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Abstract: Anurans are one of the most diverse vertebrate groups, particularly in Amazonia, where
species richness exceeds that of anywhere else. Amazonian frogs belong to three main lineages
(Hyloidea, Microhylidae, and Pipidae), each of which has diversified during the Cenozoic. However,
due to the virtual absence of anuran fossil record in that area, the evolutionary history of modern
lineages has so far remained only accessible via molecular data. During the last decades, a series of
field campaigns in Peruvian Amazonia led to the discovery of an unparalleled set of anuran bone
fragments, scattered across different sites spanning the Eocene—Miocene time interval. We describe
here these first Palacogene and early Neogene anurans from Peru with a focus on humeral and ilial
morphology, identifying five humeral and five ilial morphotypes. Humeral morphotypes suggest the
presence of different lineages of Brachycephaloidea in Peruvian fossil assemblages, whereas ilial
morphotypes suggest the presence of Leptodactylidae, although leptodactylid-like ilia also occur in
some extant brachycephaloids. Pipids were also identified based on both humeral and ilial
fragments. This study fills a major temporal and geographical gap in the evolutionary history of
South American anurans, further revealing a lack of knowledge in the skeletal morphology of extant
anuran families, as well as their inter- and intra- specific variability.
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THE NEOTROPICS harbour an exceptional diversity of frogs compared to any other regions on the
planet and particularly so in Amazonia (Jenkins et al. 2013; Vacher et al. 2020). Around 600
described species have been reported in this region, but molecular data suggest it represents a vast
underestimation since the actual species richness might in fact be four or five times higher (Vacher
et al. 2020). The Neotropical anuran fauna is composed of three main lineages (Hyloidea,
Microhylidae, and Pipidae). Hyloidea account for 54% of extant neobatrachians and 81% of
Neotropical species, whereas about one-fifth of Neotropical anurans belong to Microhylidae (Frost
2022a). Among hyloids, species of or close to Brachycephaloidea are expected to appear early as
fossils in Amazonia as this diverse clade (>1,200 extant species; Frost 2022) probably originated and
diversified from the early Palacogene onward (Feng et al. 2017; Hime et al. 2021), although their
fossil record 1is restricted to the Caribbean (e.g. Blackburn ef al. 2020). Pipidae, an
‘archeobatrachian’ family of frogs known from Africa and South America, has a biogeographical
history that was heavily influenced by the breakup of the Gondwana (Béez & Pugener 2003; Gémez
2016; Feng et al. 2017). In the Neotropics, pipids are currently represented by a single genus (Pipa)
and seven nominal species (Fouquet et al. 2022a), but were much more diverse in the past as
evidenced by a relatively rich fossil record that dates back to the Cretaceous (Baez et al. 2021;
Barcelos & dos Santos 2022; Suazo Lara & Gomez 2022). The fossil record of Pipa, however, is
still very limited and restricted to a few bones from the upper Miocene Solimdes Formation of Brazil
(Muniz et al. 2022) and upper Miocene Urumaco and upper Pliocene San Gregorio formations of
Venezuela (Delfino & Sanchez-Villagra 2018; Carrillo-Bricefio et al. 2021). Ranidae are also
present in the Neotropics but dispersed into the region much later, around 8 Mya (million years ago)
from Central America (Bossuyt et al. 2006; Wiens et al. 2009). Hyloidea and Microhylidae
originated in the early Cretaceous and experienced a rapid diversification in the South American
continent just after the K-Pg (Cretaceous-Palacogene) mass extinction (Feng et al. 2017; Hime et al.
2021). The rapid diversification of frogs at the K-Pg suggests that this extinction may have triggered
an explosive radiation among frogs due to an increase of available ecological opportunities
(Roelants et al. 2007; Feng et al. 2017).

Even though the Neotropics possess one of the world's richest frog communities, the anuran fossil
record is very scarce (Barcelos & dos Santos 2022), and restricted to few lineages coming from
several sites mainly scattered across Patagonia and extra-Amazonian regions (e.g. Baez et al. 2009;
Turazzini et al. 2016; Pérez-Ben et al. 2019; Gomez & Turazzini 2021; Suazo Lara & Gomez 2022;
Turazzini & Goémez 2023a). Except for the recent description of fossils of two anuran species in
fluvio-lacustrine settings of the Solimdes Formation (Late Miocene of Acre, Brazilian Amazonia;
Muniz et al. 2022), anurans are absent from the fossil record of Amazonia. This could result partly
from the acidic soil conditions and the ephemeral nature of fossiliferous deposits due to frequent
seasonal flooding (Antoine et al. 2016), as well as from the fragility of frog bones. The accessibility
of those sites is furthermore hindered by the dense vegetation cover (Antoine et al. 2016). Due to the
elusive fossil record of frogs in this region, their past diversity and their responses to Cenozoic
climatic events remain largely unknown. Fossil anurans from Amazonia would be invaluable to
better understand the evolutionary history of South American anurans, notably to improve
divergence-time estimates of molecular phylogenies (Goémez 2016; Hime et al. 2021).

During the last decades, dozens of field campaigns have been undertaken in Peruvian Amazonia,
leading to the discovery of around 120 anuran specimens in four sites spanning the late middle
Eocene—Middle Miocene time interval (Antoine et al. 2016, 2021). These specimens are among the
first fossil anurans ever discovered in Western Amazonia and as such, they are of high interest. They



consist of a majority of fragmentary postcranial remains and a few skull fragments. The objectives
of this study were to identify and describe those specimens to better sketch the diversity and
evolution of anurans of Western Amazonia during the mid-Cenozoic, and discuss their phylogenetic,
palaeobiogeographical, and palacoecological implications. CT-scan reconstructions of various South
American extant taxa were used to allow meaningful comparisons of the specimens with extant
species. Here we provide the description of the first Palacogene and early Neogene fossil anurans
from Peruvian Amazonia and report on a detailed morphological description of the humerus and ilia
of relevant extant South American families. In addition, we discuss different sources of variability
across both fossil and extant anuran species and their implication on the understanding of the
evolutionary history of anurans in the Neotropics.

PALAEONTOLOGICAL AND GEOLOGICAL SETTINGS

The anuran fossils that were analysed come from twelve localities scattered across four scattered
areas of Peruvian Amazonia (Contamana and Atalaya, Ucayali Basin; Tarapoto and Balsayacu,
Huallaga Basin) mostly Palacogene in age, with the exception of an Early Miocene locality and a
late Middle Miocene one (Table 1, Fig. 1). These localities lie within the North Amazonian foreland
basin, which originated from the Andean orogenesis (Hermoza ef al. 2005; Roddaz et al. 2010;
Antoine et al. 2016). Due to the tectonic movements associated with the Andean uplift, continuous
sedimentary records from the Jurassic to the Holocene became exposed in a thick stratigraphic unit.
In the last decades, the corresponding deposits have been intensely surveyed by a multidisciplinary
team of researchers to improve the scant Cenozoic fossil record (e.g. Antoine et al. 2012, 2016,
2021; Boivin et al. 2017a, b, 2018, 2021, 2022; Marivaux et al. 2016, 2020).

Located in the Loreto Department, Peruvian Amazonia, the city of Contamana is bordered by the
Fitzcarrald Arch in the NW and by the Ucayali River in the SW (Antoine et al. 2016) (Fig. 1A, B).
Of the 34 fossil-bearing localities discovered in the area of Contamana along the Cachiyacu stream
(a small affluent of the Ucayali River also referred as Quebrada Cachiyacu), only eight yielded
anuran fossil remains (Fig. 1B). Five of those localities are assigned to the lower member of the
Pozo Formation (“Pozo sands”), constituted by sediments from the late middle—late Eocene (CTA-
27, CTA-29, CTA-47, CTA-51, and CTA-66; Antoine et al. 2016). For all these localities, the
sediments suggest a freshwater environment consisting of low-energy small streams of fluvial origin
even though dinoflagellate cysts in CTA-47 might support a marine influence (Antoine et al. 2016;
Klaus et al. 2017). Anuran fossils were also discovered in two late Oligocene localities (CTA-32 and
CTA-61), located at the base of the Chambira Formation, which overlays the variegated palacosols
and silts of the Lower Pozo Formation. CTA-61 at the base of the formation is characterised by
conglomerates and sandbars suggesting a fluvial origin. In contrast, the grey-blue clays topping the
conglomeratic channel of CTA-32 rather point to the steady waters of an oxbow lake (Antoine et al.
2016; Boivin et al. 2017b). Finally, CTA-63 is the only Miocene locality with anuran fossil
specimens so far in the Contamana area. Located at the base of the Pebas Formation, this site is
constituted by a Sm-thick sequence with blue silts showing herringbone cross-bedding, covered by
laminated blue clays with millimetric leaf litters, and topped by a 2m-thick blue clay with pyrite
nodules, ligneous wood, and litter. These deposits, assigned to the early Miocene, suggest a
lacustrine environment with potential marine influence (Antoine ef al. 2016).



Upstream in the Ucayali Basin, the TMB-01 locality, situated near Atalaya on Rio Tambo, has
yielded a single anuran specimen (Fig. 1A). Based on rodent and marsupial remains, a latest Eocene
to earliest Oligocene age is provisionally proposed for this new locality, assigned to the upper
member of the Pozo Formation. This outcrop is characterised by channelized reddish-bluish clays
with pluri-millimetric limestone nodules, which correspond to fluvio-lacustrine settings.

Further north, in the Huallaga Basin, the San Martin Department hosts fossil localities south-east
of the town of Tarapoto (TAR), and near the confluence of the Rio Mayo and the Rio Huallaga
(Antoine et al. 2021) (Fig. 1A, C). Those localities span a late Eocene—Miocene interval with
Miocene fluvial deposits restricted to the Juan Guerra area, notably along the Rio Mayo (Marivaux et
al. 2020; Boivin ef al. 2021; Stutz et al. 2022). Those Miocene deposits have been associated with
the lower member of the Ipururo Formation (Hermoza ef al. 2005). In contrast, the Palacogene
section overhangs the confluence and provides a stratigraphical framework for the upper part of the
Pozo Formation, which consists of shallow marine/littoral deposits, most probably spanning the late
Eocene—late Oligocene interval (Roddaz et al. 2010; Antoine et al. 2016, 2021; Boivin et al. 2018).
Among the dozen fossil-bearing localities discovered in that area, only three have yielded anuran
remains. The early Oligocene TAR-01 locality consists of carbonate nodule-rich blue clays, whereas
TAR-31 is a 10 to 15 cm-thick lens of microconglomerate dating from the late middle Miocene
(Marivaux et al. 2020; Antoine et al. 2021; Boivin et al. 2021; Stutz et al. 2022) (Fig. 1C). Located
in the vicinity of the village of Balsayacu (San Martin Department), along the Rio Huallaga, the
locality TAR-55 (Fig. 1A) has been assigned to the lower member of the Pozo Formation (late
middle to late Eocene) (Assemat et al. 2019; Boivin et al. 2022). It is composed of poorly-
consolidated microconglomerates including limestone nodules, soft pebbles and oxidised plant
remains of fluvial to fluvio-deltaic origin.

MATERIAL AND METHODS

The sediments collected in the different localities were dried then screen-washed in river water using
two sieves of different mesh sizes (2mm and Imm, respectively). Medium-sized fossils (> 2mm)
were collected by naked eye in situ while smaller fossils (between 1 and 2 mm) were sorted from the
fine residues under stereomicroscopes during the field seasons (field laboratory) and the post-field
seasons.

The fossil material consists of 122 specimens of millimetric dimensions with mostly fragmentary
postcranial elements and a few cranial fragments. All the fossil specimens are permanently housed at
the Vertebrate Palacontology Department of the Museo de Historia Natural of the Universidad
Nacional Mayor San Marcos (MUSM) in Lima, Peru. Those specimens have different preservation
states and some display marks of acidic weathering. This material was scanned to obtain three-
dimensional digital models of the fossils hence simplifying the manipulation and identification
processes. Before the scan, the samples were separated by locality and placed in medicine pills filled
with cotton wool. X-ray microtomography (uCT) was performed using a pCT-scanning station
EasyTom 150/Rx Solutions with a resolution of 5 um in the technical facilities of the Montpellier
RIO Imaging (MRI) platform (ISEM, Université de Montpellier). The software Avizo 2019.1 was
then used to isolate the different specimens in each pill. Each specimen was manually delimited and
placed in independent label fields and the surface rendering module of Avizo was used to



reconstruct the surface with a smoothing value of 3. The software Morphodig v.1.6.7 (Lebrun 2018)
was finally used to manipulate virtual objects.

Of the 122 specimens collected, humeral fragments were the most abundant with 42 distal ends
identified, followed by radio-ulnae (25), ilia (16), and tibio-fibulae (16). A single ischium and a few
pectoral (1 scapula, 5 coracoids), cranial (5), angulosplenial (1), and vertebral (4) fragments were
also identified in the sample, but most of these are too fragmentary or poorly preserved and, at
present, do not result informative of systematic affinities within Anura. Finally, the identification of
six fossil specimens remained uncertain. Most of the fossil remains of frogs discovered are from the
earliest interval (Eocene), especially from the locality CTA-27, which has yielded a wide
morphological diversity within each skeletal unit (Fig. 2). In this work, we only focus on humeri and
ilia as they are one of the most diagnostic bones, showing distinctive variation among the different
anuran lineages (Rocek et al. 2013; Gémez & Turazzini 2016; Blackburn et al. 2019, 2020; Keeffe
& Blackburn 2020; Suazo Lara & Gomez 2022).

The comparative material comes from a combination of different sources. Available anatomical
data and skeletons of a broad sample of South American anurans were first consulted to identify the
skeletal bone and a hypothetical taxonomic identification for each specimen. At least one species of
each modern family of frogs living in South America was then sampled (Table S1), except for
Ranidae, which supposedly arrived later in South America (Bossuyt et al. 2006; Wiens et al. 2009).
Ninety-nine species and 75 genera from 25 out of the 26 South American families were selected
with an emphasis on brachycephaloid families. Ultimately, several genera and multiple species per
genera were sampled for the most likely families with respect to the biogeography of current species
and their evolutionary history as based on phylogenomic studies (Feng ef al. 2017; Vasconcelos et
al. 2019; Hime et al. 2021).

To build this database, CT-scans of modern species skeletons were downloaded from the
platform Morphosource (https://www.morphosource.org/) with the prior approval of researchers and
institutions in charge of those online collections (AMNH, CAS, CM, FMNH, KU, LCAM, MCZ,
MVZ, RBINS- Scientific Heritage, UF, USNM, and YPM; see abbreviations below). For 31 species,
selected based on the overall resemblance with the fossil material, the bone units of interest (humeri

and ilia) were isolated with the software Avizo to allow an appropriate comparison for the articular
surfaces of those bones.

Osteological terminology mainly follows that of Baez et al. (2012) and Gomez & Turazzini
(2016, 2021) for ilial morphology, and those of Blackburn ef al. (2019, 2020), Keeffe & Blackburn
(2020) and Suazo Lara & Gomez (2022) for humeral morphology. Taxonomic arrangement mainly
follows that of Feng et al. (2017), Hime et al. (2021), Motta et al. (2021), and Frost (2022). The
terminology of Heinicke et al. (2018) is used in this paper for the phylogeny of Brachycephaloidea,
separating the families Craugastoridae (Craugastorinae) and Strabomantidae (Hypodactylinae,
Strabomantinae, Holoadeninae, and Pristimantinae). This suprageneric classification has also been
used by Feng et al. (2017) and Motta et al. (2021). Due to the fragmentary nature of fossils and the
uncertainty involved in the systematic assignments, we opt for the use of open taxonomic
nomenclature following the recommendations of Bengston (1988).

In order to assess the comparative analysis, we built a character/taxon table with distinct character
states as observed in the considered taxonomical sample (see Table S2). These descriptive features
are designated hereunder between brackets, as follows (character number: character state).



Institutional abbreviations. AMNH, American Museum of Natural History, New York, NY, USA;
CAS, California Academy of Sciences, San Francisco, CA, USA; CM, Carnegie Museum of Natural
History, Pittsburgh, PA, USA; FMNH, Field Museum of Natural History (Zoology), Chicago, IL,
USA; ISEM, Institut des Sciences de I’Evolution de Montpellier, Montpellier, France; KU,
University of Kansas Biodiversity Institute, Lawrence, KS, USA; LCAM, Natural History Museums
of Los Angeles County, Los Angeles, CA, USA; MCZ, Museum of Comparative Zoology, Harvard
University, Cambridge, MA, USA; MUSM, Museo de Historia Natural of the Universidad Nacional
Mayor San Marcos (Vertebrate Palacontology Department), Lima, Peru; MVZ, Museum of
Vertebrate Zoology, Berkeley Natural History Museums, Berkeley, CA, USA; RBINS, Scientific
Heritage, Royal Belgian Institute of Natural Sciences, Scientific Survey of Heritage (SSH), Brussels,
Belgium; UF, University of Florida, Florida Museum of Natural History, Gainesville, FL, USA;
USNM, National Museum of Natural History, Smithsonian Institution, Washington, DC, USA;
YPM, Yale Peabody Museum, Yale University, New Haven, CT, USA.

SYSTEMATIC PALAEONTOLOGY

Anuran fossil assemblages

We based the identification of different humeral and ilial morphotypes in the samples on distinctive
morphological characteristics (Figs 3, 4). Morphotypes were used to account for the variability of
the fossil remains without erecting potentially redundant biological taxa solely based on isolated
bones, difficult to associate with each other (Rocek et al. 2013). The variability between and within
each morphotype was a major challenge in this study. Even if the specimens within each
morphotype resemble each other overall, there is a lot of within- and between-group variation. The
grouping in morphotypes remains therefore ambiguous since in this case, it is virtually impossible to
distinguish among variability resulting from intra-specific variation processes such as individual
ossification variation (Fabrezi & Goldberg 2009; Fabrezi et al. 2017; Ponssa et al. 2011;
Barrionuevo 2020, Turazzini & Gémez 2023b), ontogenetic differences (Fabrezi & Goldberg 2009;
Fabrezi et al. 2017; Goémez et al. 2017; Barrionuevo 2020), or sexual dimorphism (Lynch 1971;
Duellman & Savitzky 1976; Ponssa & Medina 2016). This variability can also result from inter-
specific or generic variation in plurispecific assemblages, due for instance to differential
environmental adaptations (Heyer 1969a, 1969b; Emerson 1978; Jorgensen & Reilly 2013; Citadini
et al. 2018; Keeffe & Blackburn 2020; Turazzini & Goémez 2023b), thereby suggesting that those
morphotypes might represent different species or genera. The preservation status and the lack of
knowledge on the inter- and intra- specific variation in extant species prevent us to choose between
those possibly non-exclusive different hypotheses. The other humeral and ilial fossil remains that
were not included in the different described morphotypes are not considered to correspond to those
morphotypes because 1) of their poor preservation status, hindering a relevant identification or ii) of
their peculiar shape which might result from post-burial processes.



Distal humeral morphotypes

Among the 42 distal humeral fragments, four morphotypes were differentiated (Fig. 3). Those
morphotypes were compared to extant South American frog families (Tables S1, S2; Fig. S1).
Strongly-divergent humerus morphologies (large lateral and dorsal crests, projected epicondyles,
small humeral balls) allowed certain families to be immediately discarded from the candidates (e.g.
Bufonidae, Allophrynidae, Phyllomedusidae, or Hylidae). We emphasised the comparison on
Ceuthomantidae, Eleutherodactylidae, Brachycephalidae, Craugastoridae, and Strabomantidae, as
the fossil morphotypes from Peru possessed a combination of characters found in several of these
brachycephaloid families.

AMPHIBIA Linnaeus, 1758
ANURA Fisher, 1813
NEOBATRACHIA Reig, 1958
BRACHYCEPHALOIDEA Giinther, 1858
Family and Genus indet.

MORPHOTYPE 1

Material. Four fossil specimens were identified as documenting morphotype 1. Exemplar: MUSM
4746, MUSM 4747, and MUSM 4748 (Fig. 3); Other: MUSM 4749.

Localities. CTA-27 (Eocene).

Description. All the specimens regrouped within morphotype 1 correspond to distal humerus
portions almost restricted to the humeral ball and the two epicondyles. Only MUSM 4748 shows the
beginning of the diaphysis, which is ventrally bowed and has a deep ventral fossa (22:1). The
humeral ball is rounded with an oblique fold slightly sigmoid on the lateral side in ventral view (4:0,
5:1). In lateral view, the humeral ball bears an inverted V-shaped depression below the enlarged
distal end of the deep lateral epicondyle groove (17:1). The lateral epicondyle (=ectepicondyle =
radial epicondyle) does not reach the distal margins of the humeral ball, and is pressed against the
humeral ball (9:1, 10:0). In lateral, view the ectepicondyle forms a ridge (18:1). The medial
epicondyle (=entepicondyle = ulnar epicondyle) is well developed, slightly projecting medially and
extends until the distal margin of the humeral ball or slightly beyond (11:2, 12:1). In medial view,
the distal extremity of the ulnar epicondylar crest epicondyle is convex and bears an oval depression
(14:0, 15:1). Only visible on MUSM 4748, the medial epicondyle joins the diaphysis in a continuous
manner (13:1), and both medial and lateral epicondylar crests are absent (20:0, 21:0).

Comparisons. Among the species compared, the round humeral ball with an oblique fold on the
lateral side (4:0, 5:1), characteristic of morphotypes 1, is found in eleutherodactylids (but not in
Diasporus, Eleutherodactylus cuneatus, and E. karlschmidti), brachycephalids (Brachycephalus),
and strabomantids (Oreobates and Noblella) among brachycephaloids, and in leptodactylids
(Pleurodema and Edalorhina) (Table S2; Fig. S1). The shape and orientation of this fold are,
however, more similar to what is observed in species of Phyzelaphryne, Adelophryne,



Eleutherodactylus, and Pleurodema. Like morphotype 1, several species within Eleutherodactylidae
have a medial epicondyle at the level or surpassing the distal margin of the round humeral ball, and
slightly projected medially (11:2, 12:1). These characters are also present in Craugastor,
Edalorhina, and some pipids. The inverted V-shaped depression (6:1) in lateral view is only shared
by eleutherodactylids and Pristimantis vinhai (Strabomantidae), but its presence is unclear in
Phyzelaphryne. A convex medial epicondyle (14:0) with an oval depression (15:1) is present in
eleutherodactylids, but it has also been identified in Craugastor, Oreobates, and Leptodactylus. For
E. atkinsi, the angular transition between the medial epicondyle and the diaphysis in medial view, as
well as the length of the medial epicondyle, differ from morphotypes 1. A deep ventral fossa (22:1)
and a deep lateral epicondylar groove with an enlarged end (17:1) are recovered in
eleutherodactylids (except Diasporus, E. cuneatus, and E. karlschmidti), Brachycephalus,
Oreobates, and Edalorhina. The specimen LACM 162445 (late early Oligocene, Puerto Rico)
referred to as Eleutherodactylus sp. by Blackburn et al. (2020) is highly similar to morphotype 1,
showing a long medial epicondyle and a round humeral ball with a sigmoid oblique fold.

MORPHOTYPE 2

Material. Morphotype 2 gathers six fossil specimens. Exemplar: MUSM 4755, MUSM 4756, and
MUSM 4757 (Fig. 3); Others: MUSM 4752, MUSM 4753, and MUSM 4754.

Localities. CTA-27 and CTA-29 (Eocene), and CTA-61 (Oligocene).

Description. Morphotype 2 strongly resembles morphotype 1. Only MUSM 4757 shows parts of the
diaphysis. Like morphotype 1, the diaphysis of morphotype 2 is ventrally oriented, bears a deep
ventral fossa (22:1), and displays a smooth junction with the medial epicondyle. The overall shape
of the humeral ball and the epicondyles are similar but a straight oblique fold in ventral view and a
straight vertical lateral epicondyle (5:1, 19:2) differentiate morphotype 2 from 1.

Comparisons. As for morphotype 1, the round humeral ball with an oblique fold on the lateral side
(4:0, 5:1) is found among the species compared in eleutherodactylids (but not in Diasporus, E.
cuneatus, and E. karlschmidti), brachycephalids (Brachycephalus), and strabomantids (Oreobates
and Noblella) among brachycephaloids, and in leptodactylids (Pleurodema and Edalorhina) (Table
S2; Fig. S2). The shape and orientation of this fold are, however, more similar to what occurs in
species of Phyzelaphryne, Adelophryne, Eleutherodactylus, and Pleurodema. Like morphotype 1
and 2, several species within Eleutherodactylidae have a medial epicondyle at the level or surpassing
the distal margin of the round humeral ball, and slightly projected medially (11:2, 12:1). These
characters are also present in Craugastor, Edalorhina, and some pipids. The inverted V-shaped
depression (6:1) in lateral view is only shared with eleutherodactylids and Pristimantis vinhai
(Strabomantidae), but its presence is unclear in Phyzelaphryne. A convex medial epicondyle (14:0)
with an oval depression (15:1) is present in eleutherodactylids, but it has also been identified in
Craugastor, Oreobates, and in Leptodactylus. For Eleutherodactylus atkinsi, the angular transition
between the medial epicondyle and the diaphysis in medial view, as well as the length of the medial
epicondyle, differ from morphotypes 1 and 2. A deep ventral fossa (22:1) and a deep lateral
epicondylar groove with an enlarged end (17:1) are recovered in eleutherodactylids (except
Diasporus, Eleutherodactylus cuneatus, and E. karlschmidti), Brachycephalus, Oreobates, and
Edalorhina.



MORPHOTYPE 3

Material. Morphotype 3 is the most abundant morphotype among the samples as it corresponds to 17
humerus fragments. Exemplar: MUSM 4763, MUSM 4765, MUSM 4759, MUSM 4761, and
MUSM 4766 (Fig. 3); Others: MUSM 4758, MUSM 4760, MUSM 4762, MUSM 4764, MUSM
4767, and MUSM 4768, MUSM 4769, MUSM 4770, MUSM 4771, MUSM 4772, MUSM 4773,
and MUSM 4774.

Remark: 1llustrated specimens (exemplar) have been used for both the description and comparison
of morphotype 3. The other specimens were placed in that morphotype based on their resemblance
with illustrated specimens, but a more precise analysis of their morphology would be required to
verify their assignment to morphotype 3.

Localities. CTA-51, CTA-27, and CTA-66 (Eocene), CTA-61 and CTA-32 (Oligocene); CTA-63
and TAR-31 (Miocene).

Description. In morphotype 3, the distal portion of the diaphysis is relatively well preserved in
several specimens. The diaphysis is bowed ventrally and separated from the humeral ball by a deep
ventral fossa (22:1). The humeral ball is flattened on the lateral side, which gives an angular aspect
of the humeral ball in ventral view (4:1). Medially, the humeral ball is rounded and downward
oriented (7:0, 8:1). Both the medial and lateral epicondyles are poorly developed and restricted to
about one-half of the humeral ball (9:0, 11:0). They are also poorly projected externally, generally
closely appressed to the humeral ball, in the continuity of the diaphysis (10:0, 12:0). In medial view,
the distal extremity of the medial epicondyle is concave (14:2), and a dorso-ventral constriction
appears at the junction between the epicondyle and the diaphysis. In lateral view, the lateral
epicondyle forms a thin ridge (18:1). The lateral epicondyle groove is deep with a V-shaped
extremity and marked ridges in ventral view (17:2). There is no medial epicondylar crest, but a faint,
thin lateral epicondylar crest is distinct (20:0, 21:1).

Comparisons. The peculiar humeral ball, ventrally angular (4:1) of morphotype 3 is only found,
among the sampled taxa, in brachycephaloids such as ceuthomantids (Ceuthomantis),
eleutherodactylids (Eleutherodactylus karlschmidti, and E. cuneatus), craugastorids (Craugastor),
and strabomantids (Barycholos). The round downward-oriented humeral ball of morphotype 3 in
medial view (7:0, 8:1) is uniquely recovered in Barycholos and Tachiramantis (Craugastoridae), as
well as in pipids. Ceuthomantis, E. cuneatus, E. karlschmidti, Barycholos, Niceforonia, and
Strabomantis haveshort medial and lateral epicondyles (9:0, 11:0) that are also not mediolaterally
projecting in Ceuthomantis and Niceforonia (10:0, 12:0). A deep ventral fossa (22:1) and a deep
lateral epicondylar groove with a V-shaped extremity and marked ridges (17:2) are recovered in
ceuthomantids, eleutherodactylids (E. cuneatus and E. karlschmidti), craugastrodids (Haddadus),
and in strabomantids (Barycholos, Strabomantis, and Niceforonia). Finally, the concave distal
extremity of the medial epicondyle (14:2) present in morphotypes 3 is found in these species and in
pipids (P. pipa and P. snethlageae).
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MORPHOTYPE 4

Material. Morphotype 4 is documented by only one fossil specimen (MUSM 4775), which exhibits a
well-preserved ventrally bowed diaphysis (Fig. 3).

Locality. CTA-27 (Eocene).

Description. The ventral fossa is particularly deep (22:1) and the humeral ball is angular (4:1), but it
seems dorsoventrally crushed on the lateral side. In medial view, the humeral ball is oval and
upward oriented (7:1, 8:2). The medial epicondyle is relatively short and poorly projected with a
concave extremity (11:0, 12:0, 14:2). The lateral epicondyle is short (less than half of the humeral
ball) and pressed on the humeral ball with a thin ridge on the lateral view (9:0, 10:0, 18:1). The
lateral epicondylar groove is deep, with a V-shaped extremity (17:2). There is no medial epicondylar
crest, whereas a faint, thin lateral epicondylar crest is distinct (20:0, 21:1).

Comparisons. The peculiar humeral ball, ventrally angular (4:1) of morphotype 4 is only found,
among the sampled taxa, in brachycephaloids such as ceuthomantids (Ceuthomantis),
eleutherodactylids (Eleutherodactylus karlschmidti, and E. cuneatus), craugastorids (Craugastor)
and strabomantids (Barycholos). The oval upward-oriented humeral ball of morphotype 4 (7:1, 8:2)
is shared by Niceforonia, Haddadus, Ceuthomantis, Strabomantis, E. karlschmidti, and E. cuneatus.
Like morphotype 3 and 4, Ceuthomantis, E. cuneatus, E. karlschmidti, Barycholos, Niceforonia and
Strabomantis have short medial and lateral epicondyles (9:0, 11:0), which are also not laterally
projecting in Ceuthomantis and Niceforonia (10:0, 12:0). A deep ventral fossa (22:1) and a deep
lateral epicondylar groove with a V-shaped extremity and marked ridges (17:2) are recovered in
ceuthomantids, eleutherodactylids (E. cuneatus and E. karlschmidti), craugastrodids (Haddadus),
and strabomantids (Barycholos, Strabomantis, and Niceforonia). Finally, the concave distal
extremity of the medial epicondyle (14:2) present in both morphotypes 3 and 4, is also found in
these brachycephaloid species and in pipids (P. pipa and P. snethlageae). However, when looking
closer at the CTscan of Barycholos pulcher (uf:herp:68063), bone fragments in the surroundings of
the humeral ball and epicondyles were noticed (Fig. 4), thereby suggesting that these elements were
incompletely ossified. The angular shape of morphotypes 3 and 4 could therefore result from a
difference in ossification or preservation of the humeral ball and epicondyles as these were found
complete on another specimen of B. pulcher (uf:herp:68066). In this second specimen, the medial
epicondyle is convex, possesses an oval depression, and reaches the distal margin of the humeral
ball, whereas the lateral epicondyle is longer, pressed against the humeral ball, and lacks a V-shaped
lateral epicondylar groove. Such characteristics resemble that of morphotype 1 & 2, other
brachycephaloids, and also some leptodactylids.
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XENOANURA Starrett, 1973
PIPIDAE Gray, 1825
cf. Pipa sp.

MORPHOTYPE 5

Material. Morphotype 5 is uniquely represented by MUSM 4776, which corresponds to a distal right
humerus lacking the diaphysis (Fig. 3).

Locality. TMB-01 (Eocene-early Oligocene).

Description. Morphotype 5 is characterised by a small humeral ball (3:0), nested in a shallow ventral
fossa (22:0). This humeral ball is rounded and downward oriented medially (4:0, 7:0, 8:1). The
medial and lateral epicondyles are nearly symmetrically developed and both pressed against the
humeral ball (10:0, 12:0) and moderately large as they do not surpass the distal margin of the
humeral ball (9:1, 11:1), the lateral epicondyle being slightly longer than the medial epicondyle. The
distal extremity of the medial epicondyle is convex and lacks an oval depression (14:0, 15:0), and
the lateral epicondylar groove is shallow (17:0). Medial and lateral crests are absent in morphotype 5
(20:0, 21:0).

Comparisons. The combination of characters describing morphotype 5 is recovered in species of
Pipa (Table S2; Fig. S1x). However, morphotype 5 differs from Pipa aspera in being less medio-
laterally compressed and in having epicondyles of slightly different length, and also from
“macropipa” species (i.e., Pipa pipa and Pipa snethlageae) in having shorter and rounded
epicondyles lacking any points or crests (9:1, 11:1, 14:0). The small humeral ball and moderately
large epicondyles (3:0, 9:1, 11:1) are also found in other pipids such as the Upper Cretaceous
Kuruleufenia and the Palacogene Llankibatrachus from Patagonia (Baez & Pugener 2003; Gomez
2016; Suazo Lara & Goémez 2022). However, morphotype 5 lacks the medial epicondylar crest
(20:0) present in these extinct taxa. Also, morphotype 5 differs from Kuruleufenia in the medial
epicondyle morphology, being distally rounded instead of sharply pointed, whereas it differs from
Llankibatrachus in having epicondyles more symmetrically developed. Morphotype 5 is most
similar to Pipa parva and P. carvalhoi in general proportions and epicondylar morphology.

1lial morphotypes

The 17 ilium fragments recovered were also clustered into five morphotypes (Fig. 5). As for the
humeral fossil remains, the ilial morphotypes identified here were compared with extant anuran
species (Tables S1, S2; Fig. S2). Most dissimilar families were removed from candidates (e.g.,
Bufonidae, Allophrynidae, and Phyllomedusidae) based on the overall shape of the dorsal
prominence, the acetabular fossa, the dorsal crest, and the ventral acetabular expansion. We
emphasised the comparison on brachycephaloid families (Ceuthomantidae, Eleutherodactylidae,
Brachycephalidae, Craugastoridae, and Strabomantidae) and Leptodactylidae as those morphotypes
possessed a combination of characters found in multiple species of those families.
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ANURA Fischer, 1813
NEOBATRACHIA Reig, 1958
BRACHYCEPHALOIDEA? Giinther, 1858
Family and Genus indet.

MORPHOTYPE A

Material. Morphotype A is documented by three fossil specimens. MUSM 4790 is restricted to the
dorsal prominence, the anterior part of the acetabulum and the beginning of the ilial shaft, which is
more exposed in MUSM 4788 and even more in MUSM 4789. The latter also shows the dorsal
acetabular expansion and the dorso-posterior wall of the acetabulum.

Locality. CTA-27 (Eocene).

Description. This morphotype is characterised by a moderately high dorsal prominence with steep
concave anterior and posterior margins (26:1, 27:1). The apex of the dorsal prominence is
approximately at the same level as the anterior margin of the acetabular fossa (29:1). The low dorsal
prominence of MUSM 4789 (26:0) possesses irregular and flat margins suggesting a fracture.
Morphotype A is also defined by a large dorsal crest developed as a flange, a deep supra-acetabular
fossa preceding the dorsal prominence and a shallow dorsal crest depression between the anterior
margin of the dorsal prominence and the ilial shaft (35:2, 44:1, 38:1). Even though the ventral
acetabular expansion is poorly preserved, it appears to be ventromedially oriented and the most
anterior margin of the pre-acetabular zone suggests a deep pre-acetabular fossa (45:1). On the lateral
side, a proximal medial ridge ranges from the dorsal acetabular expansion to the beginning of the
ilial shaft (47:1). The acetabular fossa is poorly delimited by a shallow rounded rim (49:1). As
shown in MUSM 4790 and MUSM 4788, a quadrangular dorsal protuberance with a shallow
depression projects dorsolaterally (31:3). The dorsal protuberance of MUSM 4790 possesses marked
margins and a shallower depression. The dorsal acetabular expansion, only visible on MUSM 4789,
is oriented posterodorsally (43:0).

Comparisons. A dorsal prominence with steep anterior and posterior margins (27:1) is only found in
morphotypes A, Pleurodema and pipids. It is noteworthy that the steepness observed in morphotype
A may result from the poor preservation of the dorsal crest and dorsal prominence margins.
Moreover, as in morphotype A, a large dorsal crest (35:2) is present in leptodactylids (Leptodactylus
and Adenomera), in multiple genera among Brachycephaloidea (except Ceuthomantis, Diasporus,
Pristimantis, and Niceforonia), and in dendrobatids (Ameerega). However, only Strabomantis,
Brachycephalus, Haddadus, Barycholos, Leptodactylus and Ameerega possess a supra-acetabular
fossa associated with a dorsal crest depression (44:1, 38:1). The dorsolateral rectangular dorsal
protuberance (31:3) of morphotype A is found in Ceuthomantis, Eleutherodactylus (except
Eleutherodacylus atkinsi), Brachycephalus, Strabomantis, and Leptodactylus. The overall shape of
the dorsal prominence, the supra-acetabular fossa and the dorsal protuberance with marked margins
and a shallow depression of MUSM 4790, strongly resemble that of Leptodactylus latrans (Goémez
et al. 2013). The fossil species Leptodactylus sp. (South American Pampas, Pliocene) described by
Gomez et al. (2013) possesses the same features and is similar to the MUSM 4790 specimen.
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MORPHOTYPE B

Material. Morphotype B, represented by a single fossil specimen. Exemplar: MUSM 4792 (Fig. 5).
Locality. CTA-27 (Eocene).

Description. Morphotype B is very similar to morphotype A but it differs in the larger size and more
anterior position of the dorsal prominence and in the ventral acetabular expansion being oriented
more ventrally. The anterior margin of the dorsal prominence is also higher while the dorsal crest,
although dorsally broken, is more developed.

Comparisons. A dorsal prominence with steep anterior and posterior margins (27:1) is found in
morphotype B, which is similar to morphotype B, Pleurodema and pipids. Even though a dorsal
prominence of intermediate size is rather common in the studied taxa, only morphotype B,
Pleurodema and pipids possess a very high dorsal prominence (26:2). Moreover, as in morphotype
A and B, a large dorsal crest (35:2) is present in leptodactylids (Leptodactylus and Adenomera), in
multiple genera among Brachycephaloidea (except Ceuthomantis, Diasporus, Pristimantis, and
Niceforonia), and in dendrobatids (4Ameerega). However, only Strabomantis, Brachycephalus,
Haddadus, Barycholos, Leptodactylus and Ameerega possess a supra-acetabular fossa associated
with a dorsal crest depression (44:1, 38:1). The dorsolateral rectangular dorsal protuberance (31:3)
of morphotype A is found in Ceuthomantis, Eleutherodactylus karlschmidti, Eleutherodactylus
richmondi, Pleurodema, Strabomantis, Leptodactylus, and in pipids. The overall shape of the dorsal
prominence, the supra-acetabular fossa, the dorsal protuberance with marked margins and a shallow
depression of MUSM 4790, strongly resemble the conditions observed in Leptodacylus latrans
(Gémez et al. 2013). The fossil species Leptodactylus sp. (South American Pampa, Pliocene)
described by Gomez et al. (2013) possesses the same features and is similar to the MUSM 4790
specimen.

MORPHOTYPE C

Material. Morphotype C is documented by two specimens limited to the most anterior portion of the
acetabular fossa and the proximal section of the ilial shaft (MUSM 4793 and MUSM 4794; Fig. 5).
Both lack the dorsal prominence and the ventral acetabular expansion due to poor preservation
status.

Locality. CTA-27 (Eocene).

Description. A large dorsal crest forms a flange, but a dorsal crest depression is absent (35:2, 38:0).
MUSM 4793 possesses a deep pre-acetabular fossa (45:1), lacking in MUSM 4794, but it might be
due to poor preservation of the anterior margin of the acetabular rim. The proximal medial ridge is
slightly marked, possibly because the anterior section is not preserved (47:1).

Comparisons. The preservation status of morphotype C hinders a thorough comparison with extant
taxa, but like morphotype A and B, its ilial shaft is characterised by a large dorsal crest (35:2) and a
proximal medial ridge (47:1) also observed in leptodactylids (Leptodactylus and Adenomera),
dendrobatids (4dmeerega), pipids (Pipa pipa), and in multiple genera among Brachycephaloidea
(except Ceuthomantis, Tachiramantis, Pristimantis, Niceforonia, and Noblella).
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HYLIDAE? Rafinesque, 1815
Genus indet.

MORPHOTYPE D

Material. Morphotype D consists of a single fragment of ilium, truncated up to the most anterior
portion of the acetabular fossa and the proximal section of the ilial shaft (MUSM 4795) (Fig. 5).

Locality. CTA-27 (Eocene).

Description. The dorsal prominence is very low, slightly higher than the dorsal edge of the ilial
shaft, and bell-shaped with both anterior and posterior margins gently sloping (26:0, 27:0). In dorsal
view, the dorsal prominence is inclined laterally (28:2) and its apex is approximately at the same
level as the anterior margin of the acetabular fossa in lateral view (29:1). The relatively small and
globose dorsal protuberance projects dorsolaterally (31:2). Even though the anterior margin of the
ventral acetabular expansion is broken, the pre-acetabular zone is broad with a shallow pre-
acetabular fossa (46:3, 45:0). In medial view, the proximal medial view is absent, but a shallow
groove extends along the length of the fossil at the level of the junction between the dorsal
prominence and the ilial shaft (47:0).

Comparisons. Compared to morphotype C, the preservation status of morphotype D still allowed
relevant anatomical comparisons with extant taxa. The low and bell-shaped dorsal prominence (26:0,
27:0) of morphotype D is observed in Pristimantis duellmani and Tachiramantis among scored taxa,
but is also present in other anurans, including several hylids (Chantell 1964; Goémez & Turazzini
2016; Turazzini & Gomez 2023b), whereas the position of the dorsal prominence approximately at
the same level than the anterior margin of acetabular fossa and laterally inclined (28:2, 29:1) is
found in craugastorids (7achiramantis), strabomantids (Pristimantis duellmani), dendrobatids
(Ameerega), hylids (Osteocephalus), and leptodactylids (Pleurodema). Morphotype D 1is also
characterised by a wide pre-acetabular zone extending towards the iliac shaft (46:3), a presumably
derived feature typical of hylids (Chantell 1964; Gémez & Turazzini 2016; Turazzini & Gomez
2023b), but that has also been reported in some myobatrachids (Lynch 1971; Gémez & Turazzini
2016). A shallow pre-acetabular fossa (45:0) is as well observed in hylids, Brachycephalus,
dendrobatids, and pipids.

XENOANURA Starrett, 1973
PIPIDAE Gray, 1825
cf. Pipa sp.

MORPHOTYPE E

Material. Morphotype E gathers two ilium fragments (MUSM 4796 and MUSM 4797; Fig. 5).
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Localities. CTA-27, CTA-29 (Eocene).

Description. MUSM 4796 possesses a thin relatively high triangular dorsal prominence (26:1, 27:0).
Its apex is located clearly posterior to the anterior margin of the acetabular fossa in acetabular view
(29:0). The dorsal protuberance is inconspicuous on those specimens and so is the interilial scar
(30:0, 40:0). The two specimens also lack dorsal crests and proximal medial ridges (35:0, 47:0), but
a well-developed lateral oblique ridge is present laterally at the junction between the ilial shaft and
the pre-acetabular zone (39:1). The acetabular fossa extends towards the ilial shaft and merges with
the dorsal acetabular expansion (49:0). The pre-acetabular zone is narrow and hidden by the
acetabular fossa (46:0) while the proximal medial ridge is absent (47:0).

Comparisons. Morphotype E is characterised by a relatively high triangular dorsal prominence with
an apex posterior to the anterior margin of the acetabular fossa (26:1, 27:0, 29:0). This combination
of features has only been observed in pipids (Pipa and Kuruleufenia, a xenopodimorph pipid from
Upper Cretaceous deposits of Patagonia originally described by Goémez (2016)). Morphotype E
differs from Pipa parva and P. aspera in having a lateral oblique ridge (39:1), which is also present
in other species of Pipa and in Kuruleufenia (Gémez 2016; Suazo Lara & Goémez 2022).
Morphotype E also shares with most species of Pipa an elongated acetabular fossa that merges with
the dorsal acetabular expansion (49:0), an inconspicuous pre-acetabular zone in lateral view (46:0),
and the lack of the proximal medial ridge on the ilial shaft (47:0), which is apparently only present
in P. snethlageae among the species analysed.

DISCUSSION

Humeral fragments similar to species of Brachycephaloidea

Based on morphological comparisons with extant families of S