulational variation, it seems possi-
ble that previous reports might have simply overlooked a
narrow gap in P1. Similar variations in the presence of a
divided vs. undivided P1 have been reported by Penske et
al. (2015) for Leptopelis cf. grandiceps. Furthermore, only
slightly more than half of the specimens (14, see Table
2) of our ontogenetic series of L. natalensis tadpoles had
four anterior rows of keratodonts. Almost as many (13
specimens) had an additional, divided A5 and a result-
ing keratodont formula of 5(2-5)/3(1). Although also pre-
sent in some younger specimens, the presence of an A5
seemed to be more pronounced in older tadpoles (Table
2).

Variation in the number of keratodont rows has been
reported for a number of species, including L. calcaratus,
L. gramineus, L. vannutelli and L. yaldeni (see Channing
et al, 2012). An ontogenetic increase has further been
reported for L. aubryoides (Barej et al., 2015), L. calcara-
tus (Lamotte and Perret, 1961) and L. viridis (R6del 2000),
and specimens with an additional A5 have been reported
for L. modestus, L. spiritusnoctis and L. rufus (Barej et
al., 2015). In many anuran tadpoles, anterior keratodont
rows are added during ontogeny and the presence of an
A5 in some Leptopelis might be related to overall tadpole
size. It is therefore possible that previous investigations
did not examine specimens of a sufficient age for an A5
to be expressed. At the same time, the maximum length
of 50 mm reported by several authors for L. natalen-
sis (e.g., Wager, 1930; Lambiris, 1988; see Table 2 for full
list), which substantially exceeds the 42 mm of the largest
specimen in our sample, would argue against this. Only
Wager (1965) reported tadpoles with an A5 from Nkandla
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Forest, KwaZulu-Natal. Entumeni Forest, the origin of the
specimens examined here and only other reported popu-
lation of L. natalensis tadpoles with a fifth anterior row of
keratodonts, is less than 30 km away from Nkandla Forest.
Given the current state of knowledge, these two popula-
tions seem diagnosably different from other L. natalensis
populations at the level of tadpole morphology. Future
studies of phylogeography of L. natalensis should include
these populations and investigate their degree of differen-
tiation compared to others.
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Discussion

Evolutionary scenarios on the origin of terrestrial development in
Arthroleptidae (Afrobatrachia)

Amphibians are generally associated with a biphasic lifestyle depending on the
availability of water. However, terrestrialization has taken place in many different
amphibian lineages. We know little about the effects of highly modified reproduc-
tive strategies on amphibian embryonic development, especially how they differ
from closely related species with the ancestral aquatic larva. The evolution of a
complete terrestrial reproductive mode is not well understood and thus has resulted
in much speculation.

Different degrees of terrestrialization have evolved in the African anuran taxon
Afrobatrachia. What are the morphological consequences of terrestrialization for
their embryonic development and how can the chapters in this study help under-
standing the evolution of terrestrialization in general?

Afrobatrachia range from fully aquatic biphasic development to direct development
and also several ‘intermediate’ forms have evolved (Figure 3), offering the unique
opportunity for a comparative approach not employed previously. Within Afroba-
trachia, the family Arthroleptidae shows a wide range of developmental modes: The
plesiomorphic biphasic development (aquatic eggs, aquatic tadpoles), a more terres-
trial development (terrestrial eggs, aquatic tadpoles) and also direct development
(terrestrial eggs, complete terrestrial development without a free-living larval stage)
(Figure 3).

A fully aquatic, biphasic development is seen in Nyctibates, Trichobatrachus and Asty-
losternus. All members of these taxa live in streams of lowland or montane forests
that differ in how fast the water flows in each of their (micro-) habitats (Chapter 4).
The habitats of Nyctibates and Trichobatrachus can be characterized as the fastest
flowing water systems inhabited by arthroleptid species. Their tadpoles show simi-
lar morphological adaptations to lotic habitats, i. e. wide and robust cranial cartilag-
es of the jaws, a robust neurocranium with a broad processus muscularis of the pala-
toquadrate according to a strong muscularized cranium. The presence of such high-
ly adapted cranial features has been reported for several stream-living species and
has evolved several times independently (Griesbaum et al. 2019; De Oliveira et al.
2017; Candioti et al. 2016; Haad et al. 2014; Channing et al. 2012; Rodel et al. 2012;
Haad et al. 2011; Haas et al. 2009; Lavilla & de S4 2001; Haas & Richards 1998; Inger
1992; Cadle & Altig 1991; Goin & Goin 1962). The presence of different cranial fea-
tures in closely related species presumably represent different ways in which the
tadpoles of these species were adapted to different microhabitats (e.g. different flow
velocities).

A more terrestrial mode of development has evolved in Leptopelis and is associated
with water independent egg-deposition in moist, shallow soil. The tadpoles hatch
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with the beginning of the rainy season and move actively towards the water where
the larval development is completed (Barej et al. 2015). The detailed description of
the tadpoles of L. parkeri (Chapter 4) and L. natalensis (Chapter 5) have shown that
these resemble a ‘normal-looking’ tadpole. They mostly occur in water cavities of
slow moving streams, where in most cases water flow velocity is so low that these
tadpoles do not suffer from drift. The tadpoles exhibit a less robust chondrocranium
in comparison to Trichobatrachus and Nyctibates.

Direct development within Arthroleptidae has only evolved in the genus Arthroleptis
(Figure 3). Detailed descriptions and comparative data on the external morphology
of direct development in Arthrolpetis are given in Chapter 1. In Arthroleptis, as well
as other direct developing anurans (Goldberg et al. 2020, 2015, 2012; Anstis 2008;
Anstis et al. 2007; Hanken et al. 2001; Callery et al. 2001; Callery & Elinson 2000;
Hanken et al. 1997; Townsend & Stewart 1985), almost all larval features are absent
during development. It is hypothesized that they have been reduced due to their loss
of function (Chapter 2). It seems that the release from morphological constraints of
forming necessary larval structures of the cranium during development is a charac-
teristic of direct development. However, this does not mean that all larval features
in general have been lost. The external morphology in direct developing anurans
seems to be similar, but the detailed description of the internal morphology reveals
variation among different taxa (Chapter 2 and 3). Thus, comparison of embryonic
development of the skin and the cranial muscles, cartilages and bones of Arthroleptis
shows that some larval traits are highly conserved whereas others, e.g. the presence
or absence of the cartilago labialis superior or a processus muscularis of the pala-
toquadrate, vary between different direct developing species.

The evolution of terrestrial development, like direct development, has often been
considered as one of the ‘key innovations’ leading to a high diversification rate in
Lissamphibia (Meegaskumbura et al. 2015; Hedges et al. 2008; Bahir et al. 2005;
Hanken et al. 1992). Contrary to this hypothesis, phylogenetic comparative analyses
of puddle frogs (Phrynobatrachus) in relation to adaptation and diversification
through time have shown that terrestrialization and the independence of water is
not associated with higher rates of diversity (Zimkus et al. 2012). Studies on the rate
dynamic and trait evolution of African bufonids likewise concluded that terrestriali-
zation is not linked to higher species diversity and that lineage and trait diversifica-
tion has been constant over time (Liedtke et al. 2016). Though terrestrial develop-
ment may not be associated with species diversification, habitat quality can facilitate
a spread into new ecological niches. This affects evolutionary changes in reproduc-
tion site and developmental processes. Many authors have discussed climate and
environmental factors as well as ecological conditions that may have promoted the
evolution of direct development in amphibians (Brink et al. 2020; Miiller et al. 2013;
Ernst et al. 2012; Poynton 1964; Goin & Goin 1962). In Arthroleptidae, for instance
cold and streaming water habitats may have exert selection pressure on completely
aquatic species in both evolutionary ways: First, highly specialized tadpoles have
evolved in adaptation to different water flow velocities. And second, lotic habitats
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may have favored a change towards a terrestrial breeding site where environmental
and ecological conditions appear to be more suitable (Miiller et al. 2013; Campbell &
Duellman 2000; Alcala 1962; Goin & Goin 1962).
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I Terrestrial (larval) development, terrestrial eggs, terrestrial

I Terrestrial (direct) development, terrestrial eggs, no free-living larvae
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Figure 3: Cladogramm showing the phylogeny of Arthroleptidae and Brevicipitidae (Afrobatrachia). Modes of
reproduction (and habitat characters of the stream tadpoles) were mapped on the branches. Cladogramm
modified after Portik & Blackburn (2016). la Adult of Breviceps verrucosus; Ib Terrestrial larva of Breviceps
adspersus; le Metamorph of Breviceps adspersus. Il Tadpole of Leptodactylodon mertensi, Gosner stage
(GS) 25. lll Tadpole of Astylosternus occidentalis, GS 25/26. Tadpole of Cardioglossa manengouba, GS 27. Va
Adult of Leptopelis natalensis; Vb Tadpole of Leptopelis natalensis, GS 31. Vla Adult of Arthroleptis wahl-
bergii; VIb Egg with embryo of A. wahlbergii, Townsend & Stewart stage 14.
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Comparing the developmental mode of the 151 Arthroleptidae species - 50 species
(Arthroleptis) exhibit direct development and 86 species (Leptodactylodon, Leptopelis,
Cardioglossa) exhibit a semi-aquatic development. The tadpole of Scotobleps is de-
scribed (Griesbaum et al. 2019), but oviposition sites (aquatic or terrestrial) remain
unknown. The remaining 14 species are less diverse and develop fully aquatically in
montane streams (Table 1).Thus, to a certain degree, terrestrial development in Ar-
throleptdiae seems to be evolutionarily more successful in terms of species num-
bers.

Table 1: Distribution of species numbers of the family Arthroleptidae and first appearance along the
geologic time scale.

Genus Species num- Mode of develop- Habitat . Era
bers ment (Portik&Blackburn 2016)
Leptodactylodon 15 biphasic/semi- streams
aquatic
Nyctibates 1 biphasic/aquatic streams Paleocene/Eocene
Scotobleps 1 Biphasic/? streams (66 -37.8 my)
Trichobatrachus 1 biphasic /aquatic streams
Astylosternus 12 biphasic /aquatic streams
biphasic/semi- Mioce-
Leptopelis 52 a puatic streams ne/Pleistocene
g (23.03 - 0.13 my)
Arthroleptis 50 direct/terrestrial leaf litter . .
biphasic/semi- Oligocene/Miocene
Cardioglossa 19 phas streams (33.9-7.25 my)
aquatic

Portik & Blackburn (2016) estimated the appearance of the most recent common
ancestor of the family Arthroleptidae at approximately 54 my ago. Arthroleptids
with a fully aquatic development first appear during the Paleocene/Eocene (Portik &
Blackburn 2016). Early diversification events appear to be concentrated in the Late
Oligocene and Early Miocene, an era where the semi-aquatic Cardioglossa and the
direct developing Arthroleptis first appeared (Blackburn et al. 2021; Portik et al. 2019;
Portik & Blackburn 2016). Divergence time analysis of Blackburn et al. (2021) re-
vealed that montane lineages of Cardioglossa originated during the middle to late
Miocene, when mountain building and volcano formation occurred. Further species
divergence occurred during the Pleistocene, a period characterized by climatic
change and diversification in many African anurans (Blackburn et al. 2021; Bell et al.
2017; Amiet 1975). On the basis of species diversity and their appearance during geo-
logical time scale, it seems that the evolutionary transition to a more terrestrial life-
history provided a more suitable alternative for reproduction: Harsh environmental
conditions present in montane areas might have exerted selective pressure on
aquatic larvae and simultaneously played a role as evolutionary driver promoting a
more terrestrial reproductive mode (Miiller et al. 2013). Miiller et al. (2013) also pro-
posed that there is a correlation of terrestrial reproduction with montane environ-
ments and with forest habitats. These factors may have favored the evolution of ar-
throleptid species through a semi-aquatic and a completely terrestrial development.
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But how can a more terrestrial reproductive mode evolve in an ancestral population
of highly adapted stream-dwelling tadpoles? Brink et al. (2019) stated that metamor-
phosis may also be an evolutionary dead end in cases of high degradation of ecologi-
cal conditions, ultimately leading to extinction rather than to the evolution of direct
development. This would suggest that biphasic development with metamorphosis is
highly conserved during evolution. Alternatively Brink et al. (2020) suggested that
the evolution of direct development is associated with a high mutation rate and slow
habitat degradation. Other factors proposed to drive the reproduction habitat to a
more terrestrial breeding site are food resources, predation, humidity, the risk of
desiccation of aquatic habitats and polyandry (Brink et al. 2020; Zamudio et al. 2016;
Touchon & Worley 2015; da Silva et al. 2012; Gomez-Mestre et al. 2012; Ferrari &
Chivers 2009; Wells 2007; Gomez-Mestre et al. 2006; Haddad & Prado 2005; Duellman
& Trueb 1994; Noble 1931). For instance, direct development may be a more success-
ful strategy when the intensity of aquatic predation is higher on free-living tadpoles
than on direct developing frogs (Magnusson & Hero 1991; Duellman & Trueb 1986;
Lutz 1948). Most terrestrially breeding frogs lay their eggs in humid, sheltered soil,
between leaves or burrowed in the soil or in a subterranean chamber, likely to pro-
tect the eggs from predators and to minimize the risk of desiccation. Corresponding-
ly, terrestrial development seems to depend on dense vegetation in forest habitats
where climatic conditions are more stable (Poynton 1964). But there are also other
examples: Terrestrial development in some species of Breviceps also occurs in arid
habitats like deserts and savannahs (Minter 2004; Poynton 1964), though the subter-
ranean nest provides a buffer for developing eggs from the arid environment above
ground.

Collectively, possible evolutionary scenarios towards direct development in Afroba-
trachia include: (1) Changes in reproductive behavior and habitat preference may
lead to an increased independence of water. This may allow species to exist in a
semi-terrestrial or even entirely terrestrial environment (Chipman 2002; Salthe &
Duellman 1973; Lutz 1948). (2) Morphological changes in ontogeny, e.g. the increase
of egg size, the near complete loss of tadpole-specific features like the larval jaw
skeleton and its associated musculature, the cement glands, the lateral line system
and the coiled intestine are some of the effects resulting of terrestrialization
(present study, Hanken 2003; Hanken et al. 1997; Hanken 1992; Elinson 1990; Lutz
1948).

The developmental modes seen in hemisotids and brevicipitids, where a more ter-
restrial life-style has evolved, may be (explanatory) intermediate forms between a
completely aquatic and a terrestrial direct development (Portik & Blackburn 2016;
Crump 2015; Miiller et al. 2007; Wells 2007). The phylogenetic model testing of
Portik and Blackburn (2016) proposed that direct development has evolved from in-
termediate forms with subterranean or terrestrial egg deposition. Consequently,
they suggested that these intermediate stages may have facilitated the evolution of
direct development through a more terrestrial life-history (‘intermediate stage hy-
pothesis’). Alternatively, Pereira et al. (2015) and Gomez-Mestre et al. (2012) stated
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that direct development in different lineages may has evolved from different start-
ing points, either a fully aquatic or a more terrestrial mode of development. Descrip-
tions of the cranial musculoskeleton of different developmental stages of Breviceps
adspersus PETERS 1882 show, that larval features are present, such as the processus
muscularis of the palatoqudrate, the typically shaped lower jaw with the short and
strongly curved cartilago meckeli and the cartilago labialis inferior as well as the
presence of larval levator muscles and a prominent musculus (m.) orbitohyoideus
typical for the anuran tadpole (Schweiger, unpublished observations). In compari-
son to the direct developing Arthroleptis, there are more larval characters present.
However, some other typical larval features like the cartilago labialis superior of the
upper jaw are absent. Surprisingly, the form of the hyobranchial skeleton of B. ad-
spersus is strikingly similar to the hyobranchial skeleton of the direct developing Ar-
throleptis and Eleutherodactylus coqui. Investigations on the development of Breviceps
(Figure 3 I a-c) are in progress and will further contribute to our understanding of
whether intermediate forms where precursors and have facilitated the evolution of
direct development.

Direct development in frogs — parallel evolution driven by heterochronic
shifts?

To understand the transition to direct development from an evolutionary and devel-
opmental point of view, heterochrony has often been discussed to be a key driver
(Goldberg et al. 2012; Hanken et al. 1992; Hanken 1989; Raff & Wray 1989; Raff 1987).
Experimental studies in E. coqui have shown that this species exhibits a mosaic pat-
tern of heterochronic shifts for different morphological features (Schlosser 2008;
Callery & Elinson 2000; Jennings & Hanken 1998; Hanken et al. 1997; Townsend &
Stewart 1985; Hughes 1966; Lynn & Peadon 1955; Lynn 1948). This is similar to Ar-
throleptis, in which a mosaic of the presence, reduction and complete absence of
tadpole-specific characters has been identified in this thesis (Chapter 1-3). The on-
togeny is characterized by the short and incomplete development of few larval char-
acters (sensu Hanken et al. 1992) and the appearance of most cartilaginous, skeletal
and muscular elements in an already mid-metamorphic state (sensu Hanken et al.
1992) (Chapter 1-3). Tadpole-typical cartilages (the cartilago labialis inferior, the
processus muscularis of the palatoquadrate, the processus oticus and the cerato-
branchialia of the hyobranchial skeleton) are only present during the early devel-
opmental period until TS 10 (the ‘larval period’). The patterning process of the skin
and thyroid gland development in Arthroleptis (TS 5/6-12) is largely similar to that
seen in E. coqui (Jennings & Hanken 1998; Townsend & Stewart 1985). Thus, com-
parative data have shown that direct development of these unrelated frog species is
associated with a comparable heterochronic shift of thyroid gland maturation
(Chapter 3).

However, larval elements that have not been observed in Arthroleptis comprise the
cartilago labialis superior, the commissura quadratocranialis and the processus as-
cendens of the palatoquadrate. A processus ascendens is also not present in the
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closest relatives showing a biphasic lifecycle (Chapter 4), indicating that the loss of
this structure is not necessarily connected to the evolution of direct development in
Arthroleptis. The absence of the cartilago labialis superior of the upper jaw from
cranial ontogeny was also reported for E. coqui (Hanken et al. 1992). Finally, Kerney
et al. (2010) investigated skeletal regulatory gene expression during early develop-
ment in E. coqui. However they found that the anlagen of the cartilago labialis supe-
rior are transiently detectable (during TS 6/7), but these never develop into distinct
cartilages. This indicates that this precursor also undergoes at least a recapitulation
of the ancestral ontogeny (Kerney et al. 2010).

In comparison to biphasic anurans, the ossification sequence in direct developing
taxa differs dramatically (Chapter 2). In biphasic species, bones supporting the dor-
sal and ventral cranium of the tadpoles form first (Moore & Townsend Jr. 2003;
Trueb & Hanken 1992; Maglia & Pugener 1998; Wiens 1989; de Sa 1988; Gaudin 1978).
In contrast, in Arthroleptis (Chapter 2) and E. coqui (Hanken et al. 1992), bones of the
lower jaw and the suspensorium (angulosplenial and squamosal) ossify before
hatching occurs.

Changes in the relative timing of development seem to be a common characteristic
arising in all direct developing frogs investigated so far. Heterochrony therefore
plays a major role in the evolution of direct development. In the last decade, several
more investigations on direct development in frogs have been published and reveal
that the extent to how features were expressed varies between different developing
taxa (Goldberg et al. 2020, 2015, 2012; Narayan et al. 2010; Anstis 2008; Anstis et al.
2007; Kerney et al. 2007). The comparison of characteristic conditions in these taxa
however, reveals differences in tempo and/or sequence of development of some fea-
tures (e.g. early enlargement of the tail and the presence of an opercular fold), while
other features (e.g. an egg tooth and a greatly enlarged tail fin) seem to be restricted
to particular taxa and are indeed rather variable among different lineages (Chapter
1).

Besides heterochrony, heterotopy (spatial re-patterning or relative re-arrangement
as defined by Haeckel 1866) may play another important role in the evolution of ter-
restrial development. Heterotopy is less widely common, but may be employed to
explain changes in the location of morphological features leading to morphological
novelties not present in metamorphosing species (Goldberg & Candioti 2015; Hank-
en 2015; Goldberg et al. 2012; Zelditch & Fink 1996). For example, the novel for-
mation of structures like expanded tail fins enveloping nearly the whole embryo in
the direct developing Oreobates barituensis VAIRA & FERRARI 2008 (Goldberg et al. 2012)
and the closely related Haddadus binotatus Spix 1824 (Goldberg & Candioti 2015) are
understood as a cause of heterotopy. This characteristic has neither been observed
in species of Arthroleptis, E. coqui or Pseudophilautus and therefore is presumably an
apomorphic feature. It has been suggested that morphological repatterning, in form
of de novo formation, plays an important role in the evolution of direct development
(Hanken et al. 1992). This repatterning process is comparatively similar between
Arthroleptis and E. coqui (Chapter 2 and 3). Further investigations on the evolution of
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direct development in anurans regarding different species and ‘intermediate’ forms
are needed to clarify these issues in more detail. Especially, the early ontogeny of
terrestrial developing species is of particular interest, and additional techniques
(e.g. gene expression techniques) are required to examine the role of anlagen in un-
derlying developmental processes.

The evolution of metamorphosis, the ‘tadpole hypotheses’ and
metamorphic changes in direct developing anurans

Within Lissamphibia, developmental changes and metamorphic patterns vary wide-
ly and there is no typical metamorphosis in general (Lynn 1961). Profound meta-
morphic transformation is present in most biphasic anurans and is associated with
heterochrony, in terms of shifts in timing of developmental events, and caenogene-
sis, in terms of the formation of novel larval characteristics (Reiss 2002; Alberch
1989). Caenogenetic characteristics differentiating the tadpole from the larval stage
of other lissamphibians include external features such as an oral disc, papillae and
keratodonts as specific features of the mouth, cement glands and opercular folds
(Wells 2007; Harris 1999; Thibaudeau & Altig 1999). Specific internal features not
present in non-anuran lissamphibian larvae are the cartilagii labialis inferior et su-
perior, the processus muscularis of the palatoquadrate, the cornuae trabeculae, the
commissura quadratocranialis and the commissura terminalis of the hyobranchial
skeleton (Altig & McDiarmid 1999; Cannatella 1999).

In Lissamphibia, common larva-specific traits may have evolved independently
(Hanken 1999): The presence of gills, a finned tail and the basic structure of the hy-
obranchial skeleton with four ceratobranchialia. While the larval stage is thought to
reduce intra-specific competition between different life history stages, the meta-
morphic process connecting the lissamphibian larva to its adult morphology is of a
high risk (Brink et al. 2020; Wells 2007). A loss of the tadpole-stage and of the risky
metamorphic transformation process might have been advantageous in habitats that
were not suited for tadpoles. This evolutionary loss of the tadpole in direct develop-
ing anurans has left much room for speculation and different tadpole-hypotheses
have been proposed. The near complete loss of larval characters in E. coqui has led
to the hypothesis, that the tadpole represents a larval cassette that has been deleted
from the ontogeny (‘tadpole module hypothesis’, Figure 4A; Callery et al. 2001, Elin-
son 2001, Callery & Elinson 2000, Elinson 1990). If the tadpole-stage can be excised
from development, this would suggest that all tadpole specific features and the TH-
inducted metamorphosis are lost during evolution. The idea that the tadpole as a
whole represents a module in evolution is controversial. Over time, more studies on
other direct developing species were published showing that the degree of derived
characters varies between species. In many cases, larval characters are retained or
recapitulated revealing that the tadpole cannot easily be ‘deleted’ as a whole during
evolution (Goldberg et al. 2020, 2015, 2012; Narayan et al. 2010; Anstis 2008; Anstis et
al. 2007; Kerney et al. 2010, 2007). This challenges the hypothesis of the larva as an
evolutionary module.
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Figure 4: lllustrations of the tadpole module hypotheses (previous page). A: Tadpole module hypothesis
after Elinson (1990), Callery and Elinson (2000) and Elinson (2001): The tadpole stage (larva that undergoes
metamorphosis) is a cassette that can be excised out of ontogeny in direct developing frogs. B: Tadpole
module hypothesis after Schlosser (2005). The tadpole as a whole cannot be interpreted as an evolutionary
module. Instead, the tadpole consists of several (larval) morphological modules and a TH-dependent meta-
morphosis module, together facilitating the evolution of direct development in frogs. C: Tadpole module
hypothesis after Ziermann & Diogo (2014). The tadpole consists of morphological modules and the tadpole
as a free-living larval stage is an evolutionary module disappearing during the evolution of direct developing
frogs. TH-dependent metamorphosis is present as “cryptic metamorphosis” leading to the adult transfor-
mation. Abbreviations: DD, direct development. BD, biphasic development. M, metamorphosis.

Schlosser (2005) proposed that the larva does not act as a module in amphibian de-
velopment since not all larval characters were replaced, but rather remodeled dur-
ing metamorphosis. According to Schlosser (2005) that would mean that the tadpole
as a whole organism is not an evolutionary module, but that instead certain larval
characters and metamorphosis itself might be viewed as distinct anatomical and/or
functional modules (Figure 4B). Ziermann & Diogo (2014) also argued that the tad-
pole consists of particular morphological modules (like the head and limb develop-
ment, as argued by Schlosser 2005) but state that the tadpole as a free-living larval
stage is a life-history module (as proposed by Elinson 2001, Callery and Elinson 2000,
Elinson 1990). This hypothesis implies that direct development could have evolved,
because the morphological modules and the life-history module are uncoupled and
independent from each other, facilitating the deletion of the life-history trait ‘free-
living aquatic larva’ by retaining developmental processes (Figure 4C).

The results of this study support the arguments of Schlosser (2005) that the tadpole
may consist of several morphological units and subunits, and that the larva as a
whole cannot be excised from anuran ontogeny.

From an evolutionary and developmental point of view, the tadpole consists of ‘lar-
val features’, typical for lissamphibian larvae, and ‘typical tadpole features’ only
seen in anuran larvae. Few of these ‘typical tadpole features’ are only transiently
present in some direct developing anurans (e.g. E. coqui, Arthroleptis), while others
(e.g. Pseudophilautus) show a more larval related development (Chapter 1 and 2).
Thus, direct developing anurans all develop a ‘larval’ hyobranchial skeleton with
four ceratobranchialia. This is an evolutionary character uniting all lissamphibian
larvae as a result of their shared ancestry with fishes (Carroll 2007). Carroll (2007)
also stated that Eusthenopteron (a sarcopterygian known from the late Devon, 385 my
ago), Acanthostega and the larvae of Ambystoma (a group of extant salamanders en-
demic to North America) show a similar configuration of the hyobranchial skeleton.
This is also reported for many temnospondyls and microsaurs (Schoch 2009), indi-
cating that the form of the hyobranchial skeleton is evolutionarily highly conserved
in the ground pattern of amphibian larvae.

According to the definition of Alberch (1989), metamorphosis is a process of con-
densed morphological changes. However, it is difficult to interpret whether the an-
cestral condition was associated with a ‘cryptic’, gradual metamorphosis like seen in
direct developing species, or if it has been as dramatic as seen in biphasic anurans.
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The development of early amphibians is still poorly understood (Clack 2002; Ahlberg
& Milner 1994; Fritzsch 1990), but morphological changes that may correlate with
metamorphosis were found in Temnospondyli, a group of early amphibian-like tet-
rapods (Schoch & Frobisch 2006; Schoch 2002; Boy 1974). Investigations of the de-
velopment in larval temnospondyls have shown that some sort of metamorphic
transformation has already been present in this group (Schoch 2001; Boy & Sues
2000; Alberch 1989; Boy 1974). For instance, the ossification sequence in branchio-
saurids, a taxon of the Temnospondyli, is comparatively similar to the metamorphic
pattern in salamanders, although it appears not as condensed (Schoch & Frobisch
2006; Schoch & Carroll 2003; Schoch 2001; Schoch 1992; Boy 1974). A condensed
morphological change (sensu Alberch 1989) evolved within the dissorophoids,
which are considered to be the evolutionary origin of Lissamphibia (Schoch 2009;
Clack 2002; Schoch 2001; Trueb & Cloutier 1991).

A metamorphic process is also present in direct developing anurans, demonstrating
that the larval stage cannot easily be deleted from ontogeny. Several studies of E.
coqui have shown that developmental events are coupled to TH-hormone activity
and that development is incomplete if TH synthesis is inhibited (Singamsetty & Elin-
son 2010; Callery & Elinson 2000; Jennings & Hanken 1998; Hughes 1966; Lynn &
Peadon 1956). This phase of TH-dependent developmental processes, occurring dur-
ing direct development in E. coqui, is relatively short and not as obvious as seen in
biphasic developing frogs (‘cryptic metamorphosis’, Elinson et al. 2001; Elinson &
Callery 2000). This correlates with the results on the skin development in Arthro-
leptis: The skin develops in four major phases (embryonic, ‘tadpole’, metamorphic
and adult) (Chapter 2), similar to many biphasic species (Robinson & Heintzelman
1987; Fox 1986). There are many similarities between E. coqui and Arthroleptis re-
garding metamorphic processes that correlate with increased TH activity such as tail
regression, remodeling of the ‘larval’ into the adult hyobranchial apparatus, elonga-
tion of the jaw and cranial muscle development (Elinson 2001; Jennings & Hanken
1998; Hanken et al. 1997; Hanken & Summers 1988; Chapter 1-3). Most of these pro-
cesses start slightly earlier in Arthroleptis, which correlates with an earlier appear-
ance of the thyroid glands compared to E. coqui (Chapter 3). It seems that TH is a
major regulator and also affects the ontogeny in direct developing anurans. The pre-
cocious TH-activation has already been invoked to explain the repeated occurrence
of direct development in frogs (Schlosser 2005; Jennings & Hanken 1998; Hanken,
Jennings, & Olsson 1997). Therefore, direct development depends on, and is possibly
constrained by, the ancestral dependency on TH for adult development.

The presence of tadpole-like structures during ontogeny and the correlation of met-
amorphic changes with an increased thyroid gland activity indicate that the tadpole
cannot be viewed as a holistic module that can either appear or disappear during
evolution. But why do some larval features develop, whereas others are not present
during direct development and why is direct development not as uniform as previ-
ously thought? According to the hypothesis of Schlosser (2005), the tadpole-modules
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consist of coupled or uncoupled features that are present or absent in different di-
rect developing species. Collectively, this may result in:

(1) External morphological similarities in direct developing species like early
and simultaneous appearance of limb buds, the presence of a tail with a
membranous fin used for respiration, the presence of a processus muscularis
of the palatoquadrate with the related M. orbitohyoideus,

2) Different characteristics of the internal morphology between direct devel-
oping species like the presence or absence of larval features of the cranial
musculoskeleton (cartilages of the jaw and larval levator muscles) and,

(3) TH-dependent metamorphosis that still plays a regulating role during the
ontogeny of all the different direct developing species.

Chipman (2002) also stated that the modular arrangement in anuran embryogenesis
forms the basis for a high degree of variation of developmental processes. Thus,
some larval structures may have changed their function (e.g. the vascularized tail
functioning as a respiratory organ) while others form in a mid-metamorphic state of
development (Callery et al. 2001; Hanken et al. 1992; Townsend & Stewart 1989). Ac-
cording to Callery et al. (2001), it seems possible that the short-term presence or the
formation in a mid-metamorphic shape of some tadpole-typical cranial cartilages
may play an inductive role for further developmental processes which otherwise
cannot reach the adult configuration. Furthermore, Callery et al. (2001) discussed
that the retention of larval traits is possibly based on neutral selection and that more
mutations were needed for a complete reduction of larval features during direct de-
velopment. The idea of the meta-modul-hypothesis, together with several other fac-
tors like mutation rate and environmental selection pressures may lead to a com-
plete terrestrial development and help for a better understanding of the evolution of
a terrestrial development in anurans.

As mentioned in this thesis, the development of ‘intermediate’ forms is of particular
interest. A future direction to improve our knowledge has to include a broader ap-
proach: It needs more detailed data from species closely related to direct developing
taxa to understand the reproductional, developmental, morphological, genetic, evo-
lutionary and ecological aspects of terrestrialization in amphibians.
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Summary

During the last decades, the evolution of terrestrialization in amphibians received
increased attention in evolutionary and developmental biology. That is not surpris-
ing, as amphibians are a group of tetrapod vertrebrates with a very high variety of
life history strategies, as well as reproductive and developmental modes. Many of
these modes have evolved several times independently within all three recent am-
phibian taxa; Anura, Urodela and Gymnophiona. Although the majority of frogs and
toads reproduce in bodies of water, there are trends towards an increasingly terres-
trial reproduction in several lineages including in the sub-Saharan frogs of the clade
Afrobatrachia. Within this group, the family Arthroleptidae exhibits high ecological
and reproductive diversity. This includes the plesiomorphic biphasic development,
a more semiaquatic development and direct development. Biphasic, fully aquatic
species of Arthroleptidae all inhabit streams showing a highly specialized and robust
cranial skeleton very different from tadpoles of their semiaquatic relatives in this
group. Direct development differs completely from these two developmental strate-
gies as development is completed within the terrestrially laid egg. There is no free-
living aquatic larva and most of the larval features are absent, whereas adult struc-
tures form early during development. With respect to species diversity among bi-
phasic, semiaquatic and direct developing forms, it seems that terrestrialization in
Arthroleptidae is a successful strategy as streaming water habitats may work as se-
lective pressure leading to a more terrestrial development. To increase our
knowledge on the evolution of terrestrial development in amphibians in general this
study focuses on non-model organisms.

The central question is: To what extent and how have the ancestral larval develop-
mental pathways been altered during the evolution of terrestrially breeding frogs?
Generally, detailed investigations of direct development have only been conducted
in the Puerto Rican coqui (Eleutherodactlyus coqui) and in lesser detail in only a few
other species. Because direct development is associated with the loss of many typi-
cal larval features, it has been generally assumed that the tadpole was completely
excised from the ontogeny of direct developing frogs. This idea is controversial and
has led to different views about the tadpole as a developmental module, the role of
metamorphosis and the evolutionary origin of the anuran larva. To help in a critical
appraisal of these hypotheses, this study provides a detailed description of the direct
developing African Squeaker frogs (Arthroleptis wahlbergii and A. xenodactyloides,
Arthroleptidae, Afrobatrachia). The results are compared to closely related species
exhibiting a more ancestral (e.g. biphasic) life history as well as to other non-related
direct developing species. In this thesis it is shown that direct development is not
invariably linked to a complete loss of larval features and that metamorphic changes
correlate with thyroid gland activity. However, few larval elements that never devel-
op in Arthroleptis are also not present in the closest relatives with biphasic develop-
ment, indicating that the loss of these structures is not necessarily linked to the evo-
lution of direct development.
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In reflection of the ‘tadpole module hypothesis’ it is supposed that the tadpole can-
not be viewed as a module that can either appear or disappear during evolutionary
development. In contrast, the tadpole should be viewed as an evolutionary meta-
module composed of many different developmental sub-modules. Different combi-
nations of present and absent developmental sub-modules seem to underlie evolu-
tion of ‘similar’ direct developmental patterns in distantly related frogs. This indi-
cates that a complete terrestrial development might have evolved in different ways.
At last the evolution of anuran terrestrial development may be driven by an interac-
tion of various environmental, genetic and developmental factors. However, there
is still a need for more detailed studies to facilitate a comprehensive understanding
of the evolution of terrestrialization in amphibians.
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Zusammenfassung

Die Evolution der Terrestrialisierung bei Amphibien wurde in den vergangenen
Jahrzehnten zu einem der herausfordernden Forschungsthemen der Evolutions-
und Entwicklungsbiologie. Als eine Gruppe innerhalb der Tetrapoden (Landwirbel-
tiere) zeigen Amphibien eine enorm hohe Diversitit an alternativen lebensge-
schichtlichen Strategien (life history strategies) sowie verschiedenste Formen von
Reproduktions- und Entwicklungsmodi. Viele dieser Modi sind mehrfach unabhén-
gig voneinander in allen drei rezenten Gruppen (Frosch- und Schwanzlurche sowie
Blindwiihlen) evolviert. Obwohl die Mehrheit der Frosche und Kroten in ihrer Fort-
pflanzung und Entwicklung auf Gewisser angewiesen ist, ist ein Trend hin zur Ter-
restrialisierung erkennbar. Ein Beispiel dafiir sind die Afrobatrachia, eine Gruppe
subsaharischer Anuren. Innerhalb dieser Gruppe zeigt die Familie der Arthrolep-
tidae eine hohe okologische und reproduktive Diversitat, ausgehend von biphasi-
scher liber semiaquatische bis hin zur direkten Entwicklung. Interessanterweise
leben alle sich vollstindig aquatisch entwickelnden Arten der Arthroleptidae in Ge-
birgsbachen. Womoglich als Adaptation an dieses Habitat, besitzen sie ein hochspe-
zialisiertes und robustes Cranialskelett, welches sich deutlich von dem der Kaul-
quappen semiaquatischer Verwandter unterscheidet. Direktentwicklung unter-
scheidet sich ganz grundsitzlich von der aquatischen Entwicklung und findet voll-
stindig terrestrisch, im an Land abgelegten Ei, statt. Eine freilebende, aquatische
Larve ist in der Entwicklung nicht mehr vorhanden. Die meisten larvalen Strukturen
sind evolutionar verloren gegangen, die Entwicklung ist stattdessen durch eine
frithzeitige Ausbildung adulter Merkmale gekennzeichnet. Beziiglich der Artenzahl
biphasischer, semiaquatischer und direktentwicklender Taxa scheint es, dass die
Terrestrialisierung innerhalb der Arthroleptidae einen erfolgreichen evolutionédren
Trend darstellt. Davon ausgehend scheint es, dass stromende Gewasser als Habitate
wohl einen Selektionsdruck hin zur terrestrischen Entwicklung ausiiben. Um das
Wissen tiber die Evolution der terrestrischen Entwicklung bei Amphibien im Allge-
meinen zu foérdern, wurden in dieser Studie insbesondere Nicht-Model-Organismen
dahingehend untersucht. Im Fokus stand die Frage, in welcher Form urspriingliche,
larvale Entwicklungsmerkmale bei terrestrisch reproduzierenden Froschen im Lau-
fe der Evolution gedndert wurden. Genauere Untersuchungen zur Direktentwick-
lung liegen bisher nur fiir den Coqui-Pfeifffrosch (Eleutherodactlyus coqui) vor. Fiir
einige wenige andere Arten finden sich nur vereinzelte, unvollstindige Berichte. Da
Direktentwicklung mit dem Verlust einer Vielzahl von typischen Larvalmerkmalen
einhergeht, wurde allgemein angenommen, dass die Kaulquappe bei direkt entwi-
ckelnden Froschen aus der Ontogenese herausgeschnitten werden kann. Diese
Sichtweise ist kontrovers und hat zu verschiedenen Ansichten iiber die Kaulquap-
pen-Modul-Hypothese, die Rolle der Metamorphose und dem evolutiondren Ur-
sprung der Anuren-Larve gefiihrt. Um einen kritischen Beitrag zur Auseinanderset-
zung mit diesen Hypothesen zu liefern, fokussiert sich diese Arbeit auf eine detail-
lierte Beschreibung der direkt entwickelnden afrikanischen Langfingerfrosche der
Gattung Arthroleptis (A. wahlbergii and A. xenodactyloides, Arthroleptidae, Afrobatra-
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chia) im Vergleich zu anderen nicht-verwandten Arten mit Direktentwicklung und
nahe verwandten Arten ohne Direktentwicklung. Es konnte gezeigt werden, dass
Direktentwicklung nicht ausnahmslos mit einer vollstandigen Reduktion larvaler
Merkmale einhergeht und metamorphe Umwandlungsprozesse vorhanden sind, die
zudem mit der Aktivitdt der Thyroiddriise korrelieren. Zudem fehlen in der Entwick-
lung einige wenige larvale Merkmale bei Arthroleptis, die ebenso wenig bei den nah
verwandten, biphasischen Arten ausgebildet werden. Dies zeigt, dass der Verlust
dieser Strukturen nicht automatisch mit der Evolution der Direktentwicklung zu-
sammenhangt.

In Bezug auf die Kaulquappen-Modul-Hypothese wird angenommen, dass die Kaul-
quappe selbst nicht als Modul angesehen werden kann, welches wahrend der evolu-
tionaren Entwicklung ohne weiteres in Erscheinung treten oder wieder verloren
gehen kann. Wahrscheinlicher ist, dass die Kaulquappe als evolutionares Meta-
Modul fungiert, das seinerseits aus vielen verschiedenen Entwicklungsmodulen zu-
sammengesetzt ist. Diese einzelnen Module wiederum bestehen ihrerseits aus ver-
bundenen oder unverbundenen Entwicklungsmerkmalen, die bei verschiedenen
direkt entwickelnden Arten vorhanden sind oder fehlen und somit eine terrestrische
Entwicklung auf verschiedenen Wegen ermoglichen. Die Evolution der terrestri-
schen Entwicklung bei Anuren wird schliel8lich wohl durch das Zusammenspiel ver-
schiedenster Faktoren (Umwelt, Genetik, Entwicklung) beeinflusst und es braucht
insgesamt mehr detailliertere Untersuchungen fiir ein umfassenderes Verstandnis
der Terrestrialisierung bei Amphibien.
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Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Da-
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