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ABSTRACT

Anurans are extremely diverse amphibians with a unique Bauplan, whose origin, early eco-
morphological diversification, and adaptive significance remain elusive. Their early fossil
record is improving at an accelerated pace worldwide, but its contribution to these issues
is still wanting. Here we explore ecomorphological diversity among Early Cretaceous (Bar-
remian) frogs that inhabited a large subtropical wetland from Iberia by inferring locomotor
abilities with a phylogenetic flexible discriminant analysis on data from limb proportions,
which strongly correlate with locomotion. The results show a remarkable diversity among
these frogs when compared with the extant diversity from this region and from tropical
and subtropical wetland assemblages worldwide, encompassing miniature to medium-size
jumpers and dedicated swimmers with more extreme proportions than extant ‘archeoba-
trachians,” but also more generalized jumping and/or swimming forms. This agrees with
the inferred wetland paleoenvironment and the hypothesis regarding early frogs as small
poor jumpers or swimmers that evolved their peculiar Bauplan in aquatic environments.
© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Les Anoures sont des amphibiens extrémement divers, avec un Bauplan unique, dont
I'origine, la diversification écomorphologique premiére et la signification adaptative restent
vagues. Leurs premiers enregistrements fossiles s'améliorent a un rythme accéléré dans
le monde entier, mais leur contribution a ces problémes fait toujours défaut. Ici, nous
explorons la diversité écomorphologique chez les anoures du Crétacé inférieur (Barrémien)
qui vivaient dans une vaste zone humide subtropicale de la péninsule Ibérique, et en
déduisons les capacités locomotrices a 'aide d’une analyse discriminante flexible phy-
logénétique a partir de données sur les proportions des membres, fortement corrélées a
la locomotion. Les résultats montrent une diversité remarquable parmi ces anoures par
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rapport a la diversité existante de cette région et a celle d’assemblages de zones humides
tropicales et subtropicales du monde entier, cette diversité englobant des sauteurs de taille
minuscule a moyenne et des nageurs dédiés, avec des proportions plus extrémes que celles
des « archéobatraciens » existants, mais aussi avec des formes sauteuses et/ou nageuses
plus généralisées. Ceci est en accord avec le paléoenvironnement de zone humide inféré
et I'hypothése selon laquelle les premiers anoures sont de petits et médiocres sauteurs ou
nageurs qui ont développé leur propre Bauplan dans des environnements aquatiques.

© 2019 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

Anurans make up an extremely taxonomically (>7000
spp.) and ecologically diverse group of amphibians cur-
rently distributed in all continents except Antarctica (Frost,
2019; Wells, 2007). Their peculiar and highly conserved
Bauplan (Handrigan and Wassersug, 2007) can be traced
backin the fossil record at least to the Early Jurassic (Shubin
and Jenkins, 1995) and even the Late Triassic (Stocker
et al., 2019), and most postcranial morphological diversity
within this group, including variation in limb proportions,
has frequently been correlated with diverse locomotor
abilities and microhabitat use (e.g., Citadini et al., 2018;
Emerson, 1978; Enriquez-Urzelai et al., 2015; Jorgensen
and Reilly, 2013; Lires et al., 2016; Moen et al., 2015; Wang
etal,, 2007; Zug, 1972). However, the evolutionary scenario
of the origin and early diversification of these morpholo-
gies, as well as their adaptive significance, remains elusive,
since the long-held hypothesis linking this Bauplan with
saltatory locomotion in a riparian context (e.g., Gans and
Parsons, 1966; Jenkins and Shubin, 1998) has recently been
challenged (Ascarrunz et al., 2016; Herrel et al., 2016; Lires
et al,, 2016; Reilly and Jorgensen, 2011).

It is also unclear how the astonishing ecomorphological
diversity that anurans display today has evolved, although
the diversification pattern among families has largely been
explained by ecological shifts (Moen and Wiens, 2017).
According to molecular time estimates, most major anuran
clades radiated in the Early Cretaceous (e.g., Pyron, 2014)
and, hence, an increased ecomorphological diversification
among frogs is expected during this time interval. The Early
Cretaceous record of anurans is improving at an accelerated
pace with exciting findings taking place worldwide (Baez,
2013; Baez et al., 2009; Dong et al., 2013; Gao and Chen,
2017;1kedaetal.,2016; Xingetal.,2018), butitsintegration
into other types of data in recovering this diversification
pattern is still wanting. It is also noteworthy that, despite
the fact thatit consists of dozens of specimens in some cases
(e.g., Dong et al., 2013), most known Early Cretaceous anu-
ran assemblages to date show low diversity, including in
each case one or a few closely related species; yet some
remarkable exceptions exist (e.g., Baez et al., 2009).

Outcrops of Barremian age scattered along the Iberian
and Montsec Ranges in the northeastern Iberian Penin-
sula have documented a diverse continental biota that also
includes anurans, dwellers of a large wetland system (e.g.,
Baez and Goémez, 2019; Buscalioni et al., 2018; Gomez
et al., 2015). This large wetland system of the Iberian Plate,
including a variety of freshwater environments, was at
the time part of the western Tethys realm and developed

under a subtropical climate at paleolatitudes around 30°N
(Buscalioni and Poyato-Ariza, 2016; Fig. 1A). Three dif-
ferent Iberian localities within this system, namely Santa
Maria de Meia (Montsec), Ufla, and Las Hoyas (Fig. 1B)
have yielded well-preserved and nearly complete anuran
specimens (Fig. 1C-H) that have been studied by various
authors since they were first discovered (e.g., Baez, 2013,
2016; Baez and Goémez, 2016, 2019; Baez and Sanchiz,
2007; Evans et al., 1995; Fey, 1988; Hecht, 1970; Sanchiz,
1998; Seiffert, 1972; Vergnaud-Grazzini and Wenz, 1975;
Villalta, 1954). Noteworthy, the diversity of anurans from
these fossil sites has often been underrated, being recog-
nized only two supposedly very similar genera by the turn
of the century (Rocek, 2000; Sanchiz, 1998). Recent studies
on these Iberian fossils have led to revalidating or rec-
ognizing additional anuran taxa, considerably increasing
the involved taxonomic diversity, but also have furnished
detailed accounts of their morphology and a better under-
standing of their systematic affinities (Baez, 2013; Bdez and
Gomez,2016,2019; Baez and Sanchiz, 2007). This offers the
opportunity to study these Early Cretaceous anurans with
an ecomorphological approach that might shed some light
on the early diversification of the anuran Bauplan.

Here we explore the ecomorphological diversity of the
Barremian frogs from Iberia, inferring locomotor abilities
by means of a phylogenetic flexible discriminant analysis
(Motani and Schmitz, 2011) on data from limb propor-
tions, which strongly correlate with locomotor modes (e.g.,
Enriquez-Urzelai et al., 2015; Lires et al., 2016). In addition,
taxonomic and ecomorphological diversity in extinct anu-
rans is contextualized comparing with the extant anuran
diversity of the northeastern Iberian Peninsula and selected
tropical and subtropical wetlands across the world. Results
are also discussed in the context of the paleoenvironmental
reconstruction of the Iberian wetland and early evolution
of the anuran Bauplan.

Institutional abbreviations: MB.Am, Museum fiir
Naturkunde, Leibniz-Institut fiir Evolutions- und Bio-
diversititsforschung, Berlin, Germany; MNHN, Muséum
national d’histoire naturelle, Paris, France; MUPA (formerly
MCCM), Museo de Paleontologia de Castilla-La Mancha,
Cuenca, Spain; PIFUB, Institut fiir Paliontologie der Freien
Universitdt, Berlin, Germany.

2. Materials and methods
2.1. Taxonomic and phylogenetic nomenclature

Names of extant species, genera, and families (i.e. tax-
onomic nomenclature) are those of Frost (2019), with the
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Fig. 1. Provenance, fossils, and anatomy of Early Cretaceous frogs from the Iberian wetland. A. Paleogeographic map of the Iberian Plate during the
Barremian-Aptian (modified form Gerdes et al., 2010). B. Current location of the Barremian fossil sites in the Iberian Peninsula. C-H. Photographs of
representative fossils: C, Eodicoglossus santonjae (MNHN 4723, Holotype); D, Neusibatrachus wilferti (MB.Am.1469a, Holotype); E, Iberobatrachus ange-
lae (MUPA-LH 15999b); F, Gracilibatrachus avallei (MUPA-LH 21171b. Holotype); G, Gen. et sp. indet. (MUPA-LH 11392); H, Wealdenbatrachus jucarensis
(PIFUB 101/U70V, Holotype). I-L. Restorations of selected taxa: I, Eodicoglossus santonjae; J, Wealdenbatrachus jucarensis; K, Iberobatrachus angelae; L,
Gracilibatrachus avallei. I-K are based on Biez and Gémez (2019). C-L are to the same scale.

Fig. 1. Provenance, fossiles et anatomie de grenouilles du Crétacé inférieur de la région humide d’Espagne. A. Carte paléogéographique de la plaque
Ibérique pendant le Barrémien-Aptien (modifié d’aprés Gerdes et al.,, 2010). B. Localisation actuelle des sites fossiliféres barrémiens de la péninsule
Ibérique. C-H. Photographies de fossiles représentatifs : C, Eodicoglossus santonjae (MNHN 4723, holotype) ; D, Neusibatrachus wilferi (MB.Am. 1469a,
holotype) ; E, Iberobatrachus angelae (MUPA-LH 15999b) ; F, Gracilibatrachus avallei (MUPA-LH 21171b, holotype) ; G, Gen.et sp. indet (MUPA-LH 11392) ; H,
Wealdenbatrachus jucarensis (PIFUB 101/U70V, holotype). I-L. Restauration de taxa sélectionnés ; I, Eodicoglossus santonjae ; J, Wealdenbatrachus jucarensis ;

K, Iberobatrachus angelae ; L, Gracilibatrachus avallei. I-K sont basés sur Baes et Gomez (2019). C-L sont a la méme échelle.

exception of Silurana, following Gémez (2016). We have
generally referred to the main anuran clades (i.e. the phy-
logenetic nomenclature) following the definitions of Frost
etal.(2006), but used Pipanura (sensu Ford and Cannatella,
1993) for the clade composed of Xenoanura plus Acosma-
nura, and Pipimorpha (sensu Ford and Cannatella, 1993) for
the stem-based clade including Pipidae. The taxonomy and
systematic relationships of the extinct taxa studied in this
paper are based on recent studies (Baez, 2013, 2016; Baez
and Gémez, 2016, 2019; Baez and Sanchiz, 2007; Gémez,
2016).

2.2. Taxonomic sampling

To date, Barremian anurans from Iberia repre-
sent at least five valid genera and species, namely

Eodiscoglossus santonjae Villalta, 1954, Wealdenbatrachus
Jjucarensis Fey, 1988, Neusibatrachus wilferti Seiffert, 1972,
Gracilibatrachus avallei Baez, 2013, and Iberobatrachus
angelae Baez, 2013, which in turn document at least
three major radiations of ‘archeobatrachian’ (i.e. non-
neobatrachian) anurans (Bidez and Goémez, 2016, 2019;
Table 1). We sampled fossils representing these taxa, but
also two other specimens with sufficient anatomical detail
to be ascribed at some systematic level. In view of our
present aims, we studied only those fossils representing
adult individuals and providing data on skeletal limb
proportions. The identification and stratigraphic and
geographic provenance of these specimens are indicated
in Table 1. For the estimation of locomotor capabilities of
these extinct frogs, we sampled 34 extant ‘archeobatra-
chian’ species (Supplementary Material 1). In addition, we



714

Table 1

Systematics and provenance of the fossil specimens included in the analyses.

Tableau 1
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Systématique et provenance des spécimens fossiles inclus dans les analyses.

Taxon

Specimen

Locality

Horizon

Major radiation

References

Eodiscoglossus
santonjae

Neusibatrachus wilferti

Iberobatrachus angelae

Gracilibatrachus avallei

Gen. et sp. indet.

Wealdenbatrachus sp.

MNHN 4723. Holotype

MB.Am.14693, b.
Holotype (formerly
PIFUB 33 A, B)

MUPA-LH 15999 a, b
MUPA-LH 21171 a, b.

Holotype
MUPA-LH 11392

MUPA-LH 7990

Santa Maria de Meia
(Montsec), Lleida
Province

Santa Maria de Meia
(Montsec), Lleida
Province

Las Hoyas, Cuenca
Province
Las Hoyas, Cuenca
Province
Las Hoyas, Cuenca
Province

Las Hoyas, Cuenca

La Pedrera de Ribies
Lithographic
Limestones Fm. (early
Barremian)

La Pedrera de Rubies
Lithographic
Limestones Fm. (early
Barremian)

La Huérguina Fm (late
Barremian)

La Huérguina Fm (late
Barremian)

La Huérguina Fm (late
Barremian)

La Huérguina Fm (late

Stem Lalagobatrachia

Basal Pipimorpha

Costata
Basal Pipimorpha

Stem (or basal)
Pipanura?

Stem Lalagobatrachia

Baez, 2013; Biez and
Gomez, 2016, 2019

Baez and Sanchiz,
2007; Gémez, 2016

Baez, 2013; Biez and
Goémez, 2019

Béez, 2013; Gémez,
2016

Baez, 2016; Biez and
Goémez, 2019; ROG
pers. observ.

Baez and Gémez, 2019;

Province

Wealdenbatrachus
Jjucarensis

PIFUB 101/U70 [-V.
Restoration by Biez
and Gémez (2019)

Uia, Cuenca Province

Evans et al., 1995;
Sanchiz, 1998
Baez and Gémez, 2019

Barremian)

La Huérguina Fm (late
Barremian)

Stem Lalagobatrachia

2 The affinities of MUPA-LH 11392 are based on the combination of eight presacral vertebrae with imbricated neural arches, ribs fused to the transverse
processes, moderately dilated sacral diapophyses, urostyle having small transverse processes, a moderately long scapula lacking crest on its leading margin,

and long ilia lacking well-developed dorsal crests.

sampled skeletons of extant anuran species that currently
inhabit northeastern Spain (Lobo et al., 2016), as well as
tropical and subtropical wetlands of South (Ingaramo et al.,
2012; Valério et al., 2016) and North America (Dixon et al.,
2011), Africa(Sinschetal.,2012), and Asia (Raisetal.,2012;
Roy and Dey, 2015; Schoppe and Cervancia, 2009), in order
to contextualize the taxonomic and ecological diversity of
the Barremian frogs from Iberia (Supplementary Material
1). Although frog-bearing levels from Montsec have been
regarded as early Barremian whereas those from Ufia and
Las Hoyas as late Barremian (De Vicente and Martin-Closas,
2013; Fregenal-Martinez et al., 2017), we pooled fossils
from these three localities to made these comparisons. It
is noteworthy that Eodiscoglossus, represented in Montsec
by E. santonjae, and Wealdenbatrachus, represented in
Una by W. jucarensis, have both been identified among
the anurans from Las Hoyas (Baez, 2013; Buscalioni and
Poyato-Ariza, 2016; Sanchiz, 1998). Only the pipimorph
Neusibatrachus wilferti from Montsec has not yet been
identified among the fossils from Las Hoyas, from which
the pipimorph Gracilibatrachus has been described instead,
but its presence at this locality cannot be ruled out.

2.3. Osteological data

For each individual, we took length measurements of
five major limb bones following Lires et al. (2016: fig. 2):
humerus (Hu), radio-ulna (RU), femur (Fe), tibiofibula (TF),
and fibular (Tar). Analyses were done on species means
when two or more individuals per species were avail-
able. Measurements were either taken from photographs
with ScreenCaliper, Version 4.0 (Iconico, New York), 3D
models with MeshLab 2016 (Cignoni et al., 2008), or dry
skeletons with a manual digital caliper (0.01 mm error). It

has been shown that these different data sources provide
reliable, equivalent measurements (Jorgensen and Reilly,
2013; Lires et al., 2016). All limb proportions used in the
analyses are available in Supplementary Material 1.

2.4. Locomotor modes

Following most previous approaches on frog eco-
morphology (e.g., Citadini et al., 2018; Emerson, 1978;
Enriquez-Urzelai et al., 2015; Jorgensen and Reilly, 2013;
Lires et al.,, 2016), we typified each extant species as having
a primary locomotor mode related to displacement behav-
iors, but we did not consider microhabitat preferences (i.e.
aquatic/terrestrial/arboreal) nor other behavioral patterns
related to substrate use, such as burrowing. Three major
locomotor categories were recognized: jumpers (J), swim-
mers (Sw), and walker/hoppers (WH). We acknowledge
that this is a gross categorization of anuran locomotion
and there is not always a clear-cut classification of species
into a single mode, but we followed this approach in view
of the support for similar classification schemes used by
previous studies on the same type of data (e.g., Enriquez-
Urzelai et al., 2015; Lires et al., 2016). Locomotor modes
of extant species were obtained from the literature (e.g.,
Emerson, 1978, 1988; Enriquez-Urzelai et al., 2015; Lires
etal.,2016; Taigenetal., 1982; Zug, 1972) or Web resources
(AmphibiaWeb, 2018) and are listed in Supplementary
Material 1.

2.5. Morphospace of limb proportions and locomotor
modes

Prior to statistical analyses, we performed a Princi-
pal Component Analysis (PCA) in R 3.3.0 (R Core Team,
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2016) based on the size-corrected limb data. This provided
a morphospace to summarize the diversity in limb pro-
portions in the studied Barremian frogs and among the
sampled ‘archeobatrachian’ anurans, allowing a relatively
straightforward interpretation of the relation between
limb proportions and locomotor modes. In addition, we
evaluated if fossils fell within the shape space of ‘archeo-
batrachians’ as defined by the 95% confidence interval on
the first two PCA axes. If extant species with the same
locomotor mode clustered together in distinct regions of
this morphospace and fossils were more or less within the
range of extant forms, this would allow one to use this
set of ‘archeobatrachians’ to infer locomotor modes in the
studied extinct taxa.

2.6. Phylogenetic flexible discriminant analysis

We inferred locomotor modes for the Barremian anu-
rans by means of a phylogenetic flexible discriminant
analysis (pFDA; Motani and Schmitz, 2011) in R 3.3.0 (R
CoreTeam, 2016), as has beenimplemented by Schmitz and
Motani (2011) and Angielczyk and Schmitz (2014). In con-
trast to standard discriminant analyses, pFDA accounted
for phylogenetic covariance when predicting a categorical
variable (locomotor mode) based on continuous variables
(the five limb bone linear measurements). Classification
rules were derived from the combinations of those con-
tinuous variables that best discriminate between groups
(i.e. ‘discriminant functions’) and were established with a
training dataset of species having known locomotor modes.
Extinct taxa were then assigned to groups by posterior
probabilities calculated for each test sample. Prior to visu-
alization and statistical analyses, we corrected the data
for size by using the proportional length of each bone
among the sum of the five measured elements per indi-
vidual, since scaling against snout-vent length (svl) would
introduce more error, and we focused on limb propor-
tions alone. Taking into account the putative phylogenetic
relationships of the involved extinct taxa, classification
rules were established on a training set of 34 extant
‘archeobatrachian’ species, whose sampling is completely
balanced for locomotor modes. In order to account for phy-
logenetic covariance during the classification of fossils, a
time-adjusted phylogenetic tree (Fig. 2) was assembled in
Mesquite Version 3.31 (Maddison and Maddison, 2011).
The backbone tree of extant species was derived from
the already calibrated topology of Pyron (2014), with a
few remaining extant species added by hand based on
prominent systematic accounts (e.g., Frost, 2019). To this
backbone, extinct taxa were added by hand with a con-
servative approach, according to our current knowledge
based onrecent studies (Baez, 2013; Baezand Gémez, 2016,
2019; Dong et al., 2013; Gémez, 2016; Marjanovi¢ and
Laurin, 2014). The length of branches leading to extinct
taxa were derived directly from the youngest possible age
of fossils following the numerical ages of Cohen et al.
(2013, updated) and assigning internodes a minimum time
interval (1 Myr herein) following previous approaches
(Angielczyk and Schmitz, 2014; Marjanovi¢ and Laurin,
2008, 2014). Classification rules were established at an
optimal Pagel’s lambda value that maximizes a correlation

between morphological variables and locomotor mode,
which was estimated following the approach of Schmitz
and Motani (2011), although we explored classifications
under different values of Pagel’s lambda across its full range
as a sort of sensitivity analysis.

2.7. Comparisons between Barremian and extant frog
assemblages

In order to contextualize our results for the extinct frogs
from Montsec, Ufa, and Las Hoyas in the northeastern
Iberian Peninsula, we compared their taxonomic, phylo-
genetic, morphological and ecological diversity to that of
the anuran assemblage that today inhabit this same region
(Lobo et al.,, 2016; Supplementary Material 1). Also, as
these localities document a large wetland system devel-
oped under a subtropical climate during the Barremian
(Buscalioni and Poyato-Ariza, 2016), we compared the data
with some frog assemblages from tropical and subtrop-
ical wetlands from different continents (Supplementary
Material 1). The number of families, major radiations,
and a measure of the phylogenetic diversity (Faith, 1992)
represented in each assemblage were used as proxies of
taxonomic and phylogenetic diversity, whereas known or
inferred locomotor modes were used as proxies of ecologi-
cal diversity. Phylogenetic diversity was estimated through
the calculation of the phylogenetic diversity index (Faith,
1992) using the Stratigraphic Tools of Mesquite (Josse et al.,
2006) on a time-adjusted tree including all extant species
represented on the assemblages mainly derived from
that of Pyron (2014) and following the aforementioned
approach (Supplementary Material 2). For meaningful
comparisons between the Barremian and extant assem-
blages, this index was scaled according to the tree depth
(in Ma) represented in each sub-tree (Supplementary
Materials 1, 2). A more quantitative approach regarding
ecomorphological diversity was performed on morpholog-
ical data, which consisted of standardized limb proportions
as well as standardized values of ratios within (RU/Hu;
TF/Fe) and between (forelimb/hindlimb) limbs and of svl
of extinct and extant taxa (Supplementary Material 1). The
svl of extinct species were derived from the total length
of the skeleton of nearly complete specimens or reliable
restorations (Table 1; Fig. 1C-L; Supplementary Material
1), whereas those of extant species correspond either to
the mean adult svl obtained from the literature (Trochet
et al,, 2014) or to the actual svl of adult specimens. Com-
parisons were made through calculation of the sum of
variances (SOV) using the dispRity R package (Guillerme,
2018) in R 3.3.0 (R Core Team, 2016). Differences in dis-
parity were considered significant by non-overlapping 95%
confidence intervals, which were calculated by bootstrap-
ping each group 1000 times. To account for the difference
in sample size, which was almost negligible, the samples
were rarefied to the smallest sample size.

3. Results
Our results show that ‘archeobatrachian’ anurans with

the same locomotor mode clump together with very
little overlap in more or less distinct domains of the
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Fig. 2. Time-adjusted phylogeny of ‘archeobatrachian’ frogs. Tree used to account for phylogenetic covariance in the phylogenetic flexible discriminant
analysis (Motani and Schmitz, 2011), depicting the putative relationships of Early Cretaceous frogs from the Iberian wetland. See text for further details.

Fig. 2. Phylogénie, ajustée au temps, de grenouilles « archéobatraciennes ». Arbre utilisé en prenant en compte la covariance phylogénétique dans I'analyse
discriminante flexible phylogénétique (Motani et Schmitz, 2011), décrivant les relations putatives entre grenouilles du Crétacé inférieur dans la zone

humide Ibérique. Voir le texte pour plus de détails.

morphospace defined by the first two PCA axes (Fig. 3A),
which together represent more than 86% of the total vari-
ance (PC1: 63.36%, PC2: 22.76%). This indicates that species
with different locomotor modes tend to have different limb
proportions. Most jumpers and swimmers show negative
values of the PC1 associated with comparatively short fore-
limbs and long hindlimbs, but most jumpers and swimmers
clearly differ in the PC2, which relates to jumpers often
having tibiofibulae that are clearly longer than the femora
and longer proximal tarsals than swimmers. In contrast,
walker/hoppers are restricted to positive values of the PC1,
having relatively longer forelimbs and shorter hindlimbs
with respect to jumpers and swimmers, and all but burrow-
ing specialists show positive values of PC2. The departure

of burrowing species (e.g., Pelobates spp.) from most walk-
ers/hoppers mainly relates to the fact that the femur is
clearly longer than the tibiofibula.

The Barremian anurans from Iberia show diverse limb
proportions, some of which overlap extant ‘archeobatra-
chian’ species in the morphospace, whereas others occupy
somewhat distinctive areas, although most still within the
95% confidence interval of extant forms in the PC1-PC2
morphospace (Fig. 3A), calling for caution when inter-
preting inferences for these particular taxa. Most of these
fossils are located in the morphospace closer to extant
jumpers and swimmers than to walkers/hoppers, some
having proportions more similar to those of particular neo-
batrachians than to any extant ‘archeobatrachian’ species
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Fig. 3. Limb proportions and locomotor modes in Barremian frogs from Iberia and extant ‘archeobatrachian’ species. A. Morphospace of limb proportions
derived from the PCA on species means, where the locomotor modes of extant taxa are depicted in different colors and those of extinct taxa by black dots,
highlighting the anatomy of the selected taxa. The 95% confidence interval for all extant taxa is indicated in red. B. Classification of extinct taxa based on
the phylogenetic flexible discriminant analysis (Motani and Schmitz, 2011) under all values of Pagel’s lambda and posterior probabilities under its optimal
value. Numbers identifying taxa are explained in Supplementary Material 1.

Fig. 3. Proportions des membres et modes locomoteurs chez les grenouilles du Barrémien d’Espagne et les espéces « archéobatraciennes » actuelles.
A. Morpho-espaces des proportions de membres, dérivés de I'analyse en composantes principales sur moyennes d’espéces ot les modes locomoteurs de
taxa actuels sont représentés par des couleurs différentes et ceux des taxa éteints par des points noirs, en mettant I'accent sur I'anatomie de taxa sélectionnés.
L'intervalle de confiance de 95 % pour tous les taxa actuels est indiqué en rouge. B. Classification des taxa éteints, basée sur I'analyse discriminante flexible
phylogénétique (Motani et Schmitz, 2011), avec toutes les valeurs lambda de Pagel et les probabilités postérieures sous leur valeur optimale. Les numéros
indiquant les taxa sont expliqués dans le matériel supplémentaire 1.

(Supplementary Material 1). For instance, Wealdenbatra- Application of the pFDA classification rules with the
chus jucarensis shows extreme negative values of PC1, estimated optimal Pagel’s lambda (0.4) results in four
whereas the pipimorphs Neusibatrachus and Gracilibatra- extinct species classified as jumpers and the remaining
chus show extreme negative values of PC2. Conversely, three as swimmers, with high posterior probabili-
Eodiscoglossus santonjae and MUPA-LH 11392 plot almost ties (>95%) in most cases (Fig. 3B). Moreover, those
in the center of the PC1-PC2 morphospace, in between classifications with high posterior probabilities at opti-
extant species with different locomotor modes, which mal lambda do not vary across the entire range of
might suggest that their limb proportions are rather gen- lambda values, including classification of the pipimorphs

eralized. Neusibatrachus and Gracilibatrachus as swimmers and



718 R.O. Gomez, Al Lires / C. R. Palevol 18 (2019) 711-723

Wealdenbatrachus jucarensis, MUPA-LH 7990, and MUPA-
LH 11392 as jumpers. It has to be noted that, in spite of its
seemingly generalized limb proportions, MUPA-LH 11392
is consistently classified as a jumper, which relies on the
fact that the distance to the centroid of jumpers is con-
sistently shorter than those of other locomotor groups. In
contrast, Eodiscoglossus and Iberobatrachus are classified
at optimal lambda with relatively low posterior proba-
bilities (<70%) as swimmer and jumper, respectively, but
their classification vary across the range of lambda, being
alternatively classified as swimmers at low values and
jumpers at high values. Fossils were never classified as hop-
per/walkers with the classification rules derived from the
pFDA, disregarding the value of lambda (Fig. 3B).

The fossil frogs from the Iberian Plate represent at
least five distinct genera, namely the already known
Eodiscoglossus, Gracilibatrachus, Iberobatrachus, Neusibatra-
chus, and Wealdenbatrachus, but MUPA-LH 11392 certainly
represents an additional one. In turn, these taxa might
represent at least five families (although they are not
defined yet) and four major radiations of ‘archeobatrachian’
anurans: stem lalagobatrachians, costatans, stem (or alter-
natively basal) pipanurans, and basal pipimorphs (Baez,
2013, 2016; Baez and Gémez, 2016, 2019; Gémez, 2016;
Supplementary Material 1; Table 1; Fig. 2). Conversely,
sampled tropical and subtropical assemblages represent
between three to seven families and two to five major
radiations each, being ‘archeobatrachian’ anurans largely
unrepresented (Supplementary Material 1; Fig. 4A). In
addition, the inferred phylodiversity encompassed by this
Barremian assemblage rivals or even surpasses the cur-
rent anuran phylodiversity of the Iberian region and of
sampled tropical and subtropical assemblages across the
world (Supplementary Material 1; Fig. 4A). In ecological
terms, the Barremian assemblage is similar to the sam-
pled extant wetland assemblages in that each encompasses
swimmers and is rich in jumpers, but differs from the latter
in lacking walker/hoppers and in having a larger propor-
tion of swimmers (Fig. 4A). The ecomorphological disparity
calculated by SOV on the standardized limb proportions
(Fig. 4B) and the standardized ratios plus svl (Fig. 4C)
is statistically similar between extinct and most extant
assemblages, although the latter is somewhat higher for
the Barremian assemblage. The Barremian wetland encom-
passes taxa not only with diverse limb proportions, but also
of different size classes ranging from the miniature adult
pipimorphs (20 mm svl) to the medium-size Wealdenba-
trachus jucarensis (50 mm svl), which barely resembles in
size and proportions some extant species of Discoglossus.

4. Discussion

Limb proportions in sampled ‘archeobatrachians’ corre-
late well with locomotion, as has previously been observed
in diverse anurans (Emerson, 1988; Enriquez-Urzelai et al.,
2015; Jorgensen and Reilly, 2013; Lires et al., 2016; Zug,
1972), which allowed us to infer the locomotor abili-
ties in extinct taxa. The extinct frogs from the Iberian
wetland, which show diverse limb proportions but more
typical of jumpers or swimmers, were classified accord-
ingly by the pFDA rules. Some classifications do not depart

from expectation, as in the cases of the pipimorph taxa
or Wealdenbatrachus. The pipimorphs Neusibatrachus and
Gracilibatrachus, which are part of the stem of the highly
aquatic pipids (Baez, 2013; Baez and Sanchiz, 2007; Gémez,
2016), are consistently inferred as swimmers, in agreement
with the aquatic lifestyle inferred on the basis of several
skeletal features other than limb proportions (Baez, 2013;
Gomez and Pérez-Ben, 2019). Also concurring with pre-
vious suggestions mainly based on limb proportions and
ilial morphology (Bdez and Gomez, 2019), specimens of
Wealdenbatrachus are invariably classified as jumpers.

On the contrary, the locomotor behaviors of the remain-
ing Barremian frogs from Iberia have not been advanced
previously, but some remarks have previously been made
on their hindlimb proportions. In this regard, Iberobatra-
chus has been considered more similar to Wealdenbatrachus
than to Eodiscoglossus, although differences in their prox-
imal tarsals have been stressed (Baez, 2013; Baez and
Gomez, 2019). In line with these previous observations,
Iberobatrachus is classified as a jumper under most ana-
lytical conditions, yet many of these classifications are
with posterior probabilities only marginally over 50% and
swimming as the primary locomotor mode should not
be dismissed. It is also noteworthy that Iberobatrachus
clearly differs from Wealdenbatrachus in having propor-
tionally shorter hindlimbs relative to svl (although this
feature was not part of our analyses; Fig. 1], K) and in lack-
ing a well-developed dorsal crest on the ilial shaft, which
has been interpreted as indicative of different locomotor
abilities (Baez and Gémez, 2019). Crested ilia characterize
many, but not all, proficient jumpers among neobatra-
chian anurans, though they are only present in species
of Discoglossus among extant ‘archeobatrachian’ jumpers
(Gémez and Turazzini, 2016; Prikryl et al., 2009; Reilly and
Jorgensen, 2011), which are known to exert lower jump
forces than neobatrachians (Herrel et al., 2016). Therefore,
the sole lack of a dorsal crest on the ilium cannot be taken
as evidence against jumping locomotion. In any case, it is
possible that the uncertainty in the classification might
indicate that both jumping and swimming were impor-
tant parts of the locomotor repertoire of Iberobatrachus,
which would agree with semiaquatic habits, although a
more thorough scrutiny of its anatomy and the integra-
tion of additional data from extant taxa will be needed to
elucidate this issue.

The osteology of Eodiscoglossus santonjae has recently
been revised in detail; its generalized limb proportions
have been regarded as part of its overall plesiomorphic
morphology (Baez and Gémez, 2016). This appears to be
confirmed by our limb data, as Eodiscoglossus plot almost at
the centroid of the ‘archeobatrachian’ morphological diver-
sity between extant species of the three different locomo-
tor modes considered herein (Fig. 3A). However, this taxon
is classified as a swimmer under most analytical conditions,
yet with relatively low posterior probabilities, being other-
wise classified as a jumper. This is interesting, since gener-
alized limb proportions might imply an all-purpose mor-
phology capable to cope with different demands imposed
by diverse microhabitats (e.g., Soliz et al., 2017; Tulli et al.,
2016). Among the locomotor and other substrate-related
behaviors of anurans, however, Eodiscoglossus does not
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Fig.4. Taxonomic, phylogenetic and ecomorphological diversity of the Barremian Iberian wetland, the extant Iberian frog assemblage, and tropical and sub-
tropical wetlands. A. Map showing the location and diversity of the assemblages. B-C. Boxplots comparing ecomorphological diversity by means of the sum
of variances calculated on standardized limb proportions (B) and limb ratios plus svl (C). The data is available in Supplementary Materials 1-2. Major radia-
tions abbreviations in A: Af, Afrobatrachia; An, Anomocoela; Au, Australobatrachia; Co, Costata; La, stem Lalagobatrachia; Le, Leiopelmatidae + Ascaphidae;
Mi, Miobatrachidae; Na, Natatanura; Ne, basal neobatrachians; No, Nobleobatrachia; Pi, stem or basal Pipanura; Xe, Xenoanura. Assemblages abbreviations
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Fig. 4. Diversité taxonomique, phylogénétique et écomorphologique des assemblages de grenouilles barrémiennes de la zone Ibérique humide, de
grenouilles ibériques actuelles et de celles de zones humides tropicales et subtropicales. A. Carte montrant la localisation et la diversité des assemblages.
B-C. Diagrammes de relevés comparant la diversité écomorphologique au moyen de la somme des variances calculées sur des proportions standardisées de
membres (B) et des rapports de membres plus svl (C). Les données sont disponibles en matériel supplémentaire 1-2. Principales abréviations de radiations
en A : Af, Afrobatrachia ; An, Anomocoela ; Au, Australobatrachia ; Co, Costata ; La, branche Lalagobatrachia ; Le, Leiopelmatidae ; Mi, Miobatrachidae ;
Na, Natatanura ; Ne, Néobatraciens de base ; No, Nobleobatrachia ; Pi, branche ou Pipanura de base ; Xe, Xenoanura. Abréviations d’assemblages en B-C :
Abr, chaine d’Albertine ; Asm : Assam ; Bw, zone humide barrémienne ; Cwl, Chakwal ; Evg, Everglades ; Iba, Ibérie ; nwl, Ibérie nord-occidentale ; Pgn,
alignement de Pagdanan ; Pnt, Pantanal.

seem to be able to jump long distances, walk fast or burrow and swimming species matches the expectation given
effectively. Most walker/hoppers that also burrow exhibit that the depositional environments might have been part
stout, proportionally short hindlimbs and feet with a more of a large subtropical wetland system extending across
or less hypertrophied prehallux (Emerson, 1976; Fabrezi northeastern Iberia (Buscalioni et al., 2018; Buscalioni and
etal.,2017), whereas Eodiscoglossus shows only a tiny ossi- Poyato-Ariza, 2016). It is most similar in ecomorphological
fied prehallux, despite having a hypertrophied prepollex structure to that from Pagdanan Range on the Philippine
(Baez and Gomez, 2016). Also, it has not the comparatively archipelago among the extant wetland assemblages
long forelimbs and short hindlimbs of efficient fast-walkers surveyed (Fig. 4) and contrasts with that of the frog assem-
relative to other anurans (Reynaga et al,, 2018). There- blage currently inhabiting northeastern Iberia, which is
fore, in this case the ambiguity in the classification might dominated by terrestrial jumpers and walker/hoppers,
indicate that Eodiscoglossus was a semiaquatic unspecial- dwelling borders of swamps or temporary ponds devel-
ized swimmer with some jumping capability, although this oped under more temperate and drier climatic and
remains to be tested with additional data. environmental conditions (AmphibiaWeb, 2018; Trochet

Taken together, our results suggest that among these et al., 2014). Additional comparisons with the extant
Early Cretaceous frogs, there were some jumpers and assemblages further stress the remarkable taxonomic
swimmers having more extreme limb proportions than and ecomorphological diversities represented among
extant ‘archeobatrachian’ species, but also species having Barremian fossils, which, despite the intrinsic biases of the
more generalized limb proportions with varying degrees fossil record, equal or even surpass present-day values of
of jumping and swimming abilities, typical of aquatic and taxonomic, phylogenetic, and ecomorphological diversity
semiaquatic frogs (Emerson, 1978, 1988; Soliz et al., 2017). (Supplementary Material 1; Fig. 4). The high ecomor-
Interestingly, this ecomorphological structure with good phological disparity depicted by fossils, encompassing

representation of aquatic or likely semiaquatic jumping jumpers and dedicated swimmers plus jumper/swimmer
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putatively semiaquatic generalists of different size classes,
certainly agrees with previous observations on these
anurans (Baez and Gémez, 2019; Buscalioni and Poyato-
Ariza, 2016) as well as with the paleoenvironmental
reconstruction of northeastern Iberia as a complex sub-
tropical wetland during the Barremian (Buscalioni et al.,
2018; Fregenal-Martinez and Buscalioni, 2009). This large
wetland system constituted a heterogeneous environment
with diversity of intermingled aquatic, semiaquatic, and
terrestrial microhabitats (Buscalioni et al., 2018; Buscalioni
and Poyato-Ariza, 2016; Gomez et al., 2015) and might
support a high diversity of anurans and other components
of the biota from the Iberian Plate by providing a mosaic
of available niches (Provete et al., 2014; Tews et al., 2004).

It is also noteworthy that the Barremian assemblage is
exclusively made up of ‘archeobatrachian’ taxa, whereas
extant assemblages worldwide are largely dominated by
neobatrachians and only a few ‘archeobatrachian’ groups
may be part of subtropical or tropical wetlands, namely
a few bombinatorid costatans, pipid xenoanurans, and
megophryid anomocoelans (Supplementary Material 1;
Fig. 4A). The current scenario is not surprising, since
‘archeobatrachians’ represent only 4% of all extant anuran
species (Frost, 2019). This, coupled with the observed pat-
tern in the morphospace of limb proportions showing some
Barremian fossils falling outside the hulls defined by extant
‘archeobatrachians’ (Fig. 3A), indicates that the extant tax-
onomic and ecomorphological ‘archeobatrachian’ diversity
has become impoverished. Early Cretaceous assemblages
from Laurasian continents other than that from Iberia
also lack neobatrachians, whose diversification was well
underway then as it is evidenced by the anurofauna
from the Aptian Crato Formation of Brazil (Baez et al.,
2009) and as it is inferred based on molecular time esti-
mates (e.g., Pyron, 2014). Despite Neobatrachians reached
a widespread distribution across most Gondwanan conti-
nents by the end-Cretaceous, they remained absent from
Iberia and most other Laurasian terrains (Baez et al., 2012;
Gaoand Chen,2017; Ikedaetal.,2016; Xinget al., 2018; this
study), which reinforces the hypothesis of an origin and
early diversification of these anurans in Gondwana (Baez
etal., 2009, 2012)and suggests some geographical isolation
from Laurasian landmasses during most of the Cretaceous.

The frogs from the Barremian Iberian wetland are
amongst the earliest well-known representatives of some
major crown-group radiations, providing valuable data on
the early ecomorphological diversification of anurans. The
origin of the anuran Bauplan has traditionally been linked
with saltatory locomotion (e.g., Gans and Parsons, 1966;
Jenkins and Shubin, 1998), although this view has recently
been challenged on different grounds (Ascarrunz et al.,
2016; Herrel et al., 2016; Lires et al., 2016; Reilly and
Jorgensen, 2011). Alternatively, a walker/hopper locomo-
tion has been proposed as the primitive anuran condition in
some recent studies (e.g., Ascarrunz et al., 2016; Jorgensen
and Reilly, 2013; Reilly and Jorgensen, 2011), although the
latter did not consider swimming as a discrete locomo-
tion category in their analyses. It is surprising, though,
that among the Barremian frogs from Iberia none was
classified here as walker/hopper, whereas jumpers are
well represented. However, these jumpers either appear

to be generalists or similar in size and proportions to
extant Discoglossus, which produced low jump forces most
often associated with swimming than jumping in most
studied anurans (Herrel et al, 2016). Moreover, dedi-
cated swimmers are also well represented in this Early
Cretaceous assemblage, and swimming abilities are also
expected for the remaining taxa, including those consis-
tently classified as jumpers, since almost every extant
anuran shows some swimming capability (Emerson and
De Jongh, 1980; Peters et al., 1996; Soliz et al., 2017),
though species distantly related or with different ecolo-
gies might swim rather differently (Nauwelaerts and Aerts,
2002; Robovska-Havelkova et al., 2014). In this regard,
general similarities in limb proportions and kinematics
between swimming and jumping frogs have previously
been acknowledged (Emerson and De Jongh, 1980; Lires
et al.,, 2016; Nauwelaerts et al., 2007; Peters et al., 1996;
Soliz et al., 2017; but see Robovska-Havelkova et al., 2014),
and there are many wetland-dweller neobatrachians that
excel at both types of locomotion (Nauwelaerts et al.,
2007; Soliz et al., 2017). However, recent work on jump-
ing performance across the anuran tree demonstrated that
‘archeobatrachian’ jumpers do not really excel in jumping
locomotion as they exert only low jump forces in compar-
ison to jumping neobatrachians (Herrel et al., 2016). Frogs
from the Barremian of Iberia exclusively represent minia-
ture to medium-size ‘archeobatrachians’ with jumping
and/or swimming abilities in a large and complex wet-
land, depicting a scenario compatible with the hypothesis
regarding early frogs as small poor jumpers or swimmers
that made their peculiar Bauplan in aquatic environments
evolve (Herrel et al., 2016).

5. Conclusions

The Early Cretaceous frogs from the Iberian wet-
land exhibit a remarkable taxonomic, phylogenetic, and
ecomorphological diversity, encompassing miniature to
medium-size ‘archeobatrachians’ with varying degrees of
jumping and swimming abilities, indicating a Konservat-
Lagertdtte preservation of this wetland anuran assemblage
(Buscalioni and Poyato-Ariza, 2016). In addition, this
assemblage rivals modern tropical and subtropical wet-
lands here surveyed, which have relatively high species
richness representing up to five major anuran radiations,
whereas most temperate frog communities encompasses
less than a handful of syntopic species (Sinsch et al,,
2012; Wells, 2007). This further highlights the subtropi-
cal nature of this Iberian wetland and suggests that it could
be an ancient anuran biodiversity hotspot. It would be of
interest also to investigate other less spectacular Early Cre-
taceous frog assemblages to grasp a better panorama of the
early phylogenetic and ecomorphological diversification of
crown-group anurans and assess if frogs were also part of
the Cretaceous Terrestrial Revolution (Lloyd et al., 2008).
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