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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.

Key words: Anura, Amazonia, Brachycephaloidea, Eocene—Miocene, fossil, Pipidae



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.

11



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 South American anurans, distal
humeral fragments from Peru have affinities with brachycephaloid anurans, a hyperdiverse clade
(>1,200 nominal species) of direct-developing frogs (Frost 2022). Despite their incredible diversity
and recent phylogenomic analyses, the relationships between extant families and subfamilies of
Brachycephaloidea are still uncertain because of some conflicts between phylogenies (e.g.
Barrientos et al. 2021; Motta et al. 2021). The monophyly of Eleutherodactylidac and most
relationships among the genera, however, remain relatively stable across those studies.

Humeral morphotypes 1 and 2 strongly resemble those of representatives of Eleutherodacylidae
as they share multiple traits with Eleutherodactylus atkinsi, E. richmondi, Phyzelaphryne, and
Adelophryne. Among those, they possess a round humeral ball with an oblique fold on the lateral
side, formed by an inverted V-shaped depression and a large medial epicondyle reaching the distal
margin of the humeral ball or extending beyond. The convex shape and the oval depression of the
medial epicondyle in medial view also participates in the similarity between morphotype 1 and 2,
and extant eleutherodactylids. Each of these characters can be independently observed in many other
lineages such as leptodactylids (Edalorhina and Pleurodema), craugastorids (Craugastor) and
strabomantids (Oreobates and Noblella), but their combination 1is likely unique to
eleutherodactylids.
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Available time-calibrated phylogenies and the palacobiogeographical distribution of
eleutherodactylid subfamilies can also contribute to narrowing down the taxonomical identification
of morphotypes 1 and 2. The genus Eleutherodactylus, which contains more than 200 of the 237
nominal species of the family, is currently restricted to the Caribbean islands and to the Southern
part of North America, while Diasporus only occurs in Central America and Choc6 (Colombia)
(Heinicke et al. 2007; Fouquet ef al. 2012). In contrast, Phyzelaphryninae are found in Amazonia,
south of the Amazon River and Adelophryne occurs throughout the Guiana Shield and the Atlantic
Forest (Fouquet et al. 2012). The original split between Phyzelaphryninae and Eleutherodactylinae is
estimated between 44.2 and 32.8 Ma, and is associated with dispersal of the latter from South
America towards Middle America and the proto-Caribbean. The recent discovery of the first fossil
of Eleutherodactylus in Puerto Rico dating from the late early Oligocene (~29 Ma) further supports
the idea that the two lineages had already split at that time (Blackburn et al. 2019). Due to the
biogeographical isolation of Eleutherodacylus linked to a dispersal event, this genus is not a likely
candidate for the taxonomical assignment of morphotypes 1 and 2, even though they could
correspond to stem Eleutherodactylinae lineages instead. A more likely scenario is that they belong
to a stem phyzelaphrynine, considering their current continental distribution and their evolutionary
history. The basal split between Adelophryne and Phyzelaphryne is dated back to the late Eocene-
early Oligocene ~40-30 Ma; Fouquet et al. 2012). Considering the southern Amazonian distribution
of Phyzelaphryne, the fossils studied here might be related to this genus. However, Phyzelaphryne
most likely originated within the Brazilian Shield and only dispersed westward secondarily, after the
demise of the Pebas System ca. 10 Mya (Fouquet et al. 2012). Therefore, morphotypes 1 and 2
could correspond to stem Phyzelaphryninae, occurring before or just after the split between
Phyzelaphryne and Adelophryne. The age of the fossils and their relatively small size (distal humeral
width between the two epicondyles < 2 mm in ventral view), further supports their potential
identification as stem Phyzelaphryninae, which are typically quite small (SVL <2 cm). However, a
possible phylogenetic position as stem eleutherodactylids or as stem brachycephaloids cannot be
excluded, since the features shared between these morphotypes and phyzelaphrynines could be
plesiomorphic and this combination of humeral features could be present along the early branches of
the brachycephaloid tree. Both scenarios are in agreement with phylogenetic analyses suggesting
that the early diversification of brachycephloids took place in northern South America (e.g. Hedges
et al. 2008; Heinicke et al. 2009, 2018).

Humeral morphotypes 3 and 4 also possess characteristics similar to what occurs in
Craugastoridae (Craugastor escoces) and Strabomantidae (Strabomantis anomalus, Barycholos
pulcher, and Niceforonia araiodactyla), such as an angular humeral ball, short medial and lateral
epicondyles, a V-shaped extremity of the lateral epicondylar groove, and a concave medial
epicondyle. Some of these traits were also found in some eleutherodactylids (E. karlschmidti and E.
cuneatus), and in Ceuthomantis. However, two different specimens of Barycholos pulcher
(uf:herp:68063 and uf:herp:68066) revealed differential morphology of the humeral ball and
epicondyles (Fig. 4). The small and poorly projected epicondyles with concave and V-shaped
margins recovered in both morphotype 3 and 4 could result from a difference in ossification, coming
(for instance) from ontogenetic variation (older individuals having more skeletons; Fabrezi &
Goldberg 2009; Ponssa et al. 2011; Gémez et al. 2017; Turazzini & Gomez 2023b). Consequently,
uf:herp:68063 and uf:herp:68066 would correspond to juvenile and adult specimens, respectively.
Such morphological differences could also derive from differential preservation of the skeleton.
Pending further studies on ontogenetic variability and interspecific variation of humeral morphology
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within brachycephaloids, the taxonomic assignment of morphotypes 3 and 4 remains uncertain.

Regardless of possible differential ossification processes, morphotype 3 especially resembles that
of Barycholos pulcher based on its round downward-oriented humeral ball in medial view and the
lack of both medial and lateral epicondylar crests. Barycholos (Holoadeninae) only contains two
extant species (B. pulcher and B. ternetzi) restricted to the Pacific lowlands of Ecuador and Central
Brazil, respectively (Lynch 1980; Motta et al. 2021, Frost 2022). Monophyly between Barycholos,
the northern clade of the polyphyletic genus Noblella and the newly described genus Bahius has
been recovered by recent molecular phylogenetic analyses (De la Riva et al. 2017; Reyes-Puig et al.
2019; Motta et al. 2021). The northern clade of Noblella is composed of species living in the
northern Andes on the eastern and western Andean slopes of Colombia and Ecuador, but also in
Peruvian Amazonia. The widespread distribution of the clade regrouping Barycholos, Noblella and
Bahius suggests that distant biogeographical areas of South America were connected, and that the
ancestors of this clade had a broad biogeographical range, and thus underwent extensive extinctions
(Hedges et al. 2008; Reyes-Puig et al. 2019; Motta et al. 2021). Morphotype 3 collected in Western
Amazonia could therefore represent stem Holoadeninae or basal members of this subfamily, but, as
for morphotypes 1 and 2, a link with other brachycephaloid lineages cannot be excluded.

We found a similarity between the humeral morphotype 4 and the brachycephaloid genus
Ceuthomantis based on the presence of an angular humeral ball in ventral view, and an oval upward-
oriented humeral ball in medial view. These features are only shared by Ceuthomantis and some
eleutherodactylids (Eleutherodactylus karlschmidti and E. cuneatus). Like Ceuthomantis,
morphotype 4 also possesses short epicondyles that are not projecting mediolaterally. Those traits
are found independently in multiple brachycephaloid taxa. Ceuthomantis corresponds to the earliest
divergence of brachycephaloids (Heinicke et al. 2009, 2018; Feng et al. 2017; Motta et al. 2021).
The resemblance of morphotype 4 with an early-divergent brachycephaloid taxon currently
restricted to the Guiana Shield highlands (Barrio- Amoroés, 2010) and the multiple trait similarities
with multiple craugastorids and strabomantids suggests that morphotype 4 could represent a stem
brachycephaloid, or an early-diverging lineage within the crown group.

A leptodactylid affinity for ilial fragments or leptodactylid-like ilium in brachycephaloids?

[lial morphotypes A and B strongly resemble that of Leptodactylidae, especially Leptodactylus and
Adenomera, and some brachycephaloids based on the overall shape of their dorsal prominence, their
dorsolateral rectangular or tear-shaped dorsal protuberance, their well-developed dorsal crest, and
the presence of a supra-acetabular fossa and a dorsal crest depression. With more than 80 species,
the genus Leptodactylus thrives in South and Central America (Heyer 1969a). This genus is divided
in five major groups that display a relatively low interspecific osteological variability regardless of
their different ecological adaptations (Heyer 1969a, 1969b; Lynch 1971; Ponssa et al. 2011).
Despite the relative uniformity among Leptodactylus ilia, the peculiar rectangular dorsal
protuberance of morphotype A with marked margins and a shallow depression shows similarities
with the L. latrans group and with the oldest fossil of Leptodactylus dating from the Pliocene
(Gémez et al. 2013). The poor preservation of fossils within morphotype A and ambiguous
interrelationships among early-diverging Leptodactylus lineages prevent more precise comparisons
with other Leptodactylus groups (Goémez et al. 2013). According to phylogenomic studies, crown
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Leptodactylus probably appeared during the late Eocene (Feng et al. 2017; Hime et al. 2021). With
an Eocene age (CTA-27), Morphotypes A and B could therefore represent stem species of
Leptodactylus. However, other genera of Leptodactylinae, such as Adenomera as well as non-
included Leptodactylinae (Hydrolaetare and Lithodytes), could also represent potential candidates. It
is noteworthy that leptodactylid-like ilia have been observed in brachycephaloid anurans such as
Haddadus, Barycholos, Strabomantis, and Brachycephalus. Because of 1) the high level of trait
similarity between hyloid taxa, ii) the lack of synapomorphies between the families of this clade, and
1i1) the poor preservation of morphotypes A and B, they could either be placed within leptodactylids
or brachycephaloids. Given the seemingly abundance of brachycephaloids in most humeral
morphotypes and the absence of leptodactylids in those morphotypes, the second option
(brachycephaloids) may eventually be considered more likely.

Pipids in the mid-Cenozoic Peruvian anuran fossil assemblage

Humeral morphotype 5 and ilial morphotype E both suggest the presence of pipids in the Peruvian
anuran fossil assemblage of Eocene—Oligocene age, which is not surprising since pipids are known
to inhabit South America since the Late Cretaceous (Gomez 2016; Suazo Lara & Goémez, 2022) and
are currently present in Amazonia, represented by Pipa. Both the humeral and ilial fragments were
highly similar to what is known in Pipa, largely predating previous fossil records of the genus from
the Late Miocene of Brazil (Muniz et al. 2022) and upper Miocene—Pliocene deposits of Venezuela
(Delfino & Séanchez-Villagra 2018; Carrillo-Bricefio et al. 2021). The presence of Peruvian pipids at
the Eocene—Oligocene interval agrees with a previous molecular analysis that has recently revealed
that the diversification of the extant Pipa probably started during the Early Neogene (Fouquet et al.
2022a). Extant representatives of Pipa display two main phenotypes: “macropipa” i.e., large-sized
fully aquatic species associated with large aquatic habitats (P. pipa and P. snethlageae), and
“micropipa” i.e., small-sized species associated with smaller water bodies and having, yet being
mostly aquatic, more terrestrial habits than “macropipa” forms. Phylogenetic relationships suggest
that a “micropipa” phenotype represents the ancestral state and that “macropipa” evolved
secondarily during the Late Miocene (Fouquet ef al. 2022a), which agrees with the appearance of
“macropipa” forms in the fossil record (Delfino & Sanchez-Villagra 2018; Muniz et al. 2022).
Humeral morphotype 5 and ilial morphotype E morphologically and metrically match more
“micropipa”, although having minor distinctions with extant species, and they further largely predate
the hypothetical settlement of extant “macropipa”. Accordingly, specimens found in the Peruvian
fossil record could likely correspond to “micropipa”. An exhaustive morphological comparison of
those fossils with South American pipids from Palaeogene and Neogene sites is needed to provide a
better taxonomic identification, which could in turn help to calibrate molecular phylogenies of
pipids.

Peruvian anuran assemblages during the Eocene—Miocene

The majority of morphotypes comes from Contamana at the CTA-27 locality of late middle—late
Eocene age, which has yielded the complete set of anuran groups and most morphotypes (Fig. 2).
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Only morphotype 5 (pipid humerus) was not recovered at CTA-27, coming from the slightly
younger TMB-01 locality of Late Eocene—Early Oligocene age. Therefore, pipids are restricted to
the Eocene—Early Oligocene in our sample. Most brachycephaloid? morphotypes and the hylid?
ilium are also restricted to the CTA-27 locality, but morphotypes 2 and 3 of brachycephaloid?
affinities extend up to the Late Oligocene and Middle Miocene, respectively, co-occurring in CTA-
27 and CTA-61 (Fig. 2). The high Eocene diversity of anurans with at least six different
morphotypes recorded at Contamana, with only two of them being recorded in the same region after
the Eocene—Oligocene transition (EOT) could represent a true signal of extinction, although
taphonomic biases cannot be completely ruled out (Antoine et al. 2016). During the EOT, drastic
climatic and biotic changes occurred worldwide including in Western Amazonia (Antoine et al.
2021), mainly linked to the formation of the Antarctic circumpolar current (Toumoulin et al. 2020)
and a decrease in atmospheric CO2 (Westerhold et al. 2020). These rapid changes could be
responsible for many extinctions at a regional scale. Moreover, during the Oligocene—Miocene the
region has also transformed drastically due to the Andean uplift (Hoorn et al. 2010), which had a
huge effect in anuran evolution (e.g. De la Riva 2020; Fouquet et al. 2022b). Is is noteworthy that
the extensive time span of nearly 10 Ma and 25 Ma of morphotypes 2 and 3, respectively, indicate
that evolution of the represented lineages occurred with very little divergence of humeral
morphology (i.e. morphological stasis; Eldrege & Gould 1972), in agreement with the general trend
of conserved morphology in anurans (e.g. Handrigan & Wassersug 2007; Fouquet et al. 2021b).
However, even though the evolution of limb morphology is linked to frog’s main habitat or
locomotor behaviour (e.g. Jorgensen & Reilly 2013; Citadini et al. 2018; Pérez-Ben ef al. in press), a
multitude of microhabitats and capabilities exist within each main category. Morphological
differences can therefore be very subtle among closely related species, despite of having distinct
microhabitats and forming clades being distributed throughout the continent from lowlands to
highlands (e.g. Kok et al. 2020; Fouquet et al. 2021a, 2022¢). Therefore, what appears as a single
morphotype may in fact hide a diverse group of terrestrial frogs with distinct ecologies.

Putative habitats of Western Amazonian mid-Cenozoic anurans

Depositional environments of the concerned anuran-yielding localities are strictly aquatic (either
fluvial, lacustrine, or fluvio-deltaic settings). Nevertheless, they do not necessarily coincide strictly
with the habitats of these anurans, notably due to biasing accumulating agents, such as post-mortem
waterborne transport (Antoine et al. 2016) or predation (e.g., through bird pellets; for rodents, see
Boivin et al. 2017a, b, 2018; for marsupials, see Stutz et al. 2022). The recognition of digestion
marks on several anuran bone fragments (see above) substantiates this possible bias. Most fossils
found in association with the present specimens, however, have continental affinities (see Table 1),
either aquatic (e.g., fish and Nymphaceae plants; Antoine et al. 2016, 2021), semi-aquatic (e.g.,
decapods, gharials, and caimans; Marivaux et al. 2020), terrestrial/fossorial (e.g., ungulates and
some rodents; Boivin et al. 2019), or arboreal (e.g., other rodents, marsupials, and vines/epiphyte
plants; Antoine et al. 2021; Boivin et al. 2022; Stutz et al. 2022). As for vegetational cover,
available proxies attest to the presence of tropical rainforests in all Palacogene sections (Antoine et
al. 2016, 2021), with an increasing seasonal contrast in the Upper Pozo Formation at Shapaja (early
Oligocene; Antoine ef al. 2021). A certain environmental heterogeneity may be recorded, with both
a forest under warm and moist conditions and drier habitats around the TAR-31 locality by mid-
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Miocene times (Marivaux et al. 2020; Boivin et al. 2021; Stutz et al. 2022).

The presence of brachycephaloids is in line with the presence of a tropical forest. In fact, most
Amazonian-lowland brachycephaloids are currently associated with terra firme habitat and
“micropipa” (e.g., P. aspera, P. arrabali) to small water bodies generally within forests. Without
surprise and in combination with previous findings (Antoine et al. 2016, 2021; Marivaux et al.
2020), these fossils advocate for a mosaic of aquatic and terrestrial habitats around the depositional
areas.

CONCLUSION

The description of the first Palacogene anuran fossils from Amazonia led to the recognition of a
great morphological diversity within anuran fossil remains from Peruvian Amazonia in as much as
five humeral morphotypes and five ilial morphotypes were identified. It suggests that anurans were
already diverse in Western Amazonia during the mid-Cenozoic. The combination of features present
in both humeral and ilial fragments suggests the presence of hyloid and pipid families. Most distal
humeral fragments have traits more similar to those of species from the diverse superfamily
Brachycephaloidea, whereas most ilial fragments seem closer to what is known in leptodactylids.
Multiple convergences such as leptodactylid-like ilia within Brachycephaloidea and phylogenetic
uncertainties within Brachycephaloidea, however, obscure the taxonomic identification of those
fossil specimens. Moreover, two ilia and one humerus fragment are considered to belong to pipids,
but complementary analyses are required to refine their taxonomic assignment. Nevertheless, our
study provides the first morphological analysis of a unique and precious fossil material that fills a
major temporal and geographical gap in the evolutionary history of South American anurans. This
study also reveals that the skeletal morphology of extant anuran families, as well as their inter- and
intra- specific variability, remain poorly documented. Morphological comparative studies are
therefore needed to better understand this variability. A thorough phylogenetic analysis would also
contribute to a better overview of the synapomorphies of hyloid lineages, which could in turn help to
disentangle the conflicts within brachycephaloid families. Furthermore, this study justifies
palaeontological campaigns in secluded places such as Amazonia where new field trips are needed
to increase the coverage of the sampled fossil anuran diversity, and further our understanding of the
evolutionary history of Neotropical anurans throughout the Cenozoic.
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FIG. 1. Location map of the 12 anuran fossil-bearing localities in Peruvian Amazonia. A, map of Peru
showing the localities TMB-01 (Rio Tambo, Atalaya, Ucayali Basin, Ucayali Department) and TAR-55
(Balsayacu, Huallaga Basin, San Martin Department), and the areas of Contamana (B) and Tarapoto (C). B,
map of Contamana area with localities CTA-XX (Ucayali Basin, Loreto Department). C, map of Tarapoto
area with localities TAR-01 and TAR-31 (Huallaga Basin, San Martin Department). Maps modified from

Antoine et al. (2016), Marivaux et al. (2020) and Boivin et al. (2022).
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FIG. 2. Fossil anuran-yielding localities and morphotype distribution over time and space in Western
Amazonia. Localities originate from the sections of Contamana (CTA-XX), Balsayacu and Shapaja (TAR-
YY), and Rio Tambo (near Atalaya: TMB-01). Humeral morphotype occurrences are shown with full circles
(M1-5) and ilial morphotypes are denoted by black squares (MA—E), whereas triangles point to other remains
(not detailed here). Note that no correspondence is hypothesised between humeral and ilial morphotypes in
the same column. The previous anuran record (Late Miocene, Brazil; Muniz ef al. 2022) is indicated in grey.
This chart is modified after Halvorsen (2010) and the 2022 International Chronostratigraphic Chart (Cohen et
al. 2013; updated), Assemat et al. (2019), Antoine et al. (2021), and Boivin et al. (2021) for Peruvian
localities. Stratigraphical ages of most localities are tentative (see Antoine ef al. 2017, 2021; Stutz et al.
2022). Abbreviations: SALMA, South American Land Mammal Age.
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FIG. 3. Humeral morphotypes of Eocene—Miocene anurans from Peruvian Amazonia. From top to bottom:
ventral, medial and lateral views. MUSM 4748, MUSM 4755, MUSM 4757, MUSM 4765 and MUSM 4776
correspond to right humeral fragments, whereas the others are left humeral fragments. Abbreviations: d,
diaphysis; hb, humeral ball; ivd, inverted v-shaped depression; le, lateral epicondyle; lec, lateral epicondylar
crest; leg, lateral epicondylar groove; me, medial epicondyle; of, oblique fold; od, oval depression; vf, ventral
fossa. The dashed lines delineate the inverted-shaped depression. Scale bars represent 1 mm.
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FIG. 4. Ossification variation in distal humeri (in ventral view) of the recent craugastorid frog Barycholos
pulcher. A, specimen UF:herp:68063 without (left) and with (right) bone fragments digitally reconstructed in
the surroundings of the humeral ball and epicondyles. B, specimen UF:herp:68066. See Table S1 for
specimen details. Scale bars represent 1 mm.
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FIG. 5. Anatomical plate of ilial morphotypes of Eocene—Miocene anurans from Peruvian Amazonia. From
top to bottom: lateral, medial, and dorsal views. MUSM 4790, MUSM 4793, MUSM 4795, MUSM 4796, and
MUSM 4797 correspond to left ilium fragments, while the others are right ilium fragments. Abbreviations: af,
acetabular fossa; ar, acetabular rim; dae, dorsal acetabular expansion; dc, dorsal crest; dcd, dorsal crest
depression; dpm, dorsal prominence; dpt, dorsal protuberance; is, ilial shaft; lor, lateral oblique ridge; paf,
pre-acetabular fossa; pmr, proximal medial ridge; pz, pre-acetabular zone (of the ventral acetabular
expansion); sf, supra-acetabular fossa. The dashed lines delineate the dorsal crest depression. Scale bars

represent 1 mm.
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Table 1. Location of anuran fossil-bearing localities in Peruvian Amazonia.

Locality Lat.(S) Long.(W) Formation, Hypothesized age Depositional References
member environment
CTA-27 7.33011 74.94733 Pozo, lower Late middle Eocene Fluvial setting Antoine et al.
member (2016)
CTA-29 7.32859 74.94556 Pozo, lower Late middle Eocene Fluvial setting Antoine et al.
member (2016)
CTA-32 7.32374 74.93284 Chambira, base Late Oligocene Oxbow lake Antoine et al.
(2016)
CTA-47 7.33113 74.95127 Pozo, lower Middle Eocene Fluvial setting marine Antoine et al.
member influence (2016)
CTA-51 7.32948 74.9492 Pozo, lower Late middle Eocene Fluvial setting Antoine et al.
member (2016)
CTA-61 7.35448 74.95366 Chambira, base Late Oligocene Fluvial setting Antoine et al.
(2016)
CTA-63 7.36053 74.95551 Pebas, base Early Miocene Lacustrine setting, Antoine et al.
(Colhuehuapian) marine influence (2016)
CTA-66 7.34876 74.95431 Pozo, lower Late middle Eocene Fluvial setting Antoine et al.
member (2016)
TAR-01 6.81889 76.51472 Pozo, upper Early Oligocene Marine/littoral setting Antoine et al.
member (2021)
TAR-31 6.65583 76.39639 Ipururo, lower Late middle Miocene Fluvial setting Marivaux et al.
member (2020)
TAR-55 7.641389 76.87333 Pozo, lower Late middle Eocene Fluvial, Fluvio-deltaic Boivin et al.
member setting (2022)
TMB-01 10.88556 73.78972 Pozo, upper Latest Eocene-earliest Fluvio-littoral setting Undescribed
member Oligocene

CTA: Contamana (Loreto), TAR: Tarapoto (Juan Guerra-Shapaja-Balsayacu, San Martin), TMB: Rio Tambo (Atalaya,

Ucayali).
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Table S1. List of South American species used for the comparison with the Peruvian
fossils

The specimens used for the morphological comparisons are illustrated in this table. Species
with an (*) correspond to species for which character states were coded. The collection
numbers and CT- scanning configurations (resolution, voltage, amperage, and watts) follow
MorphoSource indications as stated in https://www.morphosource.org/docs/citation. The
column “Resolution (mm)” either corresponds to the CT-scan resolution when a single
number is stated and to the bounding box dimensions of the skeleton mesh when three
numbers are indicated.

Table S2. Character matrix

The character matrix used for the comparative analysis. Species with numbers at the bottom
of the matrix correspond to fossil specimens from Peruvian Amazonia (H: Humeral
morphotype, [: ilial morphotype). The single and double asterisks correspond to the
specimens uf:herp:68063 and uf:herp:68066, respectively. The description of the characters
and their different states follows this matrix.

Table S3. Fossil CT-scan information

The values of voltage (kv), amperage (pa), and watts (W) are provided for each humeral and
ilial fossil specimen figured (Figs 3.,5). The 3D models of those specimens are available to
download on MorphoMuseuM.

Figure S1. Humeri of extant Neotropical anurans

The humerus morphology of extant South American species is illustrated in this figure. The
speciesillustrated correspond to species used in the comparative analysis.

Figure S2. Ilia of extant Neotropical anurans

The ilial morphology of extant South American species is illustrated in this figure. The
species illustrated correspond to species used in the comparative analysis.

Figure S3. New characters

New characters considered in this study are illustrated in this figure. Each character state is
exemplified by an extant Neotropical species used in the comparative analysis.



Table S1: List of South American species used for the comparison with the Peruvian fossils

Family Species Material Specimen Collection numbers Unique media identifiers Resolution/Bounding box (mm) E/l:)\llt)agc :(a}rlr;};cragc watts (W)
Allophrynidae Allophryne ruthveni Skeleton mesh 000S10946 ku:kuh:166716 doi:10.17602/M2/M26338 6.142,22.330, 25.511 70 200 0.014
Alsodidae Alsodes nodosus Skeleton mesh 000S10948 cm:herps:68395 doi:10.17602/M2/M20871 44.349, 12.870, 52.462 130 300 N/A
Alsodidae Eupsophus roseus Skeleton mesh 000S10954 cm:herps:63926 doi:10.17602/M2/M21082 41.502, 18.439, 68.134 120 300 N/A
Aromobatidae Allobates kingsburyi Skeleton CT 000S10949 cas:sua: 10670 doi:10.17602/M2/M24019 0.019605 100 200 0.02
Aromobatidae Aromobates mayorgai Skeleton mesh 0000S8695 ku:kuh:132932 ark:/87602/m4/M 162124 7.717,21.557, 42.020 80 200 0.016
Batrachylidae Batrachyla taeniata Skeleton mesh 000S10959 cas:herp:85253 doi:10.17602/M2/M21960 34.249, 12.356, 41.563 80 150 N/A
Brachycephalidae Brachycephalus ephippium* Skeleton CT 000083735 uf:herp:72725 doi:10.17602/M2/M12432 0.012117 100 200 N/A
Brachycephalidae Ischnocnema gualteri* Skeleton CT 000083735 uftherp:72725 doi:10.17602/M2/M 12432 0.012117 100 200 N/A
Bufonidae Amazophrynella bokermanni Skeleton CT 000162004 usnm:amphibians & reptiles:340079 ark:/87602/m4/M 162004 18.802, 7.832, 24.826 70 200 0.014
Bufonidae Atelopus ignescens Skeleton CT 000083521 uftherp:39140 doi:10.17602/M2/M 16083 0.025934 100 200 N/A
Bufonidae Bufo gargarizans Skeleton mesh 000S10638 usnm:amphibians & reptiles:248419 ark:/87602/m4/M 160416 60.259, 99.559, 140.783 120 200 0.024
Bufonidae Bufotes latastii Skeleton mesh 000S12446 uftherp:81385 ark:/87602/m4/M 160418 50.164, 31.639, 98.377 70 200 0.014
Bufonidae Epidalea calamita Skeleton mesh 000S12562 mvz:amphibian and reptile specimens:mvz:herp:148877 ark:/87602/m4/M 162951 50.536, 23.968, 94.109 70 200 0.018
Bufonidae Rhinella marina Humerus mesh 000S12208 uftherp:172560 ark:/87602/m4/379385 25.668, 10.646, 14.104 100 200 0.02
Bufonidae Rhinella marina Skeleton mesh 000S12208 uf:herp:172560 ark:/87602/m4/M 163250 83.579, 46.970, 106.845 100 200 0.02
Bufonidae Rhinella beebei Skeleton mesh 000827637 RBINS-Scientific Heritage:urn:catalog:RBINS:amp:17147  ark:/87602/m4/M98145 0.039999 100 0.15 N/A
Bufonidae Melanophryniscus moreirae Skeleton mesh 000827633 usnm:amphibians & reptiles:207760 ark:/87602/m4/M98144 0.02 100 0.15 N/A
Bufonidae Nannophryne variegata Skeleton mesh 000S27635 RBINS-Scientific Heritage:urn:catalog:RBINS:amp:12826  ark:/87602/m4/M98210 0.031 100 0.15 N/A
Calyptocephalellidae Telmatobufo bullocki (as venustus) ~ Skeleton CT 000042671 ku:kuh:161438 doi:10.17602/M2/M42671 0.047731 70 200 0.014
Centrolenidae Centrolene buckleyi Skeleton mesh 000084445 uftherp:30578 ark:/87602/m4/M 16296 25.683,9.516,68.383 80 220 0.018
Ceratophryidae Ceratophrys aurita Skeleton mesh 000S10971 cas:herp:84998 ark:/87602/m4/M16100 100.939, 55.627, 126.109 120 200 0.024
Ceratophryidae Lepidobatrachus laevis Skeleton mesh 000084890 uftherp:12347 ark:/87602/m4/M20355 60.628, 36.209, 135.965 120 150 0.018
Ceratophryidae Chacophrys pierottii Skeleton mesh 000059466 ku:kuh:191932 doi:10.17602/M2/M37697 23.940, 27.055, 35.316 80 200 0.016
Ceuthomantidae Ceuthomantis smaragdinus* Skeleton CT 000S10972 ku:kuh:315000 doi:10.17602/M2/M24438 0.015287 80 190 N/A
Craugastoridae Haddadus binotatus* Skeleton CT 000S11365 usnm:amphibians & reptiles:303295 doi:10.17602/M2/M45297 0.027212 80 200 0.016
Craugastoridae Craugastor laticeps Skeleton CT 000053824 uftherp:157233 doi:10.17602/M2/M24583 0.043385 100 200 N/A
Craugastoridae Craugastor escoces* Skeleton CT 000S17466 lacm:herps:170147 ark:/87602/m4/M61995 0.060003 100 200 0.02
Craugastoridae Tachiramantis prolixodiscus™® Skeleton CT 000S12246 ku:kuh:132728 ark:/87602/m4/M50248 0.025676 80 200 0.016
Cycloramphidae Cycloramphus asper Skeleton mesh 000S10977 cm:herps:68338 ark:/87602/m4/M22882 56.387,30.468, 78.140 130 220 0.029




Table S1: List of South American species used for the comparison with the Peruvian fossils

Family Species Material Specimen Collection numbers Unique media identifiers Resolution/Bounding box (mm) E/Ii)\llt)age zl:‘;};erage zv\;t)ts
Dendrobatidae Ameerega trivittata* Skeleton CT 0000S8366 uf:herp:107200 doi:10.17602/M2/M48873 0.033928 100 200 0.02
Dendrobatidae Andinobates minutus Skeleton CT 000S12914 ypm:vz:ypm hera 020175 ark:/87602/m4/M50176 0.013867 60 200 0.012
Dendrobatidae Colostethus inguinalis Skeleton CT 000836504 uf:herp:106871 doi:10.17602/M2/M 140395 0.024258 80 200 0.016
Dendrobatidae Dendrobates tinctorius* Skeleton CT 000378710 USNM:Amphibians & Reptiles:247777 ark:/87602/m4/378713 N/A N/A N/A N/A
Dendrobatidae Hyloxalus fuliginosus Skeleton mesh 000S14774 ku:kuh:182106 ark:/87602/m4/M 165116 28.718, 39.765, 33.813 80 160 0.013
Dendrobatidae Phyllobates bicolor Skeleton CT 000088364 uftherp:71742 doi:10.17602/M2/M28393 0.033053 100 200 0.02
Eleutherodactylidae Eleutherodactylus atkinsi* Skeleton CT 0000S5599 uf:herp:177996 doi:10.17602/M2/M24663 0.028854 80 160 0.013
Eleutherodactylidae Eleutherodactylus cuneatus* Humerus mesh 000S17517 usnm:amphibians & reptiles:5202 ark:/87602/m4/421787 3.339,3.516,9.719 80 200 0.016
Eleutherodactylidae Eleutherodactylus glaphycompus Skeleton mesh 000054471 uf:herp:56811 ark:/87602/m4/421787 29.028, 8.415,44.118 100 200 N/A
Eleutherodactylidae Eleutherodactylus karlschmidti* Skeleton CT 000084479 uftherp:24198 doi:10.17602/M2/M99985 0.041152 120 200 N/A
Eleutherodactylidae Eleutherodactylus pipilans Skeleton CT 000S15609 uf:herp:104284 doi:10.17602/M2/M58451 0.026772 80 200 0.016
Eleutherodactylidae Eleutherodactylus richmondi* Skeleton CT 000S17496 uftherp:100531 doi:10.17602/M2/M62041 0.037853 70 200 0.014
Eleutherodactylidae Eleutherodactylus ricordii Skeleton CT 000S12391 uftherp:179253 ark:/87602/m4/M48914 0.020321 70 200 0.014
Eleutherodactylidae Eleutherodactylus sp. Ilium mesh 000S21904 ufiuf/fgs:6086 ark:/87602/m4/M72290 1.065, 3.116, 0.654 85 60 0.005
Eleutherodactylidae Diasporus diastema* Skeleton CT 000S12434 uftherp:156143 doi:10.17602/M2/M49075 0.024092 70 200 0.014
Eleutherodactylidae Phyzelaphryne miriamae* Skeleton CT 0000S8003 usnm:amphibians & reptiles:239363 doi:10.17602/M2/M33058 0.009775 70 300 N/A
Eleutherodactylidae Adelophryne gutturosa® Skeleton CT 000S10265 usnm:amphibians & reptiles:549315 doi:10.17602/M2/M40365 0.021926 70 300 N/A
Hemiphractidae Gastrotheca peruana Skeleton CT 000084441 uftherp:65801 doi:10.17602/M2/M55543 0.043445 100 200 N/A
Hylidae Acris gryllus Skeleton mesh 000054822 uftherp:107362 doi:10.17602/M2/M20037 24.534,26.955,5.112 100 200 N/A
Hylidae Aplastodiscus perviridis Skeleton mesh 000S10437 ku:kuh:92722 ark:/87602/m4/M 160405 17.807, 35.712, 39.086 80 200 0.016
Hylidae Dendropsophus marmoratus Skeleton CT 000S34788 uf:herp:43240 ark:/87602/m4/M 133973 0.023601 60 200 0.012
Hylidae Hyla cinerea Skeleton CT 000054882 uftherp:123473 ark:/87602/m4/M20332 0.031721 100 150 N/A
Hylidae Hyla goini Tlium mesh 000821907 uf:uf/fgs:11426 ark:/87602/m4/M72296 6.268, 5.922,2.369 85 60 0.005
Hylidae Osteocephalus taurinus* Skeleton CT 000S28509 uftherp:27081 doi:10.17602/M2/M 101196 0.054896 80 200 0.016
Hylidae Scinax staufferi Skeleton CT 000S12528 uf:herp:137479 ark:/87602/m4/M49250 0.021601 90 150 0.013
Hylidae Xenohyla truncata Skeleton mesh 000S28467 ku:kuh:92190 ark:/87602/m4/M 165523 27.022, 11.605, 38.505 70 200 0.014
Hylodidae Crossodactylus trachystomus Skeleton mesh 000S10976 cm:herps:2662 ark:/87602/m4/M24014 18.231,9.207, 47.328 130 220 0.023




Table S1: List of South American species used for the comparison with the Peruvian fossils

Family Species Material Specimen Collection numbers Unique media identifiers Resolution/Bounding box (mm) Voltage = Amperage Watts
(kv) (na) W)
Hylodidae Megaelosia goeldii Skeleton mesh 000423172 USNM:Amphibians & Reptiles:208564 ark:/87602/m4/423209 855.300, 503.201, 1071.980 N/A N/A N/A
Leptodactylidae Adenomera andreae* Skeleton CT 0000S4067 uf:herp:43260 doi:10.17602/M2/M 114556 0.026539 100 200 N/A
Leptodactylidae Crossodactylodes sp. Skeleton CT 000S12821 cas:sua:11774 ark:/87602/m4/M46051 0.028849 125 150 0.019
Leptodactylidae Edalorhina perezi* Skeleton CT 000812818 cas:sua: 11446 ark:/87602/m4/M49876 0.025785 70 140 0.014
Leptodactylidae Engystomops pustulosus Skeleton CT 000S12819 cas:sua:21892 ark:/87602/m4/M49917 0.024850 80 190 0.015
Leptodactylidae Hydrolaetare schmidti Skeleton CT 000812215 ku:kuh:220904 ark:/87602/m4/M48509 0.068028 110 200 0.002
Leptodactylidae Leptodactylus albilabris Skeleton CT 000817498 uftherp:37017 doi:10.17602/M2/M62049 0.045508 70 200 0.014
Leptodactylidae Leptodacylus pentadactylus Skeleton CT 000812828 ufherp:103788 ark:/87602/m4/M50004 0.075450 100 200 0.02
Leptodactylidae Leptodactylus poecilochilus Skeleton CT 000812547 uftherp:103913 ark:/87602/m4/M49383 0.062904 100 200 0.02
Leptodactylidae Leptodactylus validus* Skeleton CT 000812548 ufherp:103921 ark:/87602/m4/M49384 0.039500 100 200 0.02
Leptodactylidae Pleurodema nebulosum* Skeleton CT 000S12820 cas:sua: 15635 ark:/87602/m4/M46050 0.022870 125 150 0.019
Leptodactylidae Pleurodema nebulosum™ Humerus mesh 000812820 cas:sua: 15635 ark:/87602/m4/379379 0.022870 125 150 0.019
Leptodactylidae Pseudopaludicola falcipes Skeleton CT 000S12924 ypm:vz:ypm hera 009648 ark:/87602/m4/M50161 0.017834 60 200 0.012
Leptodactylidae Paratelmatobius lutzii Skeleton CT 000817518 usnm:amphibians & reptiles:525811 ark:/87602/m4/M62082 0.027853 70 200 0.014
Leptodactylidae Scythrophrys sawayae Skeleton CT 000364517 USNM:Amphibians & Reptiles: 137662 ark:/87602/m4/364520 0.013011 80 150 0.012
Microhylidae Chiasmocleis royi Skeleton CT 000085020 usnm:amphibians & reptiles:269001 ark:/87602/m4/M50046 0.021506 80 180 0.014
Microhylidae Ctenophryne geayi Skeleton CT 000364549 AMNH:Herpetology:A-166441 ark:/87602/m4/364552 0.034064 70 300 0.021
Microhylidae Hamptophryne boliviana Skeleton CT 000841368 amnh:herpetology:a-115764 ark:/87602/m4/M 154612 0.040019 70 300 0.021
Microhylidae Gastrophryne carolinensis Ilium mesh 000S21888 ufiuf:5144 ark:/87602/m4/M72243 4.962,2.396,1.272 85 60 0.005
Odontophrynidae Odontophrynus americanus Skeleton mesh 000085541 cm:herps: 147828 doi:10.17602/M2/M25346 50.644, 25.253, 67.276 130 220 0.029
Phyllomedusidae Agalychnis callidryas Skeleton mesh 000S12834 cas:herp:146957 ark:/87602/m4/M 161987 40.150, 22.322, 51.741 80 200 0.016
Phyllomedusidae Phyllomedusa hypochondrialis Skeleton CT 000845193 amnh:herpetology:a-166281 ark:/87602/m4/M 165653 0.029426 80 200 0.016
Pipidae Pipa aspera* Skeleton CT 000545338 mvz:amphibian and reptile specimens:mvz:herp:247507 ark:/87602/m4/M 165891 0.027501 80 200 0.016
Pipidae Pipa parva* Skeleton CT 000083720 uf:herp:37924 doi:10.17602/M2/M 12424 0.022456 120 160 N/A
Pipidae Pipa carvalhoi* Skeleton CT 162105 mcz:herp:a-25737 ark:/87602/m4/M 162105 0,02486 50 150 0,0075
Pipidae Pipa carvalhoi* Dry skeleton - MACN-HE 42608 - N/A N/A N/A N/A
Pipidae Pipa pipa* Skeleton CT 000405740 USNM:Amphibians & Reptiles:85032 ark:/87602/m4/405740 0.119553 N/A N/A N/A
Pipidae Pipa pipa* Dry skeleton - MACN-HE 42612 - N/A N/A N/A N/A




Table S1: List of South American species used for the comparison with the Peruvian fossils

Family Species Material Specimen Collection numbers Unique media identifiers Resolution/Bounding box (mm) Xs’l)tage Z':l:)perage 2&\;\2;)115
Pipidae Pipa snethlageae* Dry skeleton - MACN-HE 42611 - N/A N/A N/A N/A
Pipidae Pipa snethlageae* Skeleton CT 000066254 mcz:herp:a-17734 ark:/87602/m4/M66254 0.029011 50 150 0.0075
Rhinodermatidae Rhinoderma darwinii Skeleton mesh 000085575 uftherp:62022 doi:10.17602/M2/M25059 18.025, 13.445, 48.031 100 150 0.15
Strabomantidae Barycholos pulcher-1* Skeleton CT 000084527 uf:herp:68063 ark:/87602/m4/M22665 0.023678 90 150 N/A
Strabomantidae Barycholos pulcher-2* Skeleton CT 000088363 uftherp:68066 doi:10.17602/M2/M26384 0.026917 100 200 0.02
Strabomantidae Bryophryne cophites Skeleton CT 000817453 ku:kuh:173293 ark:/87602/m4/M61982 0.020901 100 200 0.02
Strabomantidae Niceforonia araiodactyla* Skeleton CT 000085268 uftherp:40764 doi:10.17602/M2/M26269 0.017563 100 250 N/A
Strabomantidae Noblella myrmecoides* Skeleton CT 000814767 mcz:herp:a-89110 ark:/87602/m4/M58632 0.008255 45 175 0.008
Strabomantidae Oreobates quixensis* Skeleton CT 000S11006 cas:sua: 11453 doi:10.17602/M2/M24439 0.031084 80 150 0.012
Strabomantidae Pristimantis duellmani* Skeleton CT 000817455 ku:kuh:179333 ark:/87602/m4/M61984 0.042835 100 200 0.02
Strabomantidae Pristimantis galdi Skeleton CT 000525892 fmnh:amphibians and reptiles:28065 ark:/87602/m4/M88066 0.028107 100 200 0.02
Strabomantidae Pristimantis vinhai* Skeleton CT 000812855 usnm:amphibians & reptiles:284544 doi:10.17602/M2/M50047 0.016197 70 300 0.021
Strabomantidae Psychrophrynella bagrecito Humerus mesh 000S45588 amnh:herpetology:a-159115 ark:/87602/m4/379388 4.563, 1.500, 1.229 70 200 0.014
Strabomantidae Strabomantis anomalus* Skeleton CT 000811021 cas:herp:119754 doi:10.17602/M2/M24024 0.036755 100 150 0.015
Strabomantidae Strabomantis biporcatus* Skeleton CT 000812719 cas:herp:119580 doi:10.17602/M2/M49883 0.019833 100 150 0.015
Strabomantidae Strabomantis cornutus Skeleton CT 000812810 cas:sua:11456 doi:10.17602/M2/M49878 0.034841 100 150 0.015
Strabomantidae Strabomantis ingeri Skeleton CT 000S12880 fmnh:amphibians and reptiles:81915 doi:10.17602/M2/M50228 0.028803 100 120 0.012
Strabomantidae Strabomantis sulcatus Skeleton CT 000S12811 cas:sua: 11451 doi:10.17602/M2/M49877 0.063197 100 150 0.015
Telmatobiidae Telmatobius carrillae Humerus mesh 000544360 uftherp:39717 ark:/87602/m4/379382 12.090, 3.197, 4.824 80 200 0.016
Telmatobiidae Telmatobius thompsoni Skeleton mesh 000054886 uf:herp:39734 doi:10.17602/M2/M20345 65.510, 27.985, 110.355 120 150 0.018




Table S2: character matrix (humeral characters)

Species/specimens 1 23 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 2z
Ceuthomantis smaragdinus 0 0 1 1 0o 0 1 2 0 0 0 0 1 2 0 0 2 1 1 0 1 1
Eleutherodactylus karlschmidti 0 1 1 1 2 1 1 2 0 1 0 2 0 2 0 0 2 1 1 0 0 1
Eleutherodactylus cuneatus 0 0 1 I 0 0 1 2 0 0 0 1 1 2 0 0 2 1 2 0 1 1
Eleutherodactylus richmondi 1 0 1 0 1 1 0 0 1 0 2 1 1 0 1 0 1 1 2 0 0 1
Eleutherodactylus atkinsi 0 0 1 0 1 1 0 0 1 0 2 1 0 0 1 0 1 1 1 0 0 1
Diasporus diastema 1 0 1 0 0 1 0 0 1 0 1 0 1 0 ? 0 0 1 1 0 0 0
Phyzelaphryne miriamae 1 0 1 0 1 ?2 0 0 1 0 2 1 1 0 1 0 1 1 2 0 0 1
Adelophryne gutturosa 1 1 1 0 1 1 0 0 1 1 2 1 1 0 1 0 1 1 1 0 0 1
Brachycephalus ephippium 2 1 0o 0 1 0o 0 0 1 1 1 1 0 0 ? 0 1 0 0 1 1 1
Ischnocnema gualteri 1 1 1 0 0 0 0 0 1 0 2 0 0 1 1 0 0 0 2 0 0 1
Haddadus binotatus 1 1 1 2 2 0 12 0 1 0 1 0 2 0 0 2 0 0 0 1 1
Craugastor escoces 1 1 1 1 0 0 0 0 1 1 2 1 0 0 1 0 0 0 0 0 1 1
Tachiramantis prolixodiscus 2 1 1 0 0 0 0 1 1 2 1 1 1 0 0 0 0 0 0 0 1 0
Oreobates quixensis ? 1 1 0 1 0 0 0 1 1 1 1 1 0 1 0 1 0 0 0 1 1
Strabomantis anomalus 0 1 1 2 0 0 1 20 2 0 2 1 2 0 0 2 0 1 0 1 1
Strabomantis biporcatus 0 1 1 2 0 0 1 2 0 2 0 2 1 2 0 0 2 0 1 0 0 1
Pristimantis vinhai 0o 0 1 0 0 1 0 0 1 2 1 2 1 1 1 0 0 0 1 0 1 0
Pristimantis duellmani 1 1 o 0 0 0 0 0 1 2 1 2 1 1 0 0 1 0 1 0 1 0
Niceforonia araiodactyla 0 0 1 20 0 1 2 0 0 0 0 1 2 0 0 2 0 2 0 0 1
Noblella myrmecoides 0 0 1 0 1 0o 0 0 1 0 1 1 1 0 0 1 1 1 2 0 1 0
Barycholos pulcher* 0 0 1 1 0 0 0 1 0 0 0 1 1 2 0 0 2 1 1 0 0 1
Barycholos pulcher** 0 0 1 0 1 ?2 0 1 1 0 2 1 1 0 1 0 1 1 1 0 0 1
Leptodactylus latrans ?2 0?2 2?2 2 2?2 2?2 2?2 2 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
Leptodactylus validus 2 1 1 o 0 2?2 0 0 1 0 2 2 0 0 1 0 0 1 2 1 1 0
Adenomera andreae 20 1 0 0 0 0 0 1 0 2 2 1 0 0 1 0 1 2 0 0 0
Pleurodema nebulosa 1 1 1 0 1 0 0 1 0 1 2 0 1 1 1 1 1 2 0 0 0
Edalorhina perezi 0o 0 1 0 1 ?2 0 0 1 0 2 1 1 1 1 0 1 1 0 0 1 1
Dendrobates tinctorius 0 0 1 0 0 0 0 0 1 0 1 1 1 1 1 1 0 1 1 0 0 0
Ameerega trivittata 0 0 1 0 0 0 0 0 1 0 1 1 1 1 1 1 0 0 1 0 0 0
Osteocephalus taurinus 0 1 1 0 0 0 0 0 1 1 1 2 0 1 1 1 0 0 1 1 1 1
Pipa snethlageae 1 0 0 0 0 0 0 1 2 1 2 1 1 2 0 1 0 0 0 0 0 0
Pipa pipa o 0 0 0 0 0 0 1 2 1 2 1 1 2 0 1 0 0 0 0 0 0
Pipa carvalhoi 1 0o 0 0 0 0 0 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0
Pipa parva 1 o 0 0 0 0 0 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0
Pipa aspera 1 0o 0 0 0 0 0 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0
MUSM 4746 (H1) ? 2 1 0 0 1 0 0 1 0 2 1 ? 0 ? 0 1 1 1 ? ? ?
MUSM 4747 (H1) ? 2 1 0 1 1 0 0 1 0 2 1 ? 0 1 1 1 1 0 ? ? ?
MUSM 4748 (H1) ?7 2 1 0 1 1 0 0 1 0 2 1 1 0 1 0 1 1 1 0 1
MUSM 4755 (H2) ? 02 1 0 1 1 0 0 1 0 1 1 ? 0 1 0 1 1 2 ? ?
MUSM 4756 (H2) ?0? 1 0 1 1 0 0 1 0 1 1 ? 0 1 0 1 1 2 ? ? ?
MUSM 4757 (H2) ? 2 1 0 1 1 0 0 1 0 2 1 1 0 1 0 1 ? 2 0 0 1
MUSM 4761 (H3) ?7 02 1 I 0 0 0 1 0 0 0 0 1 2 0 0 2 1 2 0 1 1
MUSM 4763 (H3) ?7 02 1 I 0 0 0 1 0 0 0 0 1 2 0 0 2 1 ? 0 ? 1
MUSM 4765 (H3) ? 02 1 I 0 0 0 1 0 ? 0 0 1 2 0 0 2 1 ? 0 1 1
MUSM 4766 (H3) ?? 1 r 0 0 0 1 0 0 0 0 1 2 0 0 2 1 2 0 1 1
MUSM 4775 (H4) ? 2 1 I 0 0 1 2 0 0 0 0 1 2 0 0 ? 1 0 0 1 1
MUSM 4776 (H5) ?2 2?2 0 0 0 0 O 1 1 0 1 0 ? 0 0 1 0 0 0 0 0 0
MUSM 4788 (1A) ? 0?2 0?2 0?2 ? 7 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4789 (1A) ? 0?2 0?2 0?2 ? 7 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4790 (1A) ?2 0?2 0?2 2?2 2 2?2 7?2 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4792 (IB) ?2 0?2 9?2 2?2 2?2 2?2 2?2 7?7 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4793 (IC) ?2 0?2 ? 2?2 ? 2?2 ? 7?7 7? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4794 (IC) ? 0?2 0?2 ? 2?2 7 7 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4795 (ID) ?2 0?2 0?2 2?2 2 2?2 7?2 ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4796 (IE) ?2 0?2 9?2 2?2 2?2 2?2 2?2 7?7 ? ? ? ? ? ? ? ? ? ? ? ? ? ?

MUSM 4797 (IE) 2?2 2 2 2 2 2?2 27 7? ? ? ? ? ? ? ? ? ? ? ? ? ?




Table S2: character matrix (ilial and ischial characters)

Species/specimens

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

4

43

44

45

46

47

48

49

50

51

52

Ceuthomantis smaragdinus
Eleutherodactylus karlschmidti
Eleutherodactylus cuneatus
Eleutherodactylus richmondi
Eleutherodactylus atkinsi
Diasporus diastema
Phyzelaphryne miriamae
Adelophryne gutturosa
Brachycephalus ephippium
Ischnocnema gualteri
Haddadus binotatus
Craugastor escoces
Tachiramantis prolixodiscus
Oreobates quixensis
Strabomantis anomalus
Strabomantis biporcatus
Pristimantis vinhai
Pristimantis duellmani
Niceforonia araiodactyla
Noblella myrmecoides
Barycholos pulcher*
Barycholos pulcher**
Leptodactylus latrans
Leptodactylus validus
Adenomera andreae
Pleurodema nebulosa
Edalorhina perezi
Dendrobates tinctorius
Ameerega trivittata
Osteocephalus taurinus
Pipa snethlageae

Pipa pipa

Pipa carvalhoi

Pipa parva

Pipa aspera
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Table S2:

character matrix (ilial and ischial characters)

Species/specimens 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 | 51 52 53
MUSM 4746 (H1) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4747 (H1) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4748 (H1) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4755 (H2) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4756 (H2) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4757 (H2) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4761 (H3) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4763 (H3) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4765 (H3) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4766 (H3) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4775 (H4) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4776 (HS) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
MUSM 4788 (IA) ? ? ? 1 1 0 1 1 1 0 0 2 ? 0 1 0 ? ? ? ? 1 1 0 1 0 1 ? ? ? ?
MUSM 4789 (IA) ? ? ? 1 ? 0 1 ? ? ? 0 0 2 ? 0 1 0 0 ? 0 0 1 1 0 1 0 1 0 ? ? ?
MUSM 4790 (1A) ? ? ? 1 1 0 1 1 3 1 0 ? 2 ? ? 1 0 ? ? ? ? 1 1 0 1 0 1 ? ? ? ?
MUSM 4792 (IB) ? ? ? 2 1 0 1 1 3 1 0 0 2 ? 0 1 0 0 ? ? ? 1 1 1 1 0 1 ? ? ? ?
MUSM 4793 (IC) ? ? ? ? ? ? ? ? ? ? ? 0 2 ? 0 0 0 ? ? ? ? ? ? ? ? 0 1 ? ? ? ?
MUSM 4794 (IC) ? ? ? ? ? ? ? ? ? ? ? 0 2 ? 0 0 0 ? ? ? ? ? ? ? 1 0 1 ? ? ? ?
MUSM 4795 (ID) ? ? ? 0 0 2 1 1 2 1 0 0 ? ? ? 0 0 0 ? ? ? 0 0 3 0 0 0 ? ? ? ?
MUSM 4796 (IE) ? ? ? 1 0 0 0 0 - 0 0 0 ? ? ? ? 1 2 2 2 1 0 1 0 0 0 0 ? ? ? ?
MUSM 4797 (IE) ? ? ? 1 ? 0 0 0 - 0 0 0 ? ? ? ? 1 2 2 2 1 0 1 0 0 0 0 ? ? ? ?




Table S2: Character matrix - Character description:

The characters list used in this paper mainly follows that of Béez ef al. (2012); Gomez &
Turazzini (2016, 2021) for the ilial morphology and Blackburn et al. (2019, 2020), Gémez &
Turazzini (2021), Keeffe & Blackburn (2020) for the humerus morphology. Abbreviations:
BGTI12 (Béaez et al. 2012); B13 (Baez 2013); G16 (Gomez 2016); GT21 (Gémez & Turazzini
2021). New characters are indicated with (J) and those modified from previous characters are
indicated with (J*). New characters and character states are illustrated in Figure S3.

1)

2)

3)

4)

5)

6)

7)
8)

9)

10)

11)

12)

13)

14)

Humerus, shaft, general shape: (0) bowed ventrally, but nearly straight or only slightly tilted
laterally in ventral view; (1) bowed ventrally and moderately tilted laterally; (2) bowed
ventrallyand strongly tilted laterally. (GT21: 236)

Humerus, deltoid crest (= crista ventralis), relative length (with respect to the humeral length):
(0) short (ratio nearly 1/3); (1) long (ratio nearly 1/2). (G16 :126)

Humerus, humeral ball (= eminentia capitata), relative size (as transverse diameter relative to
maximum distal width at epicondyle level): (0) small (ratio < 0.58); (1) large (ratio > 0.58).
(G16:124)

Humerus, humeral ball (= eminentia capitata), shape in ventral view: (0) round; (1) angular
(flattened lateral side); (2) horizontally oval (flattened on lateral and medial sides). (J)
Humerus, humeral ball, folds: (0) none; (1) oblique fold on the lateral side; (2) semi-circular
fold.(J)

Humerus, humeral ball, inverted V-shaped depression in lateral view: (0) absent; (1) present.
)

Humerus, humeral ball shape in medial view: (0) round; (1) oval. (J)

Humerus, humeral ball orientation in medial view: (0) straight; (1) downward oriented; (2)
upward oriented. (J)

Humerus, lateral epicondyle, size: (0) relatively small (~2 of the humeral ball), not reaching
distal margin of the humeral ball, Strabomantis anomalus; (1) moderately large, not
surpassing distal margin of the humeral ball, Leptodactylus validus; (2) large, reaching or
surpassing the distal margin of the humeral ball, Pipa parva. (GT21:238) (J*)

Humerus, lateral epicondyle, lateral projection: (0) pressed against the humeral ball, not
projected laterally, Phyzelaphryne miriamae; (1) slightly projected laterally, Adelophyrne
gutturosa; (2) strongly projected laterally, Strabomantis anomalus. (GT21:238) (J*)

Humerus, medial epicondyle, size: (0) relatively small (~72 of the humeral ball), not reaching
distalmargin of the humeral ball, Strabomantis anomalus; (1) moderately large, not surpassing
distal margin of the humeral ball, Disasporus diastema; (2) large, reaching or surpassing the
distal margin of the humeral ball, Leptodactylus validus (GT21:239) (J*)

Humerus, medial epicondyle, medial projection: (0) pressed against the humeral ball, not
projected medially, Niceforonia araiodactyla; (1) slightly projected medially, Adelophryne
gutturosa; (2) strongly projected medially, Osteocephalus taurinus. (GT21:239)(J*)

Humerus, medial (ulnar) epicondyle, orientation in medial view: (0) pronounced angle with
the diaphysis (at the level of the proximal end of the humeral ball); (1) Smooth angle (almost
straight) with the diaphysis. (J)

Humerus, medial (ulnar) epicondyle, distal extremity, shape: (0) rounded; (1) flat; (2) concave.

)



15)

16)

17)

18)
19)

20)

21)
22)
23)

24)

25)

26)

27)

28)

29)

30)
31)

32)

Humerus, medial (ulnar) epicondyle, oval depression in medial view: (0) absent; (1) present.
Q)

Humerus, medial epicondyle ridge, relative position: (0) close from the humeral ball
(ventrally oriented medial epicondyle); (1) distant from the humeral ball (dorsally-oriented
medial epicondyle). (J)

Humerus, lateral (radial) epicondyle groove, shape: (0) shallow; (1) deep with an enlarged
extremity; (2) deep with a V-shaped extremity and marked ridges. (J)

Humerus, lateral epicondyle shape in lateral view: (0) flattened; (1) forming a ridge. (J)
Humerus, lateral epicondyle shape in ventral view: (0) irregular; (1) angular (laterally
extended); (2) almost vertically aligned with the proximo-distal axis. (J)

Humerus, medial epicondylar crest: (0) absent; (1) present, moderately to well developed.
(G16:128)

Humerus, lateral epicondylar crest: (0) absent; (1) present, moderately to well developed. (J)
Humerus, ventral fossa: (0) shallow; (1) deep. (J)

[lium, shaft, shape of the distal cross-section: (0) circular or nearly so; (1) horizontally oval,
ilial shaft fairly compressed dorsoventrally; (2) flattened, ilial shaft much compressed
dorsoventrally; (3) vertically oval, ilial shaft compressed mediolaterally; (4) kidney-shaped,
almost circular but compressed dorsomedially. (GT21:244)

[lium, shaft, length (relative to the height of the acetabular fossa): (0) short (around 5 times or
less); (1) moderately long (around 6 times); (2) very long (clearly more than 6 times).
(GT21:245)

Ilium, shaft, general aspect in acetabular view: (0) strongly and evenly curved along its length;
(1) slightly to moderately curved, evenly curved along its length; (2) nearly straight along most
ofits length; (3) distinctly curved proximally, but nearly straight distally. (GT21:246)

Ilium, dorsal prominence, relative height with respect to that of the acetabular fossa (DPH/AH;
see Béaez et al., 2012): (0) very low (DPH/AH < 0.1); (1) low to moderately high (DPH/AH
between 0.1-0.7); (2) very high (DPH/AH > 0.7). (BGT12:60)

Ilium, dorsal prominence, shape in lateral profile: (0) bell-shaped, symmetrical, or nearly so
withboth anterior and posterior margins gently sloping; (1) rectangular-shaped, symmetrical or
nearly so with both anterior and posterior margins steep; (2) clearly asymmetrical with a
posterior convex slope and anterior margin steep and slightly concave; (3) flat, not higher than
the dorsal crest, Adelophryne gutturosa. (BGT12:61) (J*)

Ilium, dorsal prominence, orientation in dorsal aspect: (0) not inclined, vertically directed; (1)
inclined medially; (2) inclined laterally. (BGT12:62)

[lium, dorsal prominence, relative position of its apex with respect to the anterior margin of
acetabular fossa: (0) clearly posterior; (1) approximately same level; (2) clearly anterior, on
the ilial shaft. (BGT12:63)

[lium, dorsal protuberance: (0) inconspicuous; (1) conspicuous. (BGT12:64)

Ilium, dorsal protuberance, shape: (0) elongate, projecting laterally; (1) nearly rounded,
projecting laterally; (2) globose, projecting dorsolaterally; (3) quadrangular or tear-shape,
projecting dorsolaterally, Eleutherodactylus karlschmidti; (4) ridge-like, projecting laterally,
Edalorhina perezi. (BGT12:65) (J*)

[lium, dorsal prominence/protuberance, origin of m. gluteus magnus relative to the level ofthe
anterior margin of the acetabular fossa: (0) clearly posterior; (1) around this level; (2)



33)
34)
35)

36)

37)

38)

39)
40)

41)
42)
43)
44)
45)
46)
47)

48)
49)

50)
51)

52)

53)

surpassing this level. (GT21:250)

[lium, accessory knob for m. iliofibularis-iliofemoralis: (0) indistinct; (1) distinct. (GT21:251)
Ilium, spiral groove on shaft: (0) absent; (1) present. (B13:64)

[lium, dorsal crest: (0) inconspicuous; (1) present as a low ridge; (2) well developed as a flange
(wider than one half of the shaft width). (BGT12:66)

Ilium, dorsal crest, longitudinal extension relative to ilial shaft length: (0) restricted to distal
halfof the ilial shaft; (1) extends along the anterior three fourths of the ilial shaft; (2) extends
lengthwise or nearly so; (3) restricted to the proximal part of the ilial shaft. (BGT12:67)

Ilium, dorsal crest, orientation: (0) directed dorsally; (1) directed dorsolaterally; (2) directed
laterally; (3) directed dorsomedially, Eleutherodactylus karlschmidti. (BGT12:68) (J*)

[lium, dorsal crest depression: (0) absent; (1) present, slightly concave depression on the dorsal
crest between the proximal portion of ilial shaft and the dorsal prominence. (J)

[lium, lateral oblique ridge: (0) absent; (1) present. (BGT12:69)

[lium, interilial scar: (0) inconspicuous; (1) ample but restricted to the ventral part of ilia; (2)
ample both ventrally and dorsally. (BGT12:70)

[lium, angle between the margin of the ventral acetabular expansion and the ventral margin of
the ilial shaft in acetabular view: (0) acute; (1) nearly straight; (2) obtuse. (BGT12:71)

Ilium, dorsal acetabular expansion, lateral exposure in acetabular view: (0) broad; (1) narrow
butdistinct; (2) minimal, inconspicuous. (BGT12:72)

Ilium, dorsal acetabular expansion, orientation: (0) posterodorsally, strong posterior vector,
weak medial vector; (1) dorsomedially, weak dorsal and posterior vectors; (2) dorsally, strong
dorsal vector, weak posterior and medial vectors. (GT21:248)

Ilium, supraacetabular fossa: (0) indistinct or shallow; (1) well distinct, deep. (GT21:252)
Ilium, preacetabular fossa: (0) indistinct or shallow; (1) well distinct, deep. (GT21:252)

Ilium, preacetabular zone in acetabular view: (0) not exposed; (1) narrow; (2) moderately
broad; (3) broad. (GT21:254)

[lium, proximal medial ridge: (0) absent; (1) present. (J)

[lium, medial oblique groove: (0) absent; (1) present. (GT21:130)

[lium, acetabular fossa, bony dorsal margin: (0) acetabular fossa merging with dorsal
acetabularexpansion; (1) poorly delimited by a shallow, rounded rim; (2) well delimited by a
protruding, sharp rim, but only posterodorsally; (3) well delimited by a continuous protruding
sharp rim.(GT21: 247)

Ilium, relation with ischium: (0) not fused; (1) fused to each other. (BGT12:73)

Ischium, shape of the posterior wall of the acetabulum in dorsal view: (0) slightly concave; (1)
deeply concave. (BGT12:74)

Ischium, size in lateral view: (0) short, Dendrobates tinctorius; (1) long, Leptodactylus
validus. (B13:68) (J*)

Ischium, shape in lateral view: (0) irregular outline, Brachycephalus ephippium; (1)
semicircular outline, Eleutherodactylus karlschmidti; (2) outline rectangular dorsally and
semicircular ventrally with a smooth transition, Oreobates quixensis; (3) outline rectangular
dorsally and semicircular ventrally with a steep transition, Pristimantis duellmani; (4) outline
rectangular, strongly protruded posterodorsally with a straight posteroventral margin, Pipa
parva. (B13:68) (J*)



Table S3. Fossil CT-scan information

Inv. nr. Locality ISJl:leiteton Morphotype MorphoMuseuM Access links lzsls::ll)u tion Xg}l)t age ﬁ::)p erage \?";;ts
MUSM 4746 CTA-27 Humerus 1 Effgsfffénfpfmffii?ff? ?;éi%eéccifrgznmeys 0.00516367 80 60 N/A
MUSM 4747 CTA-27  Humerus 1 Zrltggﬁ/{én;);:g?nlzi;i?/?202);/](/11265011;16; fless 0.0058129 70 71 N/A
MUSM 4748 CTA-27  Humerus 1 ﬁfgséfénfgiﬁi?flﬁ;ﬁ’%ﬁﬁ?fw 0.0058129 70 71 N/A
MUSM 4755 CTA-27  Humerus 2 S A I  osisasr 80 &0 N/A
MUSM4756 CTA29  Humes 2 o He o001l 0 71 N/A
MUSM 4757 CTA-61  Humerus 2 Eggsﬁ/{énfrf:gﬁglgﬁg%%;%m 0.00581419 70 71 N/A
MUSM 4761 CTA-27  Humerus 3 Egg-sgl/::prcp?iﬂﬁsfi?/?gﬁé@i@?ﬁleS/s 0.0058129 70 71 N/A
MUSM4763 CTA27  Humems 3 e e s ogis 0 71 N/A
MUSM 4765 CTA-27  Humerus 3 Efgbﬁ/fénfrf:gﬁi?ﬁiﬁfﬁ?mw 0.0058129 70 71 N/A
MUSM4766 CTA-32  Humerus 3 o L ocsia2 10 7L N/A
MUSM 4775 CTA-27  Humerus 4 i’ﬁté’gﬁ/{flfégflfﬁﬁ?iiﬁff %2@2&? fless 0.0058129 70 71 N/A
MUSM 4776 TMB-01  Humerus 5 Eggsﬁ/{énfrf:gﬁxﬁgﬁzc:%%%m 0.00581362 70 71 N/A
MUSM 4788 CTA-27  Ilium A Effgsﬁ/f?fg?l?ﬁ?i‘iﬁ55%3"665&? fless 0.0058128 70 71 N/A
MUSM4789 CTA27  liwm A et ot I | oeg1e 70 71 N/A
MUSM 4790 CTA-27  Ilium A Eggbf{{énfggﬁibfflﬁzc:%?;%m 0.00516367 80 60 N/A
MUSM 4792 CTA-27  Ilium B ::gsﬁ/l/:q:;epc};n?;g?i:?;:2?9%?61?56(? flests 0.0058129 70 71 N/A
MUSM 4793 CTA-47  Tlium ¢ 2:51)gﬁ/{?sgzgiqﬁﬁﬁ2027%?16622166; fless 0.00497596 29 2 N/A
MUSM4794 CTA-27  lhum  C Rt I etz 70 71 N/A
MUSM 4795 CTA-27  Ilium D ::g-sgl/:j:gep?imisfnel?/?g&%?ﬁ@?ﬁleS/s 0.0058129 70 71 N/A
MUSM 4796~ CTA-27  Ilium E i’ﬁtﬁgﬁ/fféﬁf&“éﬁ?iiﬂﬁg fr/vli)r;escéglgsn fless 0.0058129 70 71 N/A
MUSM 4797  CTA-29 Hium E https://morphomuseum.com/specimenfile

s/send-file-specimenfile/1252/08fea976 0.0058141 70 71 N/A







FIG S1. Humeri of extant Neotropical anurans. Left humeri in ventral view of: (a) Ceuthomantis
smaragdinus; (b) Eleutherodactylus karlschmidti; (¢) Eleutherodactylus atkinsi; (d) Diasporus
diastema,; (e) Phyzelaphryne miriamae; (f) Adelophryne gutturosa; (g) Brachycephalus
ephippium; (h) Haddadus binotatus; (1) Craugastor escoces;, (j) Pristimantis vinhai; (k)
Pristimantis duellmani; (1) Oreobates quixensis; (m) Strabomantis anomalus; (n) Strabomantis
biporcatus; (0) Niceforonia araiodactyla; (p) Noblella myrmecoides ©President and Fellows of
Harvard College; (q) Barycholos pulcher; (r) Leptodactylus validus; (s) Adenomera andreae; (t)
Pleurodema nebulosum; (n) Edalorhina perezi; (v) Dendrobates tinctorius; (W) Osteocephalus
taurinus; (X) Pipa parva. Scale bars represent 1 mm.






FIG S2. Ilia of extant Neotropical anurans. Right ilia in lateral view of: (a) Ceuthomantis
smaragdinus; (b) Eleutherodactylus karlschmidti; (c) Eleutherodactylus atkinsi; (d) Diasporus
diastema; (e) Phyzelaphryne miriamae; (f) Adelophryne gutturosa; (g) Brachycephalus
ephippium; (h) Haddadus binotatus; (i) Craugastor escoces; (j) Pristimantis duellmani; (k)
Oreobates quixensis;, (1) Pristimantis vinhai; (m) Strabomantis anomalus; (n) Strabomantis
biporcatus; (0) Niceforonia araiodactyla; (p) Noblella myrmecoides ©President and Fellows of
Harvard College; (q) Barycholos pulcher; (r) Leptodactylus validus; (s) Adenomera andreae; (t)
Pleurodema nebulosum; (v) Edalorhina perezi; (v) Dendrobates tinctorius; (W) Osteocephalus
taurinus; (X) Pipa parva. Scale bars represent 1 mm.



4) Humerus, humeral ball (= eminentia capitata), shape in ventral view: (0) round;
(1) angular (flattened lateral side); (2) horizontally oval (flattened on lateral and
medial sides).

8

8 &

0 (1) (1)

Osteocephalus taurinus Barycholos pulcher Strabomantis biporcatus

5) Humerus, humeral ball, folds: (0) none; (1) oblique fold on the lateral side;
(2) semi-circular fold.

® b 6

(0) (1) (2)

Osteocephalus taurinus Adelophryne gutturosa Haddadus binotatus

6) Humerus, humeral ball, inverted V-shaped depression in lateral view: (0) absent;

J

(1) present

d

(0) (1)
Osteocephalus taurinus Adelophryne gutturosa

7) Humerus, humeral ball shape in medial view: (0) round; (1) oval. (J)

b &

(0) (1)

Osteocephalus taurinus Strabomantis anomalus

8) Humerus, humeral ball orientation in medial view: (0) straight; (1) downward
oriented; (2) upward oriented

(0) (1) (2)

Osteocephalus taurinus Barycholos pulcher Strabomantis anomalus



13) Humerus, medial (ulnar) epicondyle, orientation in medial view: (0) pronounced
angle with the diaphysis (at the level of the proximal end of the humeral ball);
(1) Smooth angle (almost straight) with the diaphysis.

‘\

(0) (1)

Eleutherodactylus atkinsi Strabomantis anomalus

14) Humerus, medial (ulnar) epicondyle, distal extremity, shape: (0) rounded;
(1) flat; (2) concave.

‘\

0) (1) (2)

Eleutherodactylus atkinsi Osteocephalus taurinus Strabomantis anomalus

15) Humerus, medial (ulnar) epicondyle, oval depression in medial view: (0) absent;
(1) present.

(0) (1)

Adenomera andreae Edalorhina perezi

16) Humerus, medial epicondyle ridge, relative position: (0) close from the humeral
ball (ventrally oriented medial epicondyle); (1) distant from the humeral ball
(dorsally-oriented medial epicondyle).

(0) (1)

Eleutherodactylus atkinsi Ameerega trivittata

17) Humerus, lateral (radial) epicondyle groove, shape: (0) shallow; (1) deep with
an enlarged extremity; (2) deep with a V-shaped extremity and marked ridges.

(0) (1) (2)

Adenomera andreae Eleutherodactylus atkinsi Strabomantis biporcatus



18) Humerus, lateral epicondyle shape in lateral view: (0) flattened; (1) forming a ridge.

0) (1)

Osteocephalus taurinus Adelophryne gutturosa

19) Humerus, lateral epicondyle shape in ventral view: (0) irregular; (1) angular
(laterally extended); (2) almost vertically aligned with the proximo-distal axis

(0) (1) (2)

Osteocephalus taurinus Strabomantis biporcatus Adenomera andreae

21) Humerus, lateral epicondylar crest: (0) absent; (1) present, moderately to well
developed.

0) (1)

Ameerega trivittata Osteocephalus taurinus

22) Humerus, ventral fossa: (0) shallow; (1) deep.

(0) (1)

Pleurodema nebulosa Osteocephalus taurinus

38) Ilium, dorsal crest depression: (0) absent; (1) present, slightly concave depression
on the dorsal crest between the proximal portion of ilial shaft and the dorsal prominence.

0) o
Eleutherodactylus karlschmidti Strabomantis biporcatus

43) Ilium, proximal medial ridge: (0) absent; (1) present. (J)

(0) (1)

Osteocephalus taurinus Eleutherodactylus atkinsi

FIG S3. New characters considered in this study. Each character state is exemplified by an extant
Neotropical species.





