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2nd Palaeontological Virtual Congress:  
Palaeontology in the virtual era
VICENTE D. CRESPO and PAOLO CITTON

Introduction
After the success of the 1st Palaeontological Virtual Con gress 
(Crespo and Manzanares 2019), we decided to try to repeat 
the success with a new edition. Thus, the 2nd Palaeontological 
Virtual Congress (2nd PVC; Fig. 1) was born. This second 
edition of the congress was already conceived in November 
2019, prior to the events—sadly known to all—related to the 
pandemic of COVID-19 disease, and was successfully held 
during May 2020 (Barral 2020).

In this way, thanks to the collaboration of different insti-
tutions, some of them present in the previous edition such as 
Universitat de València, Museo Paleontológico de Alpuente, 
Museu Valencià d’Historia Natural, University of Bristol 
and, Universidad Nacional a Distancia, plus new incorpo-
rations such as Museo de La Plata, Consejo Nacional de 
Investigaciones Científicas y Técnicas (CONICET), Uni ver-
sity of Bath, Aristotle University of Thessaloniki, Instituto 
de Investigaciones en Paleobiología y Geología (IIPG) and 
Museo Paleontológico Egidio Feruglio, we decided to carry 
out this adventure again, with a more international character.

The Palaeontological Virtual Congress (PVC) was in-
novative in the world of palaeontology as it was the first 
congress developed in an exclusively virtual environment 
in this science. Three main goals moved us to carry out 
this second edition, with two main ones, the social and 
the ecological, to which the pandemic was added later. 
The new format that we developed for the PVC combines 
the benefits of traditional meetings with the advantages 
and simplicity of online platforms. Among the similarities 
with traditional congresses are the following: providing a 
forum for discussion, merchandising, guest lectures, “field 
trips”, and an abstract book, etc. Thanks to this format, 
we reached a high number of palaeontologists around the 

world. We know the difficulties that researchers from de-
veloping countries, independent researchers, or researchers 
without grants face with travel to different congresses, and 
this was a good opportunity to strengthen their scientific 
connections. So, thanks to the volunteer work of the organ-
ising committee, we could provide a low registration fee. In 
addition, these kinds of congresses allow us to reduce the 
carbon footprint that we humans leave on our planet, as we 
avoid the pollution associated with a face-to-face meeting 
(including traveling by plane, car, or train) (Abbott 2019).

Results
Participation.—Thanks in part to the good reception of 
the 1st PVC, the second edition increased the numbers of 
the first edition and exceeded our expectations: 398 palae-
ontologists and palaeontology enthusiasts from 44 different 
nations and five continents were part of this initiative.

Congress format.—The meeting was organized as any 
traditional congress: keynotes, general sessions and work-
shops, and “field trips”. In charge of the keynotes were 
Michael Benton from University of Bristol, Anne Laure 
Decombeix from Centre National de la Recherche Scien-
tifique-Unité Mixte de Recherche Botany and Mode ling of 
Plant Architecture and Vegetation (CNRS-UMR AMAP), 
Jesús Lozano Fernández from Institute of Evolutionary 
Biology, Centro Superior de Investigaciones Científicas-
Universidad Pompeu Fabra (CSIC-UPF), and, last but not 
least, Jim Kirkland and Don DeBlieux from Utah Geo-
logical Survey. Participants were able to choose from three 
forms of presentation: a video presentation with a duration 
of 10 to 15 minutes; presentation slides (between 10–30 
slides); and a poster (up to 5 slides). As in any meeting, all 
the contributions have been published in the abstract book 
“2nd Palae ontological Virtual Congress. Book of abstracts. 
Palae ontology in the virtual era” (Vlachos et al. 2020), that 
can be downloaded for free on our website, together with the 
book of abstracts of the 1st PVC (Crespo et al. 2018).

Workshops.—Due to the diversity of topics in palaeonto-
logy, it was possible to present a variety of thematic ses-
sions. This idea received a very warm welcome, and five 

Fig. 1. Logo of the 2nd Palaeontological Virtual Congress, designed by 
Hugo Salais (source: author).
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specific sessions and four general sessions were held on our 
virtual platform.

Specific sessions.—Evolution and Palaeobiodiversity in 
Neogene and Quaternary Islands moderated by Carolina 
Castillo Ruiz, Javier González-Dionis, Elena Cadavid Melero, 
and Sara Pérez Martín from Universidad de La Laguna 
(Spain) and Penélope Cruzado-Caballero from Insti tuto de 
Investigación en Paleobiología y Geología-CONICET-UNRN 
(Argentina), and Grupo Aragosaurus-IUCA, Universidad de 
Zaragoza (Spain).

Fossil insects, their record, ecology and evolution moder-
ated by Jacek Szwedo from Uniwersytet Gdański (Poland).

Palynology as a tool in stratigraphic and paleonviron-
mental research: advances and perspectives moderated by 
Adele Bertini, and Gabriele Niccolini from Università degli 
Studi di Firenze (Italy), and Nathalie Combourieu-Nebout 
from Histoire Naturelle de l’Homme Prehistorique (France).

PalaeoVC Early Career Session moderated by Bryan 
Shirley, and Niklas Hohmann from Friedrich-Alexander 
Uni versität Erlangen-Nürnberg (Germany), and Danae Thi-
vaiou from Ethnikó ke Kapodistriakó Panepistímio Athinón 
(Greece).

Paleontology in Education and Society moderated by 
Rosalía Guerrero-Arenas, and Eduardo Jiménez-Hidalgo 
from Universidad del Mar (Mexico).

The general sessions are moderated by the organising 
committee and were divided into Palaeozoic, Mesozoic, 
Cenozoic, and General Palaeontology, where those papers 
that could not be classified in the first sessions were placed. 
The variety of sessions held during the congress provided 
the participants with a forum for the exchange of ideas and 
the opportunity to discuss each topic.

Virtual field trips.—After the success and positive feed-
back of the 1st PVC virtual field trips, we decided to repeat 
the experience. This time the virtual field trip was a won-
derful walk in South Tyrol (North Italy), specifically in the 
Bletterbach Gorge, which is part of the Dolomites UNESCO 
World Heritage Site as the Bletterbach Geopark. In this visit 
we saw the formation from a drone, visited the museum 
associated with the area, and saw the main fossils found. 
All these virtual field trips can be visited permanently on 
our website.

Special issue
As in the first edition, we also wanted to prepare a spe-
cial volume. On this occasion it is published in Acta 
Palaeontologica Polonica, to be able to continue with the 
same spirit as a traditional congress. For this reason, we de-
cided to make a special issue, composed of 10 contributions, 
originating from the expanded abstracts that were presented 
in the congress.

Abel et al. (2021) discuss a pterodactyloid mandible 
from the lower Valanginian of Lower Saxony Basin, in 
Ger many. The material represents one of the oldest identi-

fiable member of the Early Cretaceous clade Anhangueria, 
and one of the few known pterosaurs from the Valanginian 
stage.

Álvarez-Parra et al. (2021) present a new fossiliferous 
locality of early Miocene age from the Ribesalbes–Alcora 
Basin in Spain. Here, a quite diverse fauna represented by 
charophytes, terrestrial plants, arthropods (crustaceans and 
insects), gastropods, and fish remains, preserved in finely 
laminated limestone beds and laid down in a lacustrine en-
vironment, improve our knowledge about the palaeoecology 
and palaeoenvironmental evolution of the Basin during the 
Miocene.

Barasoain et al. (2021) provide the first description of 
the skull for Vetelia, a Miocene genus of armadillos from 
Argentina and Chile, and emend the diagnosis of the three 
species included in the genus. Further phylogenetic analysis 
reveal Vetelia to be a member of Priodontini within the sub-
family Tolypeutinae, differently from previous hypothesis 
that included Vetelia in the subfamily Euphractinae, thus 
shedding new light on the evolutionary history of the poorly 
known Tolypeutinae.

Dankina et al. (2021) study Late Permian chondrich-
thyans and osteichthyans remains from the North-Sudetic 
Basin (southwest Poland), identifying an important eco-
logical differentiation within the ichthyofauna dwelling the 
Zechstein sea.

Davidian et al. (2021) describe the first ichneumonoid 
aphidiine wasp species from the middle Eocene Sakhalinian 
amber (Sakhalin Province, Russian Federation). The new 
taxon represents to date the oldest named species of the genus 
and bears characters possibly related to an adaptation to par-
asitize aphids, thus shedding further light on the coevolution 
between aphids and aphidiine.

Martino et al. (2021) revise hippopotamid remains from 
the Messinian of Sicily originally used to erect the taxon 
Hippopotamus siculus. By means of morphological and 
morphometrical analyses, a provisional assignment to the 
genus Hexaprotodon is provided, as well as a discussion of 
the dispersal pattern across the peri-Mediterranean area.

Núñez-Blasco et al. (2021) describe and compare some 
specimens of the doedicurin glyptodont Eleutherocercus 
solidus. Cladistic analysis supports Doedicurinae as a mono-
phyletic group of southern South American glyptodonts and 
the genus Eleutherocercus as a sister group of Doedicurus, 
the giant glyptodont of Pleistocene age representing the end 
member of a trend of latitudinal retraction of the subfamily 
probably triggered by climate change.

Reyna-Hernández et al. (2021) report hadrosaurid post-
cranial remains from Coahuila (Mexico) referred to Lambeo-
saurinae indet. and discuss the significance of the new mate-
rial in the wider panorama of southern Laramidia during the 
Campanian–Maastrichtian.

Robledo et al. (2021) describe fossil fruits of the alis-
mataceous plant Sagittaria montevidensis from the upper 
Miocene of Salta province (Argentina), representing the 
first pre-Quaternary remains of this kind of plants from 
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South America. The authors also provide a rapid review of 
the family Alismataceae, suggesting dispersal routes for 
the genus Sagittaria during the Oligocene–Miocene time 
interval.

Waseem et al. (2021) discuss δ18O and δ13C analyses on 
thirty fossil enamel samples belonging to different mid-
dle Miocene mammals from of the Siwalik sub-Group of 
Pakistan to investigate their palaeodiet and palaeoecology 
related to dense forests and woodlands.

The future
With this second edition, we are already consolidating our 
position in the increasingly competitive world of online 
congresses, as we were the first in the field of palaeon-
tology to organise this type of conference. With the ex-
perience gained from these two editions, we are already 
preparing the third edition for 1–15 December 2021, with 
new surprises and new forums in which participants can 
interact in the next congress. Among them, to increase 
the range and diversity of nationalities and areas of exper-
tise, we have created a social fund for participants from 
low and lower–middle income countries listed as such on 
The World Bank’s list. In addition, we are introducing the 
figure of ambassadors, for those participants who wish to 
advertise us among their colleagues in their country and/
or speciality. We also set up a Discord server with multiple 
text and voice channels so you can give and receive feed-
back to and from your peers. We look forward to seeing 
you in the 3rd PVC!
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An anhanguerian pterodactyloid mandible from  
the lower Valanginian of Northern Germany,  
and the German record of Cretaceous pterosaurs
PASCAL ABEL, JAHN J. HORNUNG, BENJAMIN P. KEAR, and SVEN SACHS

Abel, P., Hornung, J.J., Kear, B.P., and Sachs, S. 2021. An anhanguerian pterodactyloid mandible from the lower 
Valanginian of Northern Germany, and the German record of Cretaceous pterosaurs. Acta Palaeontologica Polonica 66 
(Supplement to 3): S5–S12.

The record of Cretaceous pterosaur remains from Germany is sparse. The material recovered to date includes the frag-
mentary holotypes of Targaryendraco wiedenrothi and Ctenochasma roemeri, as well as a few isolated pterodactyloid 
teeth and some indeterminate skeletal elements, together with a plaster cast of a large Purbeckopus manus imprint. 
Here, we report the discovery of a pterodactyloid pterosaur mandible from lower Valanginian strata of the Stadthagen 
Formation in the Lower Saxony Basin of Northern Germany. Based on the size and spacing of its alveoli, this fossil is 
attributable to the cosmopolitan Early Cretaceous pteranodontoid clade Anhangueria. Moreover, it represents the first 
and only known pterosaur from the Valanginian of Germany and is one of only a handful Valanganian pterosaur occur-
rences presently recognized worldwide. In addition to the approximately coeval Coloborhynchus clavirostris from the 
Hastings Bed Group of southern England, the Stadthagen Formation pterosaur mandible is among the stratigraphically 
oldest identifiable anhanguerians.

Key words:  Pterosauria, Pterodactyloidea, Anhangueria, Cretaceous, Stadthagen Formation, Lower Saxony.
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Introduction
Pterosaurs were the first vertebrates to evolve an active vo-
lant lifestyle and were globally widespread from the Middle 
Triassic until their extinction at the end of the Cretaceous 
(e.g., Butler et al. 2009; Longrich et al. 2018). Among the 
paraphyletic succession of early pterosaur lineages, only the 
“short-tailed” pterodactyloids and anurognathids survived 
beyond the Jurassic–Cretaceous boundary, with pterodac-
tyloids subsequently diverging into the Azhdarchoidea and 
Pteranodontoidea (Kellner 2003; Hone 2020). One of the most 
successful of these Cretaceous pterodactyloid clades were 
the Anhangueria, a cosmopolitan radiation of toothed and 
often large pteranodontoids, best known from the Aptian–
Albian strata of Great Britain and Brazil (Rodrigues and 

Kellner 2013), but ranging up into the Turonian elsewhere 
(Rodrigues and Kellner 2013; Pentland et al. 2019, Frey et al. 
2020). To date, the stratigraphically oldest known anhangue-
rian is Coloborhynchus clavirostris Owen, 1874 from the up-
per Berriasian–lower Valanginian of England (Rodrigues and 
Kellner 2013; Pentland et al. 2019), which suggests possible 
origination of the group shortly after the Jurassic–Cretaceous 
transition.

Here we describe a new fragmentary mandible (RE 
551.763.120 A 0333/1) of an anhanguerian pterodactyloid 
from the lower Valanginian of Northern Germany. This 
specimen was found by fossil collector and preparator Karl-
Heinz Hilpert (formerly at the Geologisch-Paläontologisches 
Museum Münster) in the abandoned Sachsenhagen clay pit 
in Lower Saxony, and subsequently donated to the Ruhr  
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Museum Essen in 1998. RE 551.763.120 A 0333/1 is import-
ant, because together with C. clavirostris it represents one 
of the oldest known anhanguerian occurrences. In addition, 
it is one of only very few pterosaur specimens currently 
identified from the German Cretaceous (von Meyer 1851; 
Wild 1990; Hornung and Reich 2013; Lanser 2015) and is 

also the first documented pterosaur fossil found in Germany 
that is of Valanginian age.
Institutional abbreviations.—GZG.IF, Ichnofossil collec-
tion, Geoscience Centre, University of Göttingen, Göttingen, 
Germany; LWL, LWL-Museum für Naturkunde, Münster, 
Germany; RE, Ruhr Museum, Essen, Germany; RPMH, 

Fig. 1. A. Geographic location (asterisk) of the former Sachsenhagen clay-pit. B. Stratigraphical framework of the Lower Cretaceous in the former 
Sachsenhagen clay-pit. Modified after Mutterlose et al. (1997), Mutterlose (2017), and Erbacher et al. (2014a, b). C. Palaeogeographic reconstruction of 
Central Europe during the Valanginian–Hauterivian interval showing the position of Sachsenhagen (1) in the Lower Saxony Basin (LSB) and St. Leonard-
on-Sea (2), the locus typicus of the approximately coeval Coloborhynchus clavirostris, in the Wessex Basin (WB). Modified after Mutterlose et al. (1997).
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Römer- Pelizaeus-Museum Hildesheim, Hildesheim, Ger-
many; SMNS, Staatliches Museum für Naturkunde Stutt-
gart, Stuttgart, Germany.

Geological setting
The Sachsenhagen clay pit is located approximately 30 km 
west of Hannover (Fig. 1A) and was operated as brickworks 
from 1904 to 1986. Most of the quarry area has since been 
backfilled and used as a waste dump. The exposed profile 
spans a lithofacially mostly homogenous, pelitic succes-
sion of the upper Berriasian upper Isterberg Formation and 
lower Valan ginian lower Stadthagen Formation (Fig. 1B). 
The transition between these units correlates with a shift 
from euryhaline to stenohaline conditions following a ma-
rine transgression (Kaufmann et al. 1980; Mutterlose 2017). 
Paleo geo graphically, the deposits were formed in a shallow 
gulf that inundated the Lower Saxony Basin as a southward 
exten sion of the North Sea Basin (Fig. 1C; see Mutterlose 
2017).

Locality information indicates that RE 551.763.120 A 
0333/1 derived from the lower Valanginian lower Stadthagen 
Formation spanning the Platylenticeras robustum and P. 
heteropleurum (Mutterlose 1984, 2017) ammonite zones. 
Zawischa (1992) and Frerichs and Girod (2017) documented 
a rich vertebrate fossil assemblage, including actinopte-
rygians (Frerichs 2017a), plesiosaurs (Frerichs 2017b), the 
thalattosuchian crocodylomorph “Enaliosuchus schroederi” 
Kuhn, 1936 (see Schroeder 1923; Sickenberg 1961; Sachs et 
al. 2020), and additional indeterminate crocodyliform re-
mains (Frerichs 2017b). Most of the material is currently 
located in private collections.

Systematic palaeontology
Pterosauria Kaup, 1834
Pterodactyloidea Plieninger, 1901
Pteranodontoidea Kellner, 1996
Anhangueria Rodrigues and Kellner, 2013
Anhangueria indet.
Fig. 2.

Material.—RE 551.763.120 A 0333/1, an incomplete man-
dible from the abandoned Sachsenhagen clay pit, Sach sen-
hagen, Lower Saxony, Germany (approximate coordinates 
52°23’51” N, 09°15’18” E); Platylenticeras robustum or Platy-
lenticeras heteropleurum ammonite biozones (NW-European 
ammonite province of the Sub-Boreal Realm: sensu Kemper 
et al. 1981, Marek and Shulgina 1996), lower Valanginian, 
Lower Cretaceous, Stadthagen Formation.
Description.—The preserved mandible includes the poste-
rior section of the symphysis and parts of both dentaries and 

angulars. The splenials have been disarticulated and are now 
lost. Thus, the Meckelian groove is exposed on the medial 
surfaces of both rami (Fig. 2). The mandible has a sub-circu-
lar cross-section anterior to the symphyseal contact. There 
is no evidence of a sagittal crest. The external ventral face 
of the mandibular rami is shallowly convex. The dorsal side 
of the symphyseal portion is strongly concave and has an 
irregular midline suture (Fig. 2A). A conspicuous laterome-
dial furrow is visible along the length of the rami ventral to 
the alveolar row. The post-symphyseal space is filled with 
sediment. However, both rami diverge at an angle of about 
23° relative to the longitudinal axis.

The mandible has suffered some diagenetic crushing, 
resulting in a prominent longitudinal crack on the lateral 
surface of the left ramus (Fig. 2B). Especially the lateral 
surface of the right ramus forms two longitudinal bulges, 
resulting in an undulating surface. The postsymphyseal por-
tions of both rami were previously broken und glued back 
to the symphysis. Finally, the entire surface area of bone 
and exposed matrix on RE 551.763.120 A 0333/1 has been 
varnished and painted at some stage of preparation. This has 
created a pattern of irregular grooves and ridges along the 
ventral face of the symphysis. We consider these to be arti-
ficial, yet some bulges and rugosities on the median ventral 
face of the symphysis and posterior parts of the rami could 
possibly be pathological (Fig. 2C).

Dentary: The dentaries form the mandibular sulcus, al-
veolar row, and the base of the Meckelian groove. The dorsal 
trace of the splenial suture is located ventrally adjacent to 
the alveoli. The ventral suture is not visible. The angular 
contacts are exposed on the lateral surfaces of the mandib-
ular rami (Fig. 2B, D), however, there is no evidence of the 
coronoid contacts. On the right ramus, thin ridges extending 
parallel to the alveolar row and posterodorsally across the 
lateral surface posterior to the fifth alveolus (Fig. 2D) might 
border nerve and/or blood vessel channels.

Angular: The angulars form about the ventrolateral third 
of the external surfaces of the rami, and taper to the level of 
the posterior-most symphyseal alveoli. Medially, the angu-

Table 1. Linear measurements (in mm) of RE 551.763.120 A 0333/1. 
Alveoli measured in posterior direction. Asterisks indicate incomplete 
alveoli and/or alveoli filled with sediment.

Diastemae, 
ramus

left 14.25 16.84 12.42 12.65
right 15.94 16.68 12.76 12.14 13.58

Alveolar length, 
ramus

left 4.56* 4.95 4.37* 4.27 4.54
right 4.42 4.17 5.20* 4.83 5.31* 5.20

Alveolar width, 
ramus

left 3.12* 2.99 2.87* 2.70 2.96
right 2.86 2.43 2.75 2.58 2.56* 2.81

Maximum preserved length 117.63
Preserved symphysis, dorsal length 28.27
Preserved symphysis, ventral lengt 40.00
Dentary (left), maximum height 18.73
Dentary (left), maximum width  5.86



S8 ACTA PALAEONTOLOGICA POLONICA 66 (SUPPLEMENT TO 3), 2021

lars border the Meckelian groove and presumably sutured to 
the splenials dorsally.

Alveoli: Five alveoli are preserved on the left ramus, and 
six on the right; only two alveoli are placed adjacent to the 
symphysis on either side. They are about 1.5–1.9 times lon-
ger than wide, and each alveolus is slightly anteromedially 
directed (Table 1). The alveolar margins are flush with the 
surrounding bone. The interalveolar spaces are 2.5–4 times 
the length of the alveoli and increase in length posteriorly 
to the second preserved alveolus, but then decreases again 
further posteriorly (Table 1).

Discussion
Comparisons and classification.—Among Early Creta-
ceous toothed pterodactyloids, RE 551.763.120 A 0333/1 dif-
fers from ctenochasmatids and boreopterids, as these latter 
possess large numbers of teeth in a “comb-like” arrangement 

(Kellner 2003; Lü and Ji 2010; Jiang et al. 2014). Lonchodraco 
Rodrigues and Kellner, 2013 and other putative “lonchodec-
tids”, such as Lonchodectes compressirostris Owen, 1851, 
Serradraco sagitirostris Owen, 1874, Prejanopterus cur-
virostris Vidarte and Calvo, 2010, or Targaryendraco wie-
denrothi Wild, 1990, are distinguished from the specimen 
described herein by their “lanceolate” jaw outline, inter-alve-
olar spacing that is sub-equal to the corresponding alveolar 
length (Wild 1990; Pereda-Suberbiola et al. 2012; Rodrigues 
and Kellner 2013; Rigal et al. 2017), and alveolar margins 
raised to a pedestal (Unwin 2001; Rodrigues and Kellner 
2013). Likewise, dsungaripterids have closely spaced alveoli, 
where the dental bone bulges to envelope the base of the 
tooth crowns (Martill et al. 2000; Witton 2013; Chen et al. 
2020). In istiodactyliforms, the alveoli are even more densely 
packed (Lü et al. 2008; Witton 2013; Kellner et al. 2019).

By contrast, the alveolar morphology of RE 551.763.120 
A 0333/1 is very similar to known anhanguerians, which 
typically have well-spaced alveoli along the mid- and pos-

Fig. 2. Mandible of anhanguerian pterosaur RE 551.763.120 A 0333/1 from the lower Valanginian of Sachsenhagen (Northern Germany), in dorsal (A), 
left lateral (B), ventral (C), and right lateral (D) views. Photographs (A1–D1), explanatory drawings (A2–D2).
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terior sections of the mandible (e.g., Wellnhofer 1987; Elgin 
and Frey 2011; Rodrigues and Kellner 2013). A taxonomic 
assignment of RE 551.763.120 A 0333/1 within Anhangueria, 
however, proves to be difficult. Especially the taxa of the 
specimen-rich Cambridge Greensand and other Lower 
Cretaceous strata of Great Britain are often only based on 
anterior rostral fragments, prohibiting a direct comparison 
with RE 551.763.120 A 0333/1 (Rodrigues and Kellner 2013), 
where these elements are missing. This includes most no-
tably the roughly coeval Coloborhynchus clavirostris from 
the adjacent British Wealden. But even in more completely 
known mandibles most diagnostic traits are restricted to the 
anterior part of the symphysis (e.g., Steel et al. 2005).

Nevertheless, RE 551.763.120 A 0333/1 is distinct from 
Anhanguera piscator Kellner and Tomida, 2000, “Ara ri pe-
saurus santanae” Wellnhofer, 1985, Mythunga Mol nar and 
Thulburn, 2007, and “Tropeognathus robus tus” Welln hofer, 
1987, because it lacks inter-alveolar spaces that decrease in 
length towards the back of the jaw (Welln hofer 1985, 1987; 
Veldmeijer 2003; Pentland and Poropat 2019). RE 551.763.120 
A 0333/1 further differs from Brasi leodactylus araripen-
sis Kellner, 1984, Ferrodraco lentoni Pentland, Poropat, 
Tischler, Sloan, R.A. Elliot, H.A. Elliot, J.A. Elliot, and D.A. 
Elliot, 2019, Maaradactylus spielbergi Veldmeijer, 2003, and 
Tropeognathus mesembrinus Wellnhofer, 1987, because these 
taxa have inter-alveolar spaces that successively increase 
in length (Wellnhofer 1987; Veldmeijer 2003; Veldmeijer et 
al. 2009; Pentland et al. 2019). Lastly, unlike Anhanguera 
pis cator, “Araripesaurus santanae”, and “Santanadactylus 
ara ripensis” Wellnhofer, 1985, RE 551.763.120 A 0333/1 
possesses proportionately large alveoli compared to the 
transverse width of the mandibular ramus (Wellnhofer 1985; 
Kellner and Tomida 2000). Besides the alveolar pattern, RE 
551.763.120 A 0333/1 differs further from Maaradactylus 
spiel bergi by its more pronounced sulcus (Veldmeijer 2003).

The number of symphyseal teeth is variable among an-
hanguerians, ranging from six in Cearadactylus atrox 
Leonardi and Borgomanero 1985 (Unwin 2002; Vila Nova et 
al. 2014) or Tropeognathus mesembrinus to at least eleven in 
other far-related species, such as Maaradactylus spielbergi, 
Brasileodactylus araripensis, or Aetodactylus halli Myers, 
2010 (Veldmeijer 2003; Veldmeijer et al. 2009; Myers 2010; 
Pinheiro and Rodridgues 2017). This makes it impossible 
to identify the position of the alveoli preserved in our spec-
imen. Nevertheless, in the majority of anhanguerians pre-
serving the mandible, the mandibular rami bear only two to 
five post-symphyseal teeth (Wellnhofer 1985, 1987; Kellner 
and Tomida 2000; Veldmeijer 2003; Vila Nova et al. 2014; 
Pinheiro and Rodrigues 2017), indicating the post-symphy-
seal alveoli preserved in RE 551.763.120 A 0333/1 may also 
represent the posterior-most alveoli of the mandible. A nota-
ble exception is Aetodactylus halli, which has 13 post-sym-
physeal alveoli (Myers 2010). However, Aetodactylus halli, 
together with the probably closely related Cimoliopterus cu-
vieri Bowerbank, 1851, differ from RE 551.763.120 A 0333/1 
and other anhanguerians in their more densely packed teeth 

(Myers 2010, 2015). Furthermore, they were found to nest 
outside Anhangueria by some recent phylogenetic studies 
(Pêgas et al. 2019).

Unlike RE 551.763.120 A 0333/1 and “Santanadactylus 
araripensis” (Wellnhofer 1985), the angulars in Ceara dac-
tylus atrox and Anhanguera piscator do not extend as far 
as the posterior end of the tooth row (Leonardi and Borgo-
manero 1985; Kellner and Tomida 2000). The condition 
of RE 551.763.120 A 0333/1 is closer to “Santanadactylus 
araripensis”, where the lateral portion of angular reaches al-
most the level of the posterior-most alveolus, which is in this 
taxon the fourth post-symphyseal tooth (Wellnhofer 1985). 
The same author interpreted the angular in “Araripesaurus 
santanae” to extend distinctly beyond the tooth bearing 
portion of the mandible, reaching at the least the level of 
the in anterior direction fifth alveolus. However, Kellner 
and Tomida (2000) argued that the angular may be signifi-
cantly shorter in both “Santanadactylus araripensis” and 
“Araripesaurus santanae” but based this on the assumption 
of a congeneric relationship with Anhanguera piscator. This 
cannot be confirmed, because “Santanadactylus araripen-
sis” and “Araripesaurus santanae” are considered to be no-
mina dubia (Pinheiro and Rodrigues 2017). Irrespectively, 
the angular of RE 551.763.120 A 0333/1 is most closely 
comparable to “Santanadactylus araripensis” as described 
by Wellnhofer (1985), although the anterior extremity is less 
anteriorly tapered in RE 551.763.120 A 0333/1.

Overall, complete mandibles are only barely known in 
anhanguerians, and often the mandibular bones are fused 
beyond distinction, suggesting these specimens may repre-
sent adult individuals (Kellner and Tomida 2000; Vila Nova 
et al. 2014). Evidently, RE 551.763.120 A 0333/1 likely de-
rived from an osteologically immature animal.

Cretaceous pterosaurs from Germany.—Germany is world 
famous for its record of articulated Upper Jurassic pterosaur 
remains (e.g., Wellnhofer 1970, 1978; Bennett 2002, 2007; 
Tischlinger 2010; Hone et al. 2013; Tischlinger and Frey 
2013). Conversely, pterosaur fossils of Cretaceous age are 
extremely rare despite the earliest documented occurrences 
dating back to the 19th century. This is also in stark con-
trast to other Cretaceous pterosaur-bearing sites in the world 
with a rich pterosaur diversity like the northeastern Brazilian 
Santana Group (e.g., Wellnhofer 1985, 1987; Kellner and 
Tomida 2000; Unwin 2002), or the British Wealden and 
Cam bridge Greensand (e.g., Unwin 2001; Rodrigues and 
Kellner 2013; Rigal et al. 2017). The German record is cur-
rently restricted to the Lower Cretaceous. However, only 
the Valanginian and Hauterivian pterosaur specimens derive 
from strata that were deposited in some distance from the pa-
leo-coastline. All other remains originated from non-marine, 
lagoonal to fully limnic and fluviatile environments.

The first Cretaceous pterosaur find described from 
Germany has been the holotype of Ctenochasma roemeri 
(non-catalogued, von Meyer 1851) from the lower Berriasian 
Münder Formation of the Deister region of Lower Saxony. It 
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consisted only of a fragmentary mandible, but unfortunately 
the original specimen in the collection of Clausthal is not 
traceable (SS personal observation).

Similarly, Hornung and Reich (2013) described a right 
manus track (GZG.IF.00102), assignable to the large ptero-
saur ichnotaxon Purbeckopus cf. pentadactylus Delair, 1963. 
This positive plaster cast derived from an imprint found in 
upper Berriasian silicilastics of the Deister Formation near 
Bückeburg and was made sometime around 1935. However, 
the original may have never been collected, and the cast was 
likely produced in situ.

A fragmentary wing phalanx and jaw elements (GZG.
STR.50291, GZG.STR.50292, RPMH “Wd. 025”) from the 
upper Berriasian Fuhse Formation near Sehnde in Lower 
Saxony have yet to be described in detail (Hornung 2013). 
Additional isolated remains have been recovered from upper 
Valanginian–lower Hauterivian deposits in the Leine Uplands 
of Lower Saxony and include what was identified as a meta-
carpal IV and holotype of “Ornithocheirus hilsensis” (Koken, 
1883). However, a pterosaurian affinity was disputed (e.g., 
von Meyer 1884; Williston 1885, 1886; but see also Koken 
1885, 1886), and the bone has recently been recognized as 
the pedal phalanx of a theropod dinosaur (Hornung 2020). 
Today “O. hilsensis” is considered a nomen dubium and the 
whereabouts of the specimen are unknown (Hornung 2020).

The comparatively best-preserved pterosaur from the 
Cretaceous of Germany is the holotype of Targaryendraco 
wiedenrothi (SMNS 56628) from the lowermost Hauterivian 
of the Stadthagen Formation near Hannover in Lower Saxony. 
Wild (1990) initially named it Ornithocheirus wieden-
rothi, although its assignment to the “wastebasket” genus 
Ornithocheirus Seeley, 1869, is widely debated (Fletcher and 
Salisbury 2010; Ford 2013; Rodrigues and Kellner 2013; Abel 
et al. 2019; Pêgas et al. 2019). Fletcher and Salisbury (2010) 
grouped it in Ornithocheiridae close to Aussiedraco molnari 
Kellner, Rodrigues, and Costa, 2011, and another indeter-
minate specimen. Ford (2013) considered the species to be a 
“lonchodectid” and recombined it as Lonchodectes wieden-
rothi. However, Rodrigues and Kellner (2013) argued against 
the validity of Lonchodectes and an affinity of the specimen 
as Ornithocheirus to be indeterminable, whereas Abel et al. 
(2019) reiterated a “lonchodectid” affinity. In a subsequent 
publication, Pêgas et al. (2019) redescribed the material as 
Targaryendraco wiedenrothi and found it to nest outside of 
Anhangueria, close to Aussiedraco molnari and Barbosania 
gracilirostris Elgin and Frey, 2011.

Lastly, Lanser (2015) reported several isolated teeth of 
putative ornithocheirids from various middle Barremian–
lower Aptian karst-fillings in the Sauerland, North Rhine-
Westphalia.

RE 551.763.120 A 0333/1 adds to this sparse record as 
the currently only recognized Valanginian pterosaur. 
Furthermore, it is one of only a handful Valanginian ptero-
saur remains in the world (Barrett et al. 2008; Cadena et al. 
2020). Of these, only the probable Valanginian C. claviros-
tris can be confidently assigned to Anhangueria, although, 

other fragmentary finds may represent anhanguerians as well 
(Cadena et al. 2020). Finally, RE 551.763.120 A 0333/1 is, next 
to the teeth described by Lanser (2015), the only clear evi-
dence for anhanguerian pterosaurs found in Germany.

Pterosaurs most frequently occur in limnic, lagoonal, 
and pelagic paleoenvironments (e.g., Wellnhofer 1970; 
Wang and Zhonghe 2006; Hone et al. 2018). Given that such 
depositional settings are typical of the German Cretaceous, 
the observed scarcity of pterosaur fossils is likely not re-
flecting their paleoecology, but rather the preservational bi-
ases of their fragile bones, and the reduction of Valanginian 
carbonate platforms in conjunction with a global cooling 
(Gréselle and Pittet 2010), which might have hindered the 
formation of Konservatlagerstätten (Butler et al. 2009). This 
may also explain the globally sparse record of Valanginian 
pterosaurs. Indeed, sampling is another evident limiting fac-
tor relative to other European Early Cretaceous pterosaur 
assemblages (e.g., the Cambridge Greensand, Unwin 2001; 
Ford and O’Connor 2004), and suggests that future explora-
tion will likely yield new discoveries.

Conclusions
RE 551.763.120 A 0333/1 is important because it represents 
the only unambigious pterosaur fossil of Valanginian age 
recovered from Germany to date.

RE 551.763.120 A 0333/1 is among only a handful of 
Valan ginian pterosaur occurrences yet identified worldwide.

The British Coloborhynchus clavirostris is the only other 
confidently assigned anhanguerian taxon from the res pe ctive 
time interval, representing together with RE 551.763.120 
A 0333/1 the oldest known records of this group.

The sparseness of the German Cretaceous pterosaur re-
cord may be best explainable by sampling and preservation 
biases and does not reflect a paleobiological signal.
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The early Miocene lake of Foieta la Sarra-A in eastern 
Iberian Peninsula and its relevance for the reconstruction 
of the Ribesalbes–Alcora Basin palaeoecology
SERGIO ÁLVAREZ-PARRA, JOAQUÍN ALBESA, SOLEDAD GOUIRIC-CAVALLI,  
PLINI MONTOYA, ENRIQUE PEÑALVER, JOSEP SANJUAN, and VICENTE D. CRESPO

Álvarez-Parra, S., Albesa, J., Gouiric-Cavalli, S., Montoya, P., Peñalver, E., Sanjuan, J., and Crespo, V.D. 2021. The early 
Miocene lake of Foieta la Sarra-A in eastern Iberian Peninsula and its relevance for the reconstruction of the Ribesalbes–
Alcora Basin palaeoecology. Acta Palaeontologica Polonica 66 (Supplement to 3): S13–S30.

The Ribesalbes–Alcora Basin (Castelló Province, Spain) contains two lower Miocene units that are rich in fossils. The 
Unit B contains oil-shale and laminated bituminous dolomicrite related to a palaeolake, whereas the Unit C is composed 
of sandstone and mudstone beds from distal deltaic and shallow lacustrine environments. The La Rinconada and San 
Chils localities from the Unit B have yielded a fossil assemblage of plants, molluscs, arthropods, and vertebrates, while 
the localities from the Unit C in the Campisano ravine (Araia/Mas d’Antolino outcrop) are rich in mammalian record. 
Here we study a new palaeolake deposit of laminated lacustrine limestone beds in the Unit C named Foieta la Sarra-A. 
This new locality has provided an assemblage of charophytes, terrestrial plants, molluscs, arthropods, and teleosteans. 
The latter represent the only known fish record from the Ribesalbes–Alcora Basin to date. Although the specimens 
are generally poorly preserved, the presence of soft-body preservation due to the action of microbial mats at the lake 
bottom allows considering the Foieta la Sarra-A locality as a Konservat-Lagerstätte. The Foieta la Sarra-A palaeolake 
had a different water chemistry compared to that represented in the Unit B. Its depth was about a few metres and the 
water level suffered periodic fluctuations. This new locality sheds light on the palaeoenvironmental dynamics of the 
Ribesalbes–Alcora Basin during the early Miocene and provides a new approach to the palaeoecological reconstruction 
of the basin.

Key words:  Characeae, Poales, Gastropoda, Cladocera, Insecta, Teleostei, palaeoenvironment, taphonomy, palaeo-
ecology, lacustrine basin, Neogene, Konservat-Lagerstätte, Spain.
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Introduction
Lakes are remarkable ecological archives due to their high 
sensitivity to climatic changes, a characteristic that can 
also be used in deep time (Cohen 2003). Indeed, the fos-
sil content and sedimentary record of palaeolakes provide 
valuable information, such as palaeoclimatic, chemical, and 
temperature conditions (Talbot and Allen 1996). During 
the Miocene, a large portion of the European continent was 
covered by lakes (e.g., Neubauer et al. 2015a, b; Mandic et al. 
2019; Vasilyan 2020). Those which developed in the Iberian 
Peninsula produced exceptionally well-preserved fossil as-
semblages with Konservat-Lagerstätte characteristics (e.g., 
McNamara et al. 2012; Peñalver et al. 2016). Remarkable 
Iberian Konservat-Lagerstätten in Miocene lacustrine de-
posits are the fossil localities of Rubielos de Mora (Teruel 
Province), Bicorb (Valencia Province), La Rinconada 
and San Chils (the latter two in Castelló Province). These 
well-preserved and diverse fossil assemblages originated 
under anoxic conditions at the lake bottom with presence of 
microbial mats (Peñalver 2002; Peñalver and Gaudant 2010).

The Ribesalbes–Alcora Basin is a Neogene complex gra-
ben covering around 150 km2 located in SE Iberian Range 
(Anadón et al. 1989; Fig. 1A). This basin is well-known for 
the mining activities leading to oil-shale extraction in the La 
Rinconada (Ribesalbes) and San Chils (l’Alcora) mines until 
the early 20th century and clay extraction in the Campisano 
ravine (Araia/Mas d’Antolino area) which continues now-
adays (Peñalver et al. 2016; Crespo 2017). The Campisano 
ravine contains seven sections with mammalian fossil re-
cord that have been proposed as a Site of Geological Interest 
(Costa-Pérez et al. 2019), i.e., Mas dels Coixos, Mas de 
Torner, Araia Cantera Sud, Barranc de Campisano, Foieta 
la Sarra, Mas d’Antolino B and Corral de Brisca (Fig. 1A). 
La Rinconada is a well-known locality that has provided an 
outstanding record of plants, molluscs, ostracods, arachnids, 
insects, amphibians, bird feathers and coprolites (Peñalver 
et al. 2016). Furthermore, a fossil assemblage from the San 
Chils locality has been recently described showing a strong 
similarity to the assemblage of La Rinconada (Álvarez-
Parra and Peñalver 2019). Both localities have been inter-
preted as different areas of the same meromictic palaeolake, 
mostly contemporaneous, that occupied the basin during 
the early Miocene (Álvarez-Parra and Peñalver 2019). The 
exceptional preservation of their fossil record is related to 
the presence of microbial mats at the lake bottom (Peñalver 
et al. 2016). Interestingly, these fossil localities lack fish 
record, which might be related to an endorheic origin of the 
lake or an inappropriate water chemistry for the species that 
could reach the lake (Peñalver et al. 2016).

Forty-five fossiliferous levels rich in mammal remains 
have been recently described by Crespo et al. (2019c), in ad-
dition to the ones previously studied by Agustí et al. (1988), 
in the seven Campisano ravine sections. Their general fea-
tures, together with the geological and preliminary biostrati-
graphic framework, were published by Crespo et al. (2019c), 

who described the geology of the area and placed the sec-
tions under study a stratigraphic context. In addition, many 
of the small mammal groups found in these sections have 
already been studied, including two new species of bat and 
dimylid (Furió et al. 2012; Crespo 2017; Crespo et al. 2019a, 
b, 2020a, b, 2021a, b). Among the different studied sections 
from these localities, the Foieta la Sarra section includes the 
Foieta la Sarra-1 locality, which yields a rich record of verte-
brate remains (Crespo et al. 2019c). The faunal assemblage of 
the Foieta la Sarra-1 locality listed by Crespo et al. (2019c) is: 
Amphiperatherium frequens erkertshofense (Koenigswald, 
1970), Heteroxerus rubricati Crusafont, Villalta, and Truy-
ols, 1955, Megacricetodon primitivus (Freudenthal, 1963), 
Democricetodon decipiens (Freudenthal and Daams, 1988), 
Eumyarion weinfurteri (Schaub and Zapfe, 1953), Micro-
dyromys koenigswaldi De Bruijn, 1966, Peridyromys muri-
nus (Pomel, 1853), Pseudodryomys ibericus De Bruijn, 1966, 
Simplomys julii (Daams, 1989), Glirudinus undosus Mayr, 
1979, Ligerimys ellipticus Daams, 1976, Galerix symeo ni-
disi Doukas, 1986, Talpidae sp. indet., and cf. Sori cella dis-
cre pans Doben-Florin, 1964. The preliminary study of the 
palaeoecology of this mammalian assemblage by Crespo 
(2017) indicated an increase of the open forest, as well as 
higher humidity and temperature than the oldest localities 
from the Campisano ravine.

Here, we describe the fossil record and the palaeoecology 
of a new lower Miocene locality we name Foieta la Sarra-A, 
which namely consists of laminated lacustrine limestone 
beds located at the base of the Foieta la Sarra section. Our 
main goal is to infer the taphonomic and palaeoecological 
conditions of this outcrop. Together with the current data 
from La Rinconada and San Chils localities, our new find-
ings shed light on the palaeoenvironmental dynamics of the 
Ribesalbes–Alcora Basin during the early Miocene.

Abbreviations.—EDX, X-ray energy microanalysis.

Geological setting
The deposits of the Ribesalbes–Alcora Basin are composed 
of detrital and carbonatic materials deposited in alluvial 
and lacustrine environments overlying a Mesozoic base-
ment (Anadón et al. 1989) and divided into the Ribesalbes 
sequence (early to middle Miocene in age) and the Alcora 
sequence (late Miocene in age). The Ribesalbes sequence 
includes five depositional units (A to E from the base to the 
top) defined by Anadón et al. (1989). The Unit A consists 
of a 300 m interval of breccia of Mesozoic limestone clasts 
with minor interbedded red sandstone and mudstone. The 
Unit B is characterised by oil-shales and laminated bitumi-
nous dolomicrite of the La Rinconada and San Chils locali-
ties, which yield a rich and diverse lacustrine fossil record. 
The Unit C crops out in the Campisano ravine, where the 
mammalian fossiliferous sites are located. This unit is com-
posed of sandstone beds ranging in thickness between 15 
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cm and 1.5 m, and which show cross and laminated bedding 
that alternates with thick massive mudstone strata interbed-
ded with a few dolomitic and calcareous layers. These facies 
were interpreted by Anadón et al. (1989) as distal deltaic and 
shallow lacustrine environments. The Unit D represents an 
olistostrome of Cretaceous rocks, reflecting tectonic activ-
ity. Lastly, the Unit E is composed of thin bedded limestone 

strata rich in ostracods and charophytes, with interbedded 
mudstone horizons. On the other hand, the upper Alcora 
sequence consists of conglomerate beds related to alluvial 
deposits up to 200 m thick. This sequence displays a contin-
uous transition without unconformities over the Ribesalbes 
sequence in the Campisano ravine (Anadón et al. 1989).

A synthetic stratigraphic column (Fig. 1C1) and a geolo-

Fig. 1. A, B. Geographic and geological location of the Ribesalbes–Alcora Basin (Castelló Province, Valencian Community, Spain) with indication of the 
Campisano ravine (1–7), San Chils, and La Rinconada localities. C. Synthetic stratigraphic column of the Campisano ravine (C1), and Foieta la Sarra sec-
tion (C2), showing the location of the Foieta la Sarra-1 (FS1) and the studied Foieta la Sarra-A (FSA) mammalian fossiliferous localities. D. Fossiliferous 
laminated slabs of laminated lacustrine limestone at the lower Miocene Foieta la Sarra-A locality. E. Detail of the fine lamination of the Foieta la Sarra-A of 
the Foieta la Sarra-A laminated limestone rocks. Abbreviations: ACS, Araia Cantera Sud; CBR, Corral de Brisca; BC, Barranc de Campisano; MAB, Mas 
d’Antolino B; MCX, Mas dels Coixos; MTR, Mas de Torner. A, B modified from Crespo (2017), Crespo et al. (2019c).
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gical study of the Campisano ravine was presented by Crespo 
et al. (2019c). The stratigraphic section is 120 m thick and it 
is chiefly formed by mudstone and limestone beds, includ-
ing some sandstone and microconglomerate layers. In the 
Campisano ravine, the Foieta la Sarra section is correlated 
to the lower part of the Mas d’Antolino B section (Fig. 1C2). 
The Foieta la Sarra stratigraphic section is 19 m thick and it 
consists of grey mudstone. A 1 m thick laminated lacustrine 
limestone bed, which corresponds to the Foieta la Sarra-A 
locality, can be distinguished at the base of the Foieta la 
Sarra section. The mammalian fossil site is located at the top 
of the Foieta la Sarra section, 16 m above the base, within 
grey sandy mudstone beds.

According to Crespo et al. (2019b), the presence of the 
genera Megacricetodon, Ligerimys, and Democricetodon 
in the Foieta la Sarra-1 locality is correlated with the 
Biozone C of the MN4 (early Aragonian, early Miocene, 
16.49–15.94 Ma), based on the comparison with the 
Aragonian type area in the Calatayud–Montalbán Basin 
(García-Paredes et al. 2016). The Biozone C of the MN4 is 
divided in two sub-biozones, i.e., Ca and Cb, with the limit 
between them at approx. 16.20 Ma after Van der Meulen et 
al. (2012). The limit between these sub-biozones is present 
at the Campisano ravine (Crespo et al. 2019c). Specifically, 
the Foieta la Sarra-1 locality has provided the oldest record 
of Eumyarion weinfurteri and Ligerimys ellipticus within 
the biostratigraphy of the Campisano ravine localities and 
in the basin (Crespo et al. 2019c). Considering lower and 
upper stratigraphic levels, Foieta la Sarra-1 is older than 
the level Mas d’Antolino B-3 due to the high abundance of 
Megacricetodon and the scarcity of Democricetodon, which 
are probably correlated with the sub-biozone Ca from the 
Calatayud–Montalbán Basin. Foieta la Sarra-1 is younger 
than the level Mas d’Antolino B-0B because of the presence 
of both the genus Eumyarion and the species L. ellipticus, 
which are probably correlated with the sub-biozone Cb from 
the Calatayud–Montalbán Basin (Crespo et al. 2019, 2021b). 
Considering this information and the stratigraphic position 
of Foieta la Sarra-A locality studied here, its age could be 
approximately 16.20 Ma (early Miocene), and thus located 
at the base of the Cb sub-biozone.

Material and methods
The material studied herein includes compressed fossils of 
plants, molluscs, arthropods, and fish recorded in 45 lam-
inated slabs excavated from the Foieta la Sarra-A locality 
at the Foieta la Sarra section near Araia d’Alcora (l’Al-
cora, Castelló Province, Spain; Fig. 1). The fossil speci-
mens from Foieta la Sarra-A are housed at the Museu de la 
Universitat de València de Historia Natural (MUVHN) in 
Burjassot (Valencian Community, Spain). The sedimentary 
rock exposed at Foieta la Sarra-A does not show significant 
signals of weathering, although several Recent small roots 
and fungal mycelia were removed from the slabs. The rock 

slabs were observed with a Leica MS5 stereomicroscope. 
To enhance visibility of some microfossils, slabs were sub-
merged in ethanol. Specimens were photographed using a 
Leica DMS1000 stereomicroscope with an attached digital 
camera, and the drawings were made using a camera lu-
cida attached to the Leica MS5 stereomicroscope. All of 
these methods took place at the Department of Botany and 
Geology of the Universitat de València.

The micromorphology of the samples was imaged using 
a FEI INSPECT (5350 NE Dawson Creek Drive Hillsboro, 
Oregon 97124, USA) Scanning Electron Microscope (SEM) 
at the Museo Nacional de Ciencias Naturales (MNCN) in 
Madrid (Spain). The SEM microscope in low vacuum mode 
allows hydrated samples to be studied in their original state 
using the large field detector (LFD), since it is close to the 
sample in order to avoid electron losses. In addition, the 
samples were observed with the Backscattering Electron 
Detector (BSED), which were conductive in high vacuum 
mode. The SEM resolution at low vacuum was 4.0 nm at 30 
kV (BSED); the accelerating voltage was 20 kV, low vacuum 
0.50 torr, and 10 mm of working distance. The X-ray energy 
microanalysis (EDX) of the ephippial microsculpture, chi-
ronomid larval galleries and fish remains were conducted 
with an energy-dispersive X-ray spectrometer (INCA 
Energy 200 energy dispersive system, Oxford Instruments) 
at the MNCN (Madrid, Spain).

Anatomic terminology for fish remains follows Lagler 
(1947), Daniels (1996), Schultze (2015) and Bräger and Moritz 
(2016).

Foieta la Sarra-A fossil assemblage
The Foieta la Sarra-A locality has yielded a diverse record of 
plants (including charophytes and embryophytes), molluscs, 
arthropods (including crustaceans and insects) and verte-
brates represented by fish. The botanical and faunal taxa of 
Foieta la Sarra-A are available in Table 1.

Plants.—Three grey-yellowish limestone intervals contain-
ing abundant charophyte remains have been distinguished 
in the Foieta la Sarra-A (Fig. 2A, B). These intervals are 
exclusively composed of compressed vegetative (thallus) 
fragments and poorly preserved gyrogonites (calcified fruc-
tifications of Characeae) forming a type of calcareous sed-
imentary rocks defined as characeite by Soulié-Märsche et 
al. (2010). The flattened charophyte stems studied herein 
consist of isostichous corticated thalli. Considering that liv-
ing charophyte genera have not changed their vegetative 
structure since the Miocene, these charophyte thalli can be 
attributed to the genus Chara since among the living cha-
rophytes only this genus develops corticated stems (Soulié-
Märsche et al. 2010). Complete articulated thalli would be re-
quired for a species-level attribution. Few poorly preserved 
gyrogonites occur among charophyte stems (Fig. 2B). The 
absence of complete gyrogonites and their poor preservation 
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hinder a detailed taxonomic attribution. Several molds and 
casts of planorbid gastropods (Gyraulus sp.) also occur as-
sociated to these characeite intervals.

Several microlevels of Foieta la Sarra-A show accumu-
lations of burned plant remains or fusinite (Fig. 2C) as de-
scribed from La Rinconada and San Chils localities (Peñalver 
et al. 2016; Álvarez-Parra and Peñalver 2019), possibly re-
sulting from wildfires near the palaeolake. Undetermined 
seeds with slightly bilobate apex have been found, although 
their preservation is poor. The Foieta la Sarra-A plant record 
also includes leaves, but their taxonomic affinities are chal-
lenging to determine. A large leaf remain and scarce small 
fragments with straight margins and parallel veins (Fig. 2D) 
are similar to specimens of Typha latissima A. Braun, 1851 
in Heer, 1855 (Typhaceae) found in the Miocene Rubielos 
de Mora locality (Barrón and Diéguez 2001); this type of 
plant remain is also found in La Rinconada and San Chils 
localities. However, they are usually poorly preserved and 
their morphotype could correspond to Poaceae, Cyperaceae, 
Sparganiaceae or Juncaceae belonging to the order Poales 
(Peñalver et al. 2016; Álvarez-Parra and Peñalver 2019). Two 

slender leaves with distal areas partly preserved, 11.6 mm 
long and 2.9 mm maximum wide and 14.3 mm long and 
2.12 mm maximum wide, respectively (Fig. 2E, F), seem 
to be similar to the morphotypes of Dicotylophyllum sp. 
present in La Rinconada (Barrón and Postigo-Mijarra 2011). 
Two poorly preserved leaf remains with around 6 mm max-
imum width have been tentatively determined as Salix? sp. 
(Salicaceae) based on the straight, slightly parallel mar-
gins and their similarity to the specimens of Salix lavateri 
A. Braun emend. Hantke, 1851 from La Rinconada (Barrón 
and Postigo-Mijarra 2011; Fig. 2G, H).

Molluscs.—The gastropod assemblage recorded in the 
studied samples is poorly preserved. Almost all specimens 
consist of moulds and impressions, which hinder accurate 
taxonomic attributions. The assemblage consists of at least 
four freshwater morphotypes, one of which belongs to the 
superfamily Truncatelloidea and the rest to the superfamily 
Lymnaeoidea. The Truncatelloidea superfamily is repre-
sented in Foieta la Sarra-A, with 15 recognised specimens 
in seven of the examined samples, by a single morphotype 
(Fig. 3A–C). Due to the incompleteness of the specimens 
and their poor preservation, they may belong to Hydrobiidae 
or Bithyniidae. However, the general ovate-conical mor-
phology of the specimens, with convex spiral whorls and, 
above all, their small size, suggest the attribution to the 
family Hydrobiidae.

Regarding the three morphotypes of the superfamily 
Lymnaeoidea, 120 specimens belonging to the families 
Lymnaeidae and Planorbidae have been studied. Lymnaeidae 
is represented by one morphotype, from which eight speci-
mens have been identified (Fig. 3D–G). Seven correspond to 
fragments of adult specimens (Fig. 3D, E) and one to a juve-
nile (Fig. 3F, G). The fragments of the adults are very incom-
plete but show elongate morphology, a last round of rapid 
growth, and ornamentation of growth constrictions in the 
vicinity of the aperture. The juvenile specimen, with dimen-
sions of up to 6.7 mm long and 3.7 mm wide, is compressed 
and deteriorated. Nevertheless, an elongate-ovate shell with 
three whorls is visible, its spire being short and conical, with 
a last whorl enlarging rapidly. The assignment at the genus 
level is challenging, but the characteristics observed match 
those of the genera Stagnicola and Radix. Vilanova y Piera 
(1859) cited the presence of “Lymnaeas” in several areas of 
the Castelló Province, including the “Balsa de Fanzara” (the 
classical name for the Cenozoic sediments of the Ribesalbes–
Alcora Basin), although this author did not provide further 
information. In any case, we prefer to keep the determination 
of the lymnaeid morphotype at the family level.

Two species of the family Planorbidae have been identi-
fied in Foieta la Sarra-A, i.e., Ferrissia sp. (Fig. 3H–L), with 
41 specimens present in 16 of the studied laminated slabs, 
and Gyraulus sp. (Fig. 3M–R), with 71 specimens in 21 of the 
slabs. The specimens of Ferrissia, the largest with 5.90 mm 
long and 3.89 mm wide, have a limpet-like morphology 
with an elliptical basal outline. The anterior shell portion is 

Table 1. Botanical and faunal record from the lower Miocene Foieta la 
Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain).

Charophyta
  Charophyceae
    Charales
      Characeae Chara sp.
Embryophyta
  Monocotyledoneae
      Poales Poaceae, Cyperaceae, 

Sparganiaceae  
or Juncaceae indet.

  Dicotyledoneae
      Incertae sedis Dicotylophyllum sp.
    Malpighiales
       Salicaceae Salix? sp.
Mollusca
  Gastropoda
    Littorinimorpha Hydrobiidae? indet.
    Hygrophila Lymnaeidae indet.
      Planorbidae Ferrissia sp.

Gyraulus sp.
Arthropoda
  Branchiopoda Ostracoda indet.
    Cladocera
      Daphniidae Daphnia (Ctenodaphnia) sp.
  Insecta
    Coleoptera Coleoptera indet.
    Hemiptera Pentatomidae? indet.
    Diptera Psychodidae? indet.
Vertebrata
  Actinopterygii
    Teleostei Teleostei indet.
    Cyprinodontiformes
      Cyprinodontidae cf. Aphanius sp.
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slightly broader and convex, the flanks are nearly straight or 
slightly convex, and the posterior part is convex. The shell 
apex is slightly deflected to the right, its posterior portion is 
slightly concave, and its anterior portion is weakly convex in 
lateral view. The ornamentation is poorly preserved. These 
specimens of Ferrissia from Foieta la Sarra-A locality dif-
fer from the middle Miocene Ferrissia illyrica (Neumayr, 
1880) from the Dinaride Lake System (Neubauer et al. 
2011, 2013, 2015c) by its narrower contour. The early–mid-
dle Miocene Ferrissia wittmanni (Schlickum, 1964) from 
Southern Germany and Austria (Harzhauser and Kowalke 
2002; Kowalke and Reichenbacher 2005; Harzhauser et 
al. 2014) also has a narrower profile, as well as concave 
flanks and a cup-shaped apex. Moreover, the late Miocene 
Ferrissia truci Wautier, 1975, from France (Wautier 1975) 
differs from the Foieta la Sarra-A specimens by its more 
elongate contour, as well as the elongate apical region with 
a rounded apex located far back and strongly inclined to the 
right. The shape of the shell of the studied specimens is par-
ticularly similar to that of Ferrissia deperdita (Desmarest, 
1814), a common species in the middle Miocene of Central 

Europe. However, the general degree of preservation and 
particularly the ornamentation prevent us from assigning 
our specimens to the latter species. On the other hand, 
Gyraulus sp. is the most abundant gastropod species in the 
studied samples. However, all fossils attributed to this taxon 
correspond to incomplete moulds and impressions, which 
hinders the determination to species level. However, the 
characteristics of this morphotype, whose shell reaches four 
whorls among the largest specimens, are consistent with 
those of Gyraulus based on the growth pattern (with whorls 
moderately increasing in diameter), the estimated dimen-
sions among the studied specimens (with a maximum diam-
eter of 5.18 mm), and the ornamentation of growth lines, i.e., 
prosocline in umbilical view and prosocyrt in apical view.

Arthropods.—Crustaceans and insects represent the hith-
erto recovered arthropod record from the Foieta la Sarra-A 
locality. Crustaceans include Ostracoda and Cladocera. 
Ostracod shells 1–2 mm long, 0.5–1 mm wide without ap-
parent ornamentation have been found (Fig. 4A); they have 
been recorded both as isolated specimens and as mass re-
cords (blooms) in the laminated slabs. The poor preservation 

Fig. 3. Molluscs from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A–C. Hydrobiidae? indet. spec-
imens (A, FS-9A-1; B, FS-44C-2; C, FS-15-1). D–G. Lymnaeidae indet. specimens (D, FS-10-1; E, FS-39-1; F, FS-28B-2; G, FS-28A-2). H–L. Ferrissia 
sp. specimens (H, FS-16-1; I, FS-16-3; J, FS-13A-1; K, FS-31C-3; L, FS-39-2). M–R. Gyraulus sp. specimens (M, FS-42A-1; N, FS-42B-1; O, FS-35B-1; 
P, FS-35A-1; Q, FS-7B-1; R, FS-7A-1). Scale bars 1 mm.

Fig. 2. Plant remains from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A, B. Chara sp. corticated 
isostichous thalli (FS-3A) and two gyrogonites surrounded by thalli (FS-3B). C. Burned plant remains or fusinite of diverse size (arrowheads) (FS-8A-1). 
D. Poorly preserved Poaceae, Cyperaceae, Sparganiaceae or Juncaceae leaf remain (FS-21B-1). E, F. Dicotylophyllum sp. leaf remains (E, FS-22A-1; 
F, FS-24B-1). G, H. Salix? sp. leaf remains (G, FS-19B-2; H, FS-40-1). Scale bars A–C, 1 mm; D–F, 2 mm; G, H, 4 mm.

→
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of the Foieta la Sarra-A ostracod shells prevents a proper 
determination. On the other hand, mass records of cladoc-
eran ephippia occur in the Foieta la Sarra-A slabs (Fig. 4B). 
Specimens are around 0.8–1 mm long and 0.4–0.5 mm wide 
with an ovoid or sub-rectangular shape. Although the ephip-
pia are poorly preserved, the margins of the valve (originally 
highly sclerotised) and the paired egg chambers can be dis-
tinguished. The dorsal margin lacks spinules. The ephippia 
show their typical reticular microsculpture (Fig. 5A) with 
high value of Ca element (Fig. 6A). The ephippial accu-
mulations do not show uniform orientations in the slabs 
(see Peñalver et al. 1996). The morphotype of the Foieta 
la Sarra-A ephippia corresponds to the subgenus Daphnia 
(Ctenodaphnia) based on the sub-rectangular shape and 
the axes of the eggs being sub-parallel to the dorsal mar-
gin (Kotov and Taylor 2011), as in two specimens recorded 
from the San Chils locality (Álvarez-Parra and Peñalver 
2019). Miocene cladoceran ephippia have been found in 
several lacustrine deposits from the Iberian Peninsula, 
such as Rubielos de Mora (Peñalver et al. 1996), Bellver de 

Cerdanya in Lleida (Martín-Closas and Delclòs 2007), and 
Tresjuncos in Cuenca (Bustillo et al. 2017).

Regarding insects, specimens belonging to the orders 
Hemiptera, Coleoptera, and Diptera have been found. First, a 
partly preserved abdomen divided in at least seven sclerites of 
1.32 mm in length and 1.46 mm in maximum width has been 
found (Fig. 4C); its distal area is deformed, and the genitalia 
are not visible. Its morphology could correspond to a pen-
tatomid hemipteran (Hemiptera: Pentatomidae). This group 
is represented in the San Chils locality by a Sciocoris? sp. 
specimen (Álvarez-Parra and Peñalver 2019). Moreover, bee-
tles (Coleoptera) are represented among the Foieta la Sarra-A 
material by a poorly preserved isolated elytron, 0.91 mm in 
length with rounded apex and ornamentation constituted by 
ten or 11 rows of hollows (Fig. 4D). Beetles had been previ-
ously reported from the Ribesalbes–Alcora Basin (Peñalver 
et al. 2016; Álvarez-Parra and Peñalver 2019). Lastly, an 
isolated wing with a rounded apex, six longitudinal veins 
and a fusiform (discal?) cell likely belongs to a psychodid 
fly (Diptera: Psychodidae) (Quate and Vockeroth 1981). In 

Fig. 5. SEM images of arthropod remains from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A. Com-
plete Daphnia (Ctenodaphnia) sp. (Cladocera) ephippium (A1) showing an exceptionally well-preserved reticulated microsculpture (FS-43B-4); detail 
showing the limit between the paired egg chambers (A2), and the dorsal ridge with variation in microsculpture in the top of the image (A3). B. Chironomid 
larval gallery (B1) and its filling material (B2) resulting from oxidation of the original framboidal pyrite (FS-34A-1). Scale bars: A1, 0.3 mm; A2, A3, B2, 
0.05 mm; B1, 0.1 mm.

Fig. 4. Arthropods from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A. Undetermined ostracod shell, 
FS-38A-1. B. Mass record of Daphnia (Ctenodaphnia) sp. (Cladocera) ephippia, FS-21A; each specimen is indicated with an arrowhead. C. Photograph 
(C1) and drawing (C2) of a Pentatomidae? (Hemiptera) abdomen, FS-41-1. D. Isolated beetle (Coleoptera) elytron, FS-19B-1. E. Photograph (E1) and 
drawing (E2) of a Psychodidae? (Diptera) wing, FS-44D-1. F, G. Chironomid larval galleries in longitudinal (FS-45-1) and transversal (FS-29) views, 
respectively. Scale bars: A, B, C, E, F, 1 mm; D, G, 0.5 mm.

→
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any case, this determination should remain tentative as the 
wing margin is not clearly defined and the veins obscured 
due to preservation (Fig. 4E). This would be the first report 
of the family Psychodidae in the Ribesalbes–Alcora Basin. 
In addition, U-shaped and rather straight galleries of around 
0.2–1 mm in diameter and different lengths have been found 
in the slabs from Foieta la Sarra-A (Fig. 4F); their sections 
are circular (Fig. 4G). This type of ichnofossils of around 
1 mm in diameter is commonly related to bioturbation pro-
duced by chironomid (Diptera) larvae and are usually found 
in lacustrine deposits (Walshe 1951). Similar ichnofossils 
attributed to chironomid larval galleries have been found 
in other Cenozoic outcrops from the Iberian Peninsula (e.g., 
Rodríguez-Aranda and Calvo 1998). The galleries show an 
orange-brown colour resulted of the oxidation process of the 
original framboidal pyrite (Fig. 5B), as EDX microanalysis 
indicates (Fig. 6B).

Fishes.—A poorly preserved and incomplete teleostean 
specimen, abundant clumps of scales and bones, isolated 
scales, and other scattered remains comprise the fish record 
from Foieta la Sarra-A. The incomplete teleostean specimen, 
preserved as a part and a counterpart, preserved its anterior 
part. It is comprised by a crushed skull, scales of the abdom-
inal region and the dorsal and pectoral fins (Fig. 7A). The 
skull is crushed and only the dentary bone and some bones of 
the opercular apparatus are recognisable, although distinc-
tive features of the fish skull are obscured by dissolution and/
or enzymatic attack, which hinder both a detailed anatomic 
description and an accurate taxonomic assignment. As far as 

it can be described, the dorsal fin appears to be triangular; 
no scutes, basal or fringing fulcra are observed. The dorsal 
fin base length is about 30 mm and dorsal pterygiophores 
are badly preserved. There are ca. 15 dorsal fin rays with 
long bases, in the preserved part of which segmentation and 
branching are not evident. It is unclear if only the first dorsal 
fin ray forms the leading margin of the fin. The distal portion 
of the fin is obscured by sediment. The vertebral column 
and its associated elements are not apparent. Although, one 
badly preserved vertebral centrum is observed near the base 
of the skull, it is not clear whether it belongs to this spec-
imen or not. The squamation is composed by small, thin 
sub-squarish elasmoid scales of the cycloid type (morpho-
type 1, see below). Scales are imbricated, most of them com-
pletely preserved. Some isolated scales show their anterior 
field exposed; the posterior field, which is inserted below 
the epidermis, appears to be large. No lateral line scales have 
been recognised, nor ctenoid or spinoid scales are observed 
in the specimen. Circulii are present as concentric crests sur-
rounding the focus area of the scales; the focus seems to be 
displaced from the central area. Circulii of the posterior and 
lateral fields are smooth and seems to be regularly spaced. 
The so-called first circulii are also smooth. The scales are 
composed by two layers: the superficial layer and the basal 
bony plate (Fig. 8B). The basal bony plate is the main part of 
the scale; its structure or size of collagen fibres is not evident 
in the available material.

The clumps of scale and bones are well-sorted (Fig. 7B, 
C). Among the bones, some fin rays and ribs have been iden-
tified. The scales in the clumps are represented by at least 

Fig. 6. EDX microanalyses of specimens from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). 
A. Ephippial microsculpture of Daphnia (Ctenodaphnia) sp. (FS-43B-4). B. Filling material of a chironomid larval gallery (FS-34A-1). C. Morphotype 
2 fish scale (FS-21C-9). D. Isolated fish bone (FS-21).
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the two morphotypes described below. It is unclear if these 
two morphotypes of scales belong to the same individual. 
Moreover, it is also unclear if some of these clumps represent 
bromalites (i.e., coprolites, cololites, and regurgitalites; see 
Hunt and Lucas 2012). Some fin rays and ribs (i.e., fractures 
perpendicular to the major axis of the bone; Fig. 7B, C), as 
well as most of the scales, exhibit diagenetic fractures.

Fish scales from Foieta la Sarra-A are represented by at 
least two morphotypes that are described below. The mor-
photype 1 is well-represented in the incomplete specimen 
covered with articulated scales (see above), as well as in the 
clumps of scales and bones. EDX analysis of fish scales of 

morphotype 2 (Fig. 6C) and an isolated bone (Fig. 6D) con-
firm that the scale and bone are composed namely of Ca, P, 
and O, indicating the prevalence of apatite.

Morphotype 1: Thin sub squarish elasmoid scales of the 
cycloid type. These scales measure ca. 1.5 mm long (mea-
sured antero-posteriorly) and 1.6 mm wide (measured in the 
widest portion) (Fig. 8A, B). They have a relatively small 
focus that is antero-posteriorly elongate. Circulii are well-de-
veloped. The anterior field is striated (see Bräger and Moritz 
2016: fig. 3B) and bears 13 to 17 radii (= ridges). The so-
called first circulii are concave to straight. Lepidonts (= small 
tooth-like structures anchored to circulii) are not observed. 

Fig. 7. Fish remains from the lower Miocene Foieta la Sarra-A locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A. Poorly preserved tele-
ostean specimen (FS-23A-1); df: dorsal fin, pf.r: pectoral fin rays; the arrow indicates the anterior region of the specimen. B, C. Clump of scales and bones 
(FS-38A-2); arrowheads indicate diagenetic fractures. Scale bars: A, B, 5 mm; C, 2 mm.
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The posterior field seems to be convex and smooth. Two 
generations (principal and secondary) of radius (=ridges) are 
easily recognised. The posterior field of the scales does not 
show tubercles, but its absence cannot be fully ascertained 
due to the preservation of the available material.

This scale morphotype is commonly found in many fresh-
water fishes (e.g., Cyprinodontiformes and Atheriniformes), 
and it is most similar to the scales present in some killifish 
species of the genus Aphanius (e.g., Gholami et al. 2013; 
Teimori et al. 2017).

It is important to highlight that scales might vary in type 
(ctenoid and cycloid) and morphology (rounded, squarish, 
etc.) in the same individual relative to the different body 
sections of an individual. Scales are plastic structures; their 
general morphology is highly (intra- and interspecifically) 
variable; also, microstructure seems to show a high de-
gree of intraspecific variation, at least in some cyprino-
dontiforms such as Aphanius (e.g., Gholami et al. 2013) and 
clupeiforms (e.g., Patterson et al. 2002). Because taxonomy 
based on isolated scales appears to be problematic (e.g., 
Bräger et al. 2017), we prefer to leave them unassigned.

Morphotype 2: Elasmoid scale of the cycloid type, thin, 
rounded or circular in shape, diameter about 1 mm (Fig. 8C, 
D). The scale has a large focus located in the middle and 
concentric circulii. Radii and spines or ctenii are lacking. 
The number of circulii (seven to ten) is almost equal across 
the entire field. Circulii are almost equally spaced and con-
centric. This scale resembles those present in the freshwater 
gadid teleostean Lota lota Linnaeus, 1758, which is the only 
freshwater member of the family Gadidae and is adapted to 

cold waters (Lagler 1947; Oates et al. 1993; Daniels 1996). 
Note that some members of Salmoniformes have similar 
scale morphology (Patterson et al. 2002).

Discussion
Taphonomy.—The laminated limestone beds from Foieta 
la Sarra-A are interpreted as lacustrine deposits; the re-
corded taxa correspond to a typical assemblage of a peren-
nial palaeolake, characterised by the presence of lymnaeid 
and planorbid molluscs, ostracods, and charophytes (Freytet 
and Verrecchia 2002). The Foieta la Sarra-A record fulfils 
the requirements to be considered a Konservat-Lagerstätte 
based on the preservation of soft-bodied specimens, such 
as the well-preserved reticulated microsculpture of the 
Daphnia (Ctenodaphnia) ephippia (Fig. 5A) and insect re-
mains (Fig. 4C–E), which is explained by the presence of 
microbial mats in the palaeolake (Wilby et al. 1996). The 
incomplete fish specimen with articulated bones, fins, and 
scales in original position (Fig. 7A) could have reached the 
bottom of the lake articulated in conditions of low water 
energy (see below). The carcass lacks evidence of flotation, 
as well as of predation and/or scavenging. Aside from this 
singular specimen, bacterial decay and flotation appear to 
be evident in the remaining fish carcasses, as most of the 
specimens are disarticulated and forming clumps (Fig. 7B, 
C), perhaps due to scavengers since no clear orientation of 
the elements is apparent. In any case, at least some of the 
clumps could be bromalites; thus, their preservation resulted 
from rapid burial after production. The well-developed di-
agenetic fractures on bones and scales evidence the fossil 
diagenesis (Fig. 7B, C). There appears to be no directional 
scatter of Daphnia (Ctenodaphnia) sp. ephippia, fish scales, 
and/or lepidotrichia. Thus, the palaeolake was apparently 
quiet, lacking currents that could have affected the distri-
bution of fish carcasses. Characeite rocks and the slabs with 
chironomid larval galleries correspond to the in situ record 
of marginal areas of the lake, while the rest of the specimens 
were deposited at the lake bottom covered by microbial mats.

The presence of charophytes, mass records of cladoceran 
ephippia, ostracods, and fish remains in Foieta la Sarra-A in-
dicates that the water chemistry was dissimilar to that of the 
palaeolake of the Unit B which is apparently lacking these 
taxa (Peñalver et al. 2016). The laminated slabs from La 
Rinconada and San Chils resulted from the sedimentation of 
fine-grained particles on microbial mats at the anoxic bottom 
from a meromictic lake (Anadón et al. 1989; Peñalver et al. 
2016; Álvarez-Parra and Peñalver 2019). The environmental 
conditions related to the presence of microbial mats in Foieta 
la Sarra-A could also be different. As noted above, it is un-
clear if the clumps of fish scales and bones resulted from 
scavenging or they are bromalites. Therefore, we propose two 
hypotheses for the presence of microbial mats at the lake bot-
tom: (i) as finding potentially scavenged fish is incompatible 
with an anoxic lake bottom, the microbial mats were related 

Fig. 8. Fish scale morphotypes from the lower Miocene Foieta la Sarra-A 
locality (Ribesalbes–Alcora Basin, Castelló Province, Spain). A, B. General 
view and SEM image of the morphotype 1 (FS-21B-2 and FS-21A-10, re-
spectively); the arrow indicates de anterior field of the scale. C. General 
view (C1) and SEM image (C2) of the morphotype 2 (FS-21C-9). Scale bars: 
A, 1 mm; B, C, D, 0.5 mm.
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to a lake bottom that was at least slightly saline (Bauld 1981; 
Peñalver and Gaudant 2010); this contradicts the molluscan 
assemblage found, which indicates freshwater conditions in 
the palaeolake; (ii) if the fish remains were bromalites, the 
lake bottom could have been anoxic. The preservation of 
the Foieta la Sarra-A materials is worse than other Miocene 
palaeolakes such as Bicorb and La Rinconada (Peñalver and 
Gaudant 2010; Peñalver et al. 2016), so it is plausible that the 
microbial mats of Foieta la Sarra-A were thin veils rather 
than thick mats. A detailed taphonomic study of the Foieta la 
Sarra-A palaeolake is beyond the aims of this contribution, 
and future studies will have to address that matter.

Palaeoecological reconstruction of the Foieta la Sarra-A 
palaeolake and its surroundings.—The botanical and fau-
nal composition of the Foieta la Sarra-A record (Table 1) 
represents the community that inhabited a lacustrine en-
vironment and contiguous areas during the early Miocene.

Charophyte accumulations of Chara sp. recorded as chara-
ceite are related to the presence of charophyte meadows at the 
lower marginal areas of the lake, which was well-oxygenated 
and well-illuminated based on the finding of thalli and gyro-
gonites (Soulié-Märsche et al. 2010). Charophyte stems are 
well-preserved and somewhat fragmented, suggesting that 
the environment was relatively quiet, without the action of 
strong currents nor waves. The charophyte meadows corre-
sponded to one of the primary producers in the palaeolake.

The assemblage of molluscs is composed of 127 poorly 
preserved specimens of four freshwater gastropod taxa. The 
93.3% are pulmonate species (Lymnaeidae indet., Ferrissia 
sp., and Gyraulus sp.) which, as a whole, indicate aquatic en-
vironments that are shallow, stagnant or with weak currents 
and abundant aquatic vegetation (Glöer 2002). Ferrissia 
would also indicate the existence of probable reed-belts on 
the shore while Lymnaeidae and Gyraulus point out the pos-
sibility of temporary desiccation (Fetcher and Falkner 1993; 
Glöer 2002). Many extant individuals studied in Europe, de-
termined as Ferrissia wautieri (Mirolli, 1960) but according 
to Vecchioni et al. (2017) corresponding to the allochtho-
nous species of cosmopolitan distribution Ferrissia califor-
nica (Rowell, 1863), inhabit stagnant to lentic waters, living 
among the leaves of aquatic vegetation and underneath the 
leaves of reeds-belts on the upper littoral zone and showing 
little sensitivity to water quality (Glöer 2002). Some authors 
also indicate that the same species is thermophilous and lives 
in eutrophicated waters (Van der Velde 1991). Extant spe-
cies of Lymnaeidae preferably inhabit shallow, permanently 
stagnant or weakly flowing waters, with salinities ranging 
from freshwater to oligohaline in the case of Stagnicola 
and up to mesohaline in Radix; lymnaeids typically live on 
macrophyte vegetation feeding on epiphytes (Adam 1960; 
Okland 1990; Glöer 2002). Some lymnaeid species with-
stand periods of desiccation and inhabit temporary water 
bodies, even those being located on flood plains (Fetcher 
and Falkner 1993). Extant species of Gyraulus live in a va-
riety of conditions, preferably in shallow waters, including 

water bodies that are ephemeral, stagnant, or slowly running 
and abundant in vegetation (Glöer 2002; Welter-Schultes 
2012). The fourth taxon (Hydrobiidae? indet.), which rep-
resents 6.7% of the specimens studied, suggests permanent 
waters, at least at the time of deposition. Extant species of 
Hydrobiidae thrive in permanently flooded freshwater to 
brackish water environments (Arconada and Ramos 2003).

Lymnaeids feed namely by scraping algae and diatoms 
from rocks or macrophytes (Pyron and Brown 2015), al-
though they often consume filamentous algae (Kesler et al. 
1986). Extant Holarctic species of Ferrissia show a prefer-
ence for periphytic algae, especially diatoms (Burky 1971). 
Concerning the genus Gyraulus, the analysis of stomach 
content indicates a primarily detritivorous diet (Dudgeon 
and Yipp 1985), although other studies also show algal con-
sumption (e.g., Hann et al. 2001). The species of Hydrobiidae 
have a widely diverse diet, including detritus, bacteria, 
filamentous algae, and diatoms, among others. Studies on 
the feeding habits of some freshwater hydrobiid species 
(Radea et al. 2017), as well as species from other related 
families such as Amnicolidae (Kesler 1981), show a diet 
suggesting the importance of periphyton diatom grazing. 
In sum, the combination of the four gastropod taxa found in 
Foieta la Sarra-A suggest that the palaeolake was shallow, 
perennial, and quiet (absence of strong currents). Moreover, 
this molluscan assemblage indicates that the aquatic mac-
rophytes were abundant in the shallow areas of the lake 
such as the littoral zone, and the shores were also covered 
with helophytic vegetation. This vegetation was important 
in maintaining molluscan populations, as constituted the 
main substrate for the epiphytes on which molluscs fed 
on, particularly in the case of Lymnaeidae. Moreover, this 
vegetation would contribute to the formation of detritus 
which could support the Gyraulus sp. populations. These 
characteristics are compatible with a vegetated shore of the 
lake whose waters were oligohaline at the most.

Daphnia cladocerans are filter-feeding crustaceans 
of freshwater habitats (Ebert 2005). The specimens from 
Foieta la Sarra-A correspond to the subgenus Daphnia 
(Ctenodaphnia), which is related to shallow, temporary wa-
ter bodies (Popova et al. 2016). Daphnia (Ctenodaphnia) 
ephippia from Foieta la Sarra-A have been found as mass 
records in the rock slabs, suggesting environmentally stress-
ful conditions, such as temporary desiccation or lack of food 
resources, that caused the change in their reproductive cy-
cle from parthenogenetic to ephippial females (Peñalver et 
al. 1996; Ebert 2005). The finding of these records is in-
teresting, as it appears to contradict the permanent water 
condition inferred by charophytes, some of the molluscs 
and fish. Nonetheless, Daphnia (Ctenodaphnia) individuals 
could have occupied lake margins that desiccated during dry 
periods in a lake with a fluctuating extension. Predators of 
Daphnia (Ctenodaphnia) could have been other arthropods 
as well as vertebrates, although their presence did not affect 
the emergence of massive Daphnia populations. Although 
cladoceran ephippia have not been found in the extensive 
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fossil record of La Rinconada (Peñalver et al. 2016), and they 
are represented in San Chils only by two specimens in a slab 
(Álvarez-Parra and Peñalver 2019), similar ephippial mass 
occurrences were found in Rubielos de Mora (Peñalver et al. 
1996). Moreover, the occurrence of mass records of Daphnia 
(Ctenodaphnia) in Foieta la Sarra-A indicates that the water 
chemistry of this palaeolake was different in comparison to 
the lacustrine deposits from the Unit B. Furthermore, ephip-
pia from Foieta la Sarra-A do not show a preferential orien-
tation in the slabs, suggesting a low energy environment. 
Lastly, they are found associated to mass occurrences of 
ostracods, like the ones from Rubielos de Mora and Bellver 
de Cerdanya Miocene outcrops (Peñalver et al. 1996).

The absence of dipteran pupal exuviae in Foieta la Sarra-A 
is noteworthy, as they are abundant in La Rinconada and 
San Chils, where they indicate stagnant water and lack of 
predators (Peñalver et al. 2016; Álvarez-Parra and Peñalver 
2019). The presence of fish predators matches such absence 
of dipteran exuviae, although the record of the latter would 
require a higher grade of exceptional preservation than that 
observed in Foieta la Sarra-A. Nonetheless, the finding of 
Chironomidae larval galleries occurring at the lake bottom 
suggests that populations of this group of flies were present 
in this lacustrine environment; chironomid larvae are found 
in ecosystems of different characteristics, although their 
presence in Foieta la Sarra-A could be related to shallow 
waters of a lentic environment and were microphagic, i.e., 
feeding on detritus and small plants or animals (Oliver 1981).

The teleostean fish scale morphotype 1 resembles the 
scales present in some killifish (Cyprinodontiformes), a 
large group of secondarily freshwater fishes with a wide 
geographical distribution. More specifically, the scale mor-
photype 1 resembles the scales present in species Aphanius, 
including small omnivorous eurythermic and eurhyhaline 
species that inhabit brackish and salt marshes, coastal la-
goons, river mouths and freshwater environments (Gaudant 
1993; Nelson et al. 2016). Therefore, Aphanius species are 
highly ecologically flexible fishes that tolerate a wide range 
of temperature and salinities, and so they may occur in a 
wide range of habitats (Teimori et al. 2014). Despite their 
omnivory, the diet of some Aphanius species has a high 
degree of seasonal variation and, in general terms, includes 
several small invertebrates and their eggs, as well as dia-
toms (Leonardos 2008). Also, some species of Aphanius 
display some differences in habitat preference related to 
their age (Alcaraz and García-Berthou 2007).

Although the palaeoichtyofauna can be useful to under-
stand the palaeoenvironment, it is important to highlight 
that “deducing a type of environment from only a single tax-
on ś autoecology risks falling into a circular reasoning but 
this analysis is, however valuable if its incorporates a set of 
signals that point to the same environment” (Cavin 2017: 4). 
Moreover, due to the high diversity of fishes’ lifestyles and 
their ability to live in environments with changes in salinity, 
using them to determine or define types of freshwater envi-
ronments is challenging.

The palaeovegetation of Foieta la Sarra-A corresponds to 
a typical riparian assemblage, similar to the La Rinconada 
and San Chils assemblages related to a lacustrine palaeoenvi-
ronment (Barrón and Postigo-Mijarra 2011; Postigo-Mijarra 
and Barrón 2013; Álvarez-Parra and Peñalver 2019), based 
on the presence of specimens of Poales, Dicotylophyllum sp., 
and Salix? sp. Palaeofires could be recurrent based on the 
accumulations of fusinite in the Foieta la Sarra-A rock. The 
scarcity of insects in the fossil record of Foieta la Sarra-A 
might be explained by the presence of vertebrates such as 
fishes, which fed on the former when they were washed to 
the lake. Abundant amphibian, crocodilian (and other rep-
tilian), and mammalian record has been found in the other 
levels of the Foieta la Sarra section and Campisano ravine lo-
calities (Crespo 2017; Crespo et al. 2019c; VDC unpublished 
data), whereas amphibians and bird (only feathers) remains 
have appeared in La Rinconada and San Chils (Peñalver 
et al. 2016; Álvarez-Parra and Peñalver 2019). Therefore, 
although these vertebrates could have inhabited the riparian 
environment or that contiguous the palaeolake of Foieta la 
Sarra-A, there is a gap of such faunal record to date.

Palaeoenvironmental dynamics during the early Mio-
cene in the Ribesalbes–Alcora Basin.—The deposits of 
the Ribesalbes–Alcora Basin show a dynamic environmen-
tal evolution of the water body during the early Miocene. 
The oil-shale and laminated bituminous dolomicrite of La 
Rinconada and San Chils localities, belonging to the Unit B, 
correspond to the record of a meromictic palaeolake (Peñalver 
et al. 2016). On the contrary, the stratigraphically higher fine 
grain facies of the Campisano ravine, belonging to the Unit 
C, represent the distal deposits of an alluvial fan or a muddy 
floodplain (Crespo et al. 2019c), indicating an environmental 
change during the early Miocene in the basin. The laminated 
slabs found in Foieta la Sarra-A hitherto represent the only 
record of a well-developed palaeolake in the stratigraphy of 
the Campisano ravine (Crespo et al. 2019c), showing that the 
palaeoenvironments inferred for the facies of the Unit C are 
more diverse than previously assumed.

The palaeolake corresponding to the deposits of the 
Unit B, which outcrops in La Rinconada and San Chils, had 
a permanent water stratification, with an anoxic lake bottom 
were microbial mats developed (De las Heras et al. 2003). 
This water stratification was probably influenced by the in-
ferred subtropical climate that prevailed in the area (Peñalver 
et al. 2016). Water depth could be several tens of metres in 
areas away from the shore (De las Heras et al. 2003). The 
water was basic in character, oligo- or mesosaline and with 
high sulphate content (De las Heras et al. 2003). The slight 
salinity could have also contributed to the stratification of 
the water column (Peñalver et al. 2016).

The Foieta la Sarra-A palaeolake shows taphonomic 
and palaeoecological similarities to the lacustrine record 
of the Unit B, such as the fine lamination due to the pres-
ence of microbial mats at the lake bottom (which enabled 
the fossil preservation and is characteristic of Konservat-
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Lagerstätten) and the finding of plant remains and fossil in-
sects (Peñalver et al. 2016). Interestingly, Foieta la Sarra-A 
shares with San Chils, but not with the widely studied La 
Rinconada, the presence of Daphnia (Ctenodaphnia) sp. 
ephippia, although only represented by two specimens in 
San Chils (Álvarez-Parra and Peñalver 2019), in contrast to 
the mass records from Foieta la Sarra-A. La Rinconada has 
yielded fossil record of amphibians (Peñalver et al. 2016), 
which have not been found in Foieta la Sarra-A. Despite 
that, Foieta la Sarra-A has provided charophytes and lym-
naeids, not recorded in the Unit B, and the only fish remains 
of the Ribesalbes–Alcora Basin to date. Considering the 
overall data from the palaeolakes of the Unit B and Foieta 
la Sarra-A, the palaeoenvironment and the palaeoecology 
were clearly different (Fig. 9). Their palaeoenvironments 
differ due to a change of the water chemistry. The three 
main mechanisms controlling the water chemistry of lakes 
are atmospheric precipitation, rock dominance of the basin 
and evaporation-crystallisation processes (Gibbs 1970), and 
these three could explain the environmental dynamics of 
the palaeolake records of the basin. The rock dominance of 
the basin corresponds to the basement that crops out in the 
marginal areas of the basin and is eroded by the lotic waters, 

which arrive to the lakes formed in the central areas and set 
the chemistry of their waters (Gibbs 1970). The deposits of 
the Unit B have been tentatively dated as slightly older than 
the deposits of the Unit C (Peñalver et al. 2016), but it is 
unlikely that the rock dominance of the basin could change 
enough to modify the water chemistry in such a short time. 
Therefore, the factors that influenced a change of the water 
chemistry in the palaeolakes of the basin need to be further 
studied based on sedimentological works and geochemi-
cal analyses of the Foieta la Sarra-A rock. An increase of 
the humidity in the second local biozone of the Campisano 
ravine was proposed after the preliminary studies of the 
mammalian palaeoecology and isotopes in the fossiliferous 
localities (Ríos 2013; Crespo 2017). The faunal assemblage 
in the second local biozone (after Crespo et al. 2019c) ap-
parently shows more humid preferences than in the first one 
(Crespo 2017; Crespo et al. 2019c). The Foieta la Sarra-A 
assemblage and palaeoecology confirm an increase of the 
humidity in the second local biozone. Indeed, there was a 
stable water body at least during the beginning of the second 
biozone, with no lacustrine sediment apparent during the 
first biozone. A tropical climate has been inferred for the 

Fig. 9. Synthetic 3D representation of the aquatic environment evolution in the Ribesalbes–Alcora Basin (Castelló Province, Spain) during the early 
Miocene, mostly based on the La Rinconada (ca. 19 Ma, belonging to the Unit B) and Foieta la Sarra-A (ca. 16.20 Ma, belonging to the Unit C) deposits, 
which nowadays are separated by around 4 km. Rock deposits have been strongly simplified (e.g., breccia and sandstone are not represented). The sig-
nificant differences in the aquatic biota are marked with red asterisks. Animals represented in grey correspond to the fossil record of the Foieta la Sarra-1 
(FS1) mammalian locality, which are not recorded in the slabs of Foieta la Sarra-A Foieta la Sarra-A (FSA). In La Rinconada (A), heteropterans are repre-
sented by the families Nepidae and Notonectidae, odonates by the infraorders Zygoptera and Anysoptera, and nematocerans by the families Chironomidae 
and Chaoboridae. In Foieta la Sarra-A (B), planorbids are represented by the genera Ferrissia and Gyraulus, and nematocerans have been inferred based 
on chironomid larval galleries in the Foieta la Sarra-A slabs. Silhouettes not to scale.
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early Miocene forest of the Campisano ravine surrounding 
the palaeolake (Crespo et al. 2020b).

The seven sections of the Campisano ravine, correspond-
ing to the Unit C, include facies that represent different pa-
laeoenvironments (Crespo 2017; Crespo et al. 2019c). Most of 
the deposits are mudstone beds with variegated colours, sug-
gesting that sediments were exposed to subaerial conditions. 
Sandstone and microconglomerate channels are interpreted 
as the fluvial contribution to the distal parts of alluvial fans 
in a low-energy environment. These channels correspond, 
for instance, to specific high energy episodes related to large 
floods caused by storms. Thinner tabulate sandstone layers 
that cover a larger lateral surface, were probably deposited in 
the floodplains (Crespo 2017; Crespo et al. 2019c). Massive 
limestone beds were probably deposited in shallow lacus-
trine and marshy environments subjected to the fluctuation 
of the water level. Furthermore, several levels of the sections 
from the Campisano ravine indicate particular environments. 
These include: (i) dark lenticular beds with black-lignitiferous 
mudstone probably related to a palustrine environment (in the 
levels Mas dels Coixos-3 and Mas d’Antolino B-11), (ii) palae-
osols associated with longer intervals of subaerial exposure 
(in the level Mas dels Coixos-4-6), (iii) fine ferruginous and 
red-coloured levels probably associated to low sedimentation 
rate episodes and combined with abundant iron supplies (in 
the level Araia Cantera Sud-2), (iv) evaporitic deposits in the 
form of gypsum layers formed on the edge of a lake (in the 
levels Mas d’Antolino B-0A and Mas d’Antolino B-0B), and 
(v) laminated limestone beds as those from Foieta la Sarra-A 
(Crespo 2017; Crespo et al. 2019c). Particularly, an increase 
of the energy in the environment is observed in the Foieta la 
Sarra section (Fig. 1B), as the laminated limestone beds are at 
the bottom of the deposit (Foieta la Sarra-A) and sandy mud-
stone is present at the top (Foieta la Sarra-1). Accordingly, 
the Campisano ravine deposits reflect the complexity of the 
palaeoenvironments of a palaeolake and its surroundings. 
The Foieta la Sarra-A locality in particular shows the envi-
ronmental evolution of a palaeolake that occurred in the basin 
in comparison with the record of the Unit B.

Conclusions
Foieta la Sarra-A corresponds to the record of a different 
palaeolake to that of the Unit B, or a later phase of the same, 
providing evidence of the palaeoenvironmental dynamics of 
the Ribesalbes–Alcora Basin during the early Miocene. The 
Foieta la Sarra-A palaeolake had a different water chemistry 
in comparison to that of the Unit B. Such factor explains the 
presence of mass occurrences of ostracods and Daphnia 
(Ctenodaphnia) sp. ephippia. The occurrence of characeite 
beds indicates that the palaeolake depth was not significant 
(i.e., a few metres). Moreover, the water level underwent 
periodic fluctuations, favouring the mass production of 
Daphnia (Ctenodaphnia) sp. ephippia in the most marginal 
palaeolake areas under stress conditions. The scarcity of 

insects could be related to the abundance of fishes as preda-
tors, to preservation, and/or to sampling biases.

A new palaeontological work is planned in the near fu-
ture in order to increase the known fossil assemblage from 
Foieta la Sarra-A. Furthermore, a sedimentological and geo-
chemical approach would shed further light on the palaeo-
lake environment. The search of new lacustrine limestone 
levels in the stratigraphy of the Campisano ravine, as well as 
new palaeontological excavations in La Rinconada and San 
Chils would provide new data on the complex palaeoecology 
of the Ribesalbes–Alcora Basin during the early Miocene.
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First phylogenetic analysis of the Miocene armadillo 
Vetelia reveals novel affinities with Tolypeutinae
DANIEL BARASOAIN, LAUREANO R. GONZÁLEZ RUIZ, RODRIGO L. TOMASSINI,  
AFREDO E. ZURITA, VÍCTOR H. CONTRERAS, and CLAUDIA I. MONTALVO

Barasoain, D., González Ruiz, L.R., Tomassini, R.L., Zurita, A.E., Contreras, V.H., and Montalvo, C.I. 2021. First 
phylogenetic analysis of the Miocene armadillo Vetelia reveals novel affinities with Tolypeutinae. Acta Palaeontologica 
Polonica 66 (Supplement to 3): S31–S46.

Vetelia is a Miocene genus of armadillos from Argentina and Chile, traditionally included within the subfamily Euphrac
tinae (Chlamyphoridae, Cingulata, Xenarthra). It includes the species Vetelia puncta (early–middle Miocene), Vetelia 
perforata (middle–late Miocene), and Vetelia gandhii (late Miocene), mostly known by isolated osteoderms. In this con
tribution, we provide the first description of the skull for this genus, based on new materials (PVSJ289 and PVSJ154) 
here assigned to V. gandhii. A detailed characterization allows us to amend the diagnosis of the three known species, and 
to include, for the first time, the genus Vetelia into a morphological phylogenetic analysis. Phylogenetic results reveal a 
closer affinity to the Tolypeutinae, including the extant genera Priodontes (giant armadillos), Cabassous (nakedtailed 
armadillos), and Tolypeutes (three banded armadillos), and the fossil genera Pedrolypeutes and Kuntinaru, than to the 
Euphractinae. More specifically, Vetelia is included within the Priodontini, as sister group of the clade composed by 
Cabassous + Priodontes. Taking into account the scarce record of fossil Tolypeutinae, this new proposal fills an impor
tant temporal gap in the evolutionary history of this linage. Finally, we also provide new information on the diagnostic 
morphological characters of the Priodontini and Tolypeutini.

Key words:  Mammalia, Euphractinae, Tolypeutinae, phylogeny, Neogene, South America.
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Introduction
Xenarthra (early Eocene–Recent) constitutes one of the 
main clades, and possibly the most basal, among placental 
mammals (Gelfo et al. 2009; O’Leary et al. 2013). This pe
culiar group is the result of a long process of endemic evo
lution during the isolation of South America, which lasted 

for most of the Cenozoic (Cione et al. 2015). There is general 
consensus that the origin of Xenarthra is an event posterior 
to the separation of South America and Africa (see Vizcaíno 
and Bargo 2014), while molecular evidence suggests that the 
clade could have arisen ca. 100 Ma (Delsuc et al. 2004).

Xenarthrans encompass both fossil and extant represen
tatives of two different ecologic and morphological mono
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phyletic groups: on the one hand Pilosa, which includes 
sloths and anteaters, and on the other hand, Cingulata, 
which includes armadillos, glyptodonts, pampatheres, and 
pachyarmaterids (Engelmann 1985; O’Leary et al. 2013; 
Gaudin and Croft 2015; Fernicola et al. 2017). Cingulata 
(“armored” xenarthrans) is the most ancient (early Eocene; 
Bergqvist et al. 2004; Gelfo et al. 2009; Woodburne et al. 
2014) and diverse clade, with a complex evolutionary his
tory that led to the development of very diverse sizes and 
morphologies, with distinct taxa occupying very different 
ecological niches.

Molecular data suggest that living armadillos can be 
 gathered in two families, Dasypodidae and Chla my pho
ridae. Among chlamyphorids, three subfami lies are recogni
zed: Chlamyphorinae (fairy armadillos), Euphrac tinae (yel
low and hairy armadillos), and Tolypeu tinae (naked tailed, 
 giant, and three banded armadillos) (MöllerKrull et al. 
2007; Delsuc et al. 2012, 2016; Gibb et al. 2016; Mitchell et 
al. 2016).

Extant tolypeutines are represented by Tolypeutes Illi
ger, 1811 [T. matacus (Desmarest, 1804) and T. tricinctus 
(Lin naeus, 1758)], included in the tribe Tolypeutini, and 
Cabassous McMurtrie, 1831 [C. tatouay (Desmarest, 1804), 
C. unicinctus (Linnaeus, 1758), C. chacoensis Wetzel, 1980, 
and C. centralis (Miller, 1899)] and Priodontes Cuvier, 1825 
[P. maximus (Kerr, 1792)], included in the tribe Priodontini 
(Wetzel 1985; McKenna and Bell 1997; Gibb et al. 2016).

Although Tolypeutinae actually presents the highest di
versity among living armadillos, the fossil representatives 
of this subfamily are very scarce and its evolutionary history 
still remains largely unknown (Billet et al. 2011). Kuntinaru 

boliviensis Billet, Hautier, Muizon, and Valentin, 2011, 
from the late Oligocene (~26 Ma; MacFadden et al. 1994) of 
Bolivia is the oldest record of the subfamily. The age of this 
taxon is consistent with the results provided by molecular 
analyses, which suggest that the divergence of tolypeutines 
occurred before 29 Ma, during the early Oligocene (Delsuc 
et al. 2004). Pedrolypeutes praecursor Carlini, Vizcaíno, and 
ScillatoYané, 1997, from the middle Miocene (~14–12 Ma) 
of Colombia, is interpreted as a possible ancestor of the ex
tant Tolypeutes, based on similarities observed at the level of 
the dorsal carapace osteoderms (Carlini et al. 1997). Finally, 
more modern representatives of Tolypeutinae are Tolypeutes 
sp. from the late Pliocene of Argentina, T. matacus from the 
Pleistocene–Holocene of Argentina and Bolivia, T. tricinctus 
from the Pleistocene–Holocene of Brazil (e.g., ScillatoYané 
1980, 1982; Carlini et al. 1997; McKenna and Bell 1997; 
Oliveira and Pereira 2009), and Cabassus sp. from the late 
Pleistocene–early Holocene of Brazil (Oliveira et al. 2014, 
and references therein).

According to the known findings, tolypeutine armadi
llos are absent from the fossil record during two long peri
ods, between the late Oligocene and middle Miocene, and 
between the middle Miocene and late Pliocene/Quaternary 
transition. With respect to this situation, Billet et al. (2011) 
considered the tolypeutines as a clear example of a “ghost 
lineage”, and suggested that it could be related with a his
torical misidentification of the diagnostic characters of the 
representatives of this subfamily.

Vetelia Ameghino, 1891, is an armadillo mainly restric
ted to the Miocene of Argentina and Chile (Fig. 1), repre
sented by the type species Vetelia puncta Ameghino, 1891 
(early–middle Miocene) and the referred species Vetelia 
perforata ScillatoYané, 1977 (middle–late Miocene) and 
Vetelia gandhii Esteban and Nasif, 1996 (late Miocene), 
all of them mostly know by isolated osteoderms of the 
dorsal carapace (ScillatoYané 1977, 1982; González Ruiz 
2010). This genus has been traditionally included within 
the subfamily Euphractinae (ScillatoYané 1982; Esteban 
and Nasif 1996; Urrutia et al. 2008; González Ruiz 2010). 
However, Hofstetter (1958) suggested a possible relation
ship with the Tolypeutinae Priodontini, based on the simi
larity of dorsal carapace osteoderms between V. puncta 
and the extant Cabassous and Priodontes. Despite this 
observation, no studies were performed in order to test this 
hypothesis.

In this contribution, we describe the most complete 
specimen of Vetelia (i.e., PVSJ289) from the late Miocene 
of San Juan Province (Argentina), which allows the first 
detailed anatomical description of the skull and mandi
ble of this genus. In addition, the diagnosis of the three 
known species is revised and a morphological phyloge
netic analysis is performed to test their relationships with 
other Euphractinae and Tolypeutinae armadillos. The 
higher affinity observed with tolypeutines, particularly 
with the Priodontini Priodontes and Cabassus, provides 
novel infor mation on the poorly known evolutionary his

Fig. 1. Map showing the geographic distribution of Vetelia species in 
Argentina and Chile.



BARASOAIN ET AL.—MIOCENE ARMADILLO FROM ARGENTINA S33

tory of this  lineage, filling an important temporal gap in 
the fossil record.

Institutional abbreviations.—AMNH, American Museum 
of Natural History, New York, USA; CDUNNE, Colección 
Didáctica de la Universidad Nacional del Nordeste, Co
rrien tes, Argentina; CML, Colección Mamíferos, Facultad 
de Ciencias Naturales e Instituto Miguel Lillo, San 
Miguel de Tucumán, Argentina; FMNH, Field Museum 
of Natural History, Chicago, USA; INGEOPV, Instituto 
de Geología “Dr. Emiliano P. Aparicio”, Universidad 
Nacional de San Juan, San Juan, Argentina; LEVACCO, 
Colección Labo ratorio de Evolución de Vertebrados y 
Ambientes Ceno zoicos, Corrientes, Argentina; MACN, 
Museo Argentino de Ciencias Naturales “Bernardino 
Rivadavia”, Buenos Aires, Argentina; MDCH, Colección 
Arroyo Chasicó, Museo Municipal de Ciencias Naturales 
“Carlos Darwin”, Punta Alta, Argentina; MLP, Museo 
de La Plata, La Plata, Argentina; MMHCH, Colección 
Arroyo Chasicó, Museo Municipal de Ciencias Naturales 
“Vicente Di Martino”, Monte Hermoso, Argentina; PVL, 
Colección de Paleontología de Vertebrados, Facultad de 
Ciencias Naturales e Instituto Miguel Lillo, San Miguel de 
Tucumán, Argentina; PVSJ, Instituto y Museo de Ciencias 
Naturales, Universidad Nacional de San Juan, San Juan, 
Argentina.

Other abbreviations.—SALMA, South American Land 
Mammal Age. We follow standard convention in abbrevi
ating tooth families as I, C, P, and M, with upper and lower 
case letters referring to upper and lower teeth, respectively.

Material and methods
This study includes the description and comparison of 
specimens referred to the three known species of Vetelia 
(V. puncta, V. perforata, and V. ghandii). We also consider 
specimens of the extant tolypeutines Priodontes, Cabassous, 
and Tolypeutes (see SOM 1, Supplementary Online Material 
available at http://app.pan.pl/SOM/app66Barasoain_etal_
SOM.pdf). Bibliographic information is also considered 
for the species Kuntinaru boliviensis and Pedrolypeutes 
praecursor (Billet et al. 2011; Carlini et al. 1997, respec
tively). The biostratigraphic schemes (e.g., SALMA, re
gional stages/ages, international stages) considered for the 
different records vary according to the age and geographical 
provenance (see below). Skull, mandible, molariforms, and 
osteoderms measurements (Tables 1–3) were obtained by 
using a 0.02 mm resolution digital calliper.

Phylogenetic analysis
We carried out a cladistic analysis, based on morphological 
characters, in order to determine the phylogenetic affinities 

of Vetelia. Representatives of this genus are included for 
the first time in a cladistic analysis. In this case, we used V. 
gandhii and V. perforata. We opted to exclude V. puncta of 
this analysis because the scarce known specimens (repre
sented only by isolated osteoderms) do not allow the codifi
cation of most characters here considered.

The matrix includes 24 taxa and 148 morphological 
characters (see SOM 2), including both cranial (skull, man
dible, and teeth; 1–125) and carapace (dorsal carapace and 
osteoderms; 126–148) features. All characters were treated 
as unordered and given the same weight (1.0), according 
to Gaudin’s (2004) criterion. The matrix (see SOM 3) was 
created through the software Mesquite 3.04 (Maddison and 
Maddison 2008). A total of 96 characters were codified as 
binary, while 52 were multistate (nonadditive). Characters 
that were not preserved or could not be observed were coded 
as “?”, while noncodifiable characters or characters states 
were coded as “–”.

The outgroup includes three xenarthran taxa: the sloth 
Bra dypus Linnaeus, 1758, the anteater Tamandua Rafi nes
que, 1815, and the peltephilid armadillo Peltephilus Ame
ghino, 1887, which were used to root the phylogenetic trees, 
as they represent all main groups within Xenarthra. The 
ingroup includes 20 genera of both extinct and extant da
sypodid and chlamyphorid armadillos, selected to reflect 
as best as possible their past and present diver sity: (i) the 
Dasy podidae Dasypus Linnaeus, 1758, and †(extinct) Ste-
gotherium Ame ghino, 1887 (subfamily Dasypodinae); (ii) the 
Chlamy pho ridae euphractines: †Prozaedyus, Ameghino 
1891, †Pro  eutatus Ameghino, 1891, †Eutatus Gervais, 1867, 
Zae dyus Ameghino, 1889, Euphractus Wagler, 1830, Chaeto-
phractus Fitzinger, 1871, †Paleuphractus Kra glie vich, 1934, 
†Pro eu phractus Ameghino, 1886, and †Macro euphractus 
Ameghino, 1887; (iii) the Chlamyphoridae chla my phorines 
†Chlamydo phractus (Barasoain, Tomassini, Zurita, Mon
talvo, and Supe rina, 2020c), Chlamyphorus Harlan, 1825, 
and Caly pto phractus Fitzinger, 1871; and (iv) the Chlamy
phoridae tolypeutines †Pedrolypeutes Carlini, Vizcaíno, 
and Scillato Yané, 1997, Tolypeutes Illiger, 1811, Prio dontes 
Cuvier, 1825, Cabassous McMurtrie, 1831, and †Kuntinaru 
Billet, Hautier, Muizon, and Valentin, 2011. Additionally, 
the ingroup also includes the genus here analyzed, Vetelia, 
including the species V. gandhii and V. perforata.

The charactertaxon matrix was evaluated using the 
software “TNT”, with an “Implicit Enumeration” anal
ysis  carried out under the maximum parsimony criteria 
(Goloboff et al. 2008). For the resulting Most Parsimonious 
Trees (MPT), the following values were calculated: tree 
length (TL), Consistency Index (CI), and Retention Index 
(RI). Additionally, several clade support values for each 
node were obtained through both absolute and relative 
Bremer support, and a 1000 replicates “traditional search” 
Standard Bootstrap analysis and Jacknife resampling (Fel
senstein 1985; Bremer 1994; Farris et al. 1996; Goloboff 
and Farris 2001).
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Systematic palaeontology
Xenarthra Cope, 1889
Cingulata Illiger, 1811
Chlamyphoridae Pocock, 1924
Tolypeutinae Gray, 1865
Priodontini Gray, 1873
Genus Vetelia Ameghino, 1891
Figs. 2–5.

Type species: Vetelia puncta Ameghino, 1891, Santa Cruz Formation, 
midearly Miocene, Karaiken, Santa Cruz Province, Argentina.
Included species: Vetelia puncta, Vetelia perforata ScillatoYané, 1977, 
and Vetelia ghandii Esteban and Nasif, 1996.

Emended diagnosis (after Ameghino 1891).—Large arma

dillo, comparable in size to Priodontes maximus. Fixed os
teoderms with a wide and slightly convex central figure, 
which does not reach the posterior margin; lateral peri
pheral figures becoming fused with central figure towards 
the posterior margin; one to four anterior figures. Fixed 
osteoderms of the scapular shield more elongated than those 
of the pelvic shield. Mobile osteoderms with a wide and 
slightly convex central figure, which starts at the transitional 
zone and reaches the posterior margin of the osteoderm; 
undivided and elongated lateral peripheral figures. Mobile 
osteoderms with similar width to that of fixed osteoderms, 
but twice longer. Both fixed and mobile osteoderms with 
piliferous foramina of the posterior margin arranged in a 
single row. Skull with very wide and low zygomatic arches, 
and developed olfactory bulbs. Flat cranial case, without 
sagittal crest, and a strong wshaped nuchal crest. Wide and 
broad snout, and presence of premaxillary teeth (observed 

Fig. 2. Skulls of Vetelia ghandii Esteban and Nasiff, 1996, from the late Miocene, Loma de Las Tapias, Argentina (A, B) and extant tolypeutine species 
(C–E). A. PVSJ154. B. PVSJ289. C. Tolypeutes matacus (Desmarest, 1804), CDUNNE129. D. Priodontes maximus (Kerr, 1792), CML00137. 
E. Cabassus chacoensis Wetzel, 1980, CML02414. In dorsal (A1–E1), lateral (A2–E2), and ventral (A3–E3) views. Scale bars 20 mm.
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in V. ghandii). Very robust and massive mandible, with nine 
ovate and chiselshaped molariforms. Tooth row extended 
to the most proximal end of the horizontal ramus, without 

anterior dental diastema. Condylar process taller than coro
noid process; angular process located at the occlusal surface 
level. Low vertical ramus, with its height equivalent to one 

Fig. 3. Hemimandibles (labial views) of Vetelia spp. (A–D) and extant tolypeutine species (E–G), with detail of the molariform occlusal surface. 
A, B. Vetelia perforata ScillatoYané, 1977, late Miocene, Arroyo Chasicó, Argentina. A. MMHCH877109. B. MLP76VI1295. C, D. Vetelia ghan-
dii Esteban and Nasiff, 1996. C. PVSJ289; late Miocene, Loma de Las Tapias, Argentina. D. MLP64V1213; late Miocene, Los Berros, Argentina. 
E. Priodontes maximus (Kerr, 1792), CML00137; Recent, without provenance data. F. Cabassus chacoensis Wetzel, 1980, CML02414; Recent, Chaco 
Province, Argentina. G. Tolypeutes matacus (Desmarest, 1804), CDUNNE129; Recent, without provenance data. Scale bars 20 mm.
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third of the horizontal ramus length (observed in V. perfo-
rata and V. ghandii).
Stratigraphic and geographic range.—Early Miocene–late 
Miocene. Pinturas Formation (early Miocene), “Pinturan” 
(SALMA); Santa Cruz and Boleadoras formations (early 
Miocene), Santacrucian SALMA; Río Frías Formation 
(early–middle Miocene), Friasian SALMA; Collón Curá 
Formation (middle Miocene), Colloncuran SALMA; Río 
Mayo Formation (middle–late Miocene), Mayoan SALMA; 
Arroyo Chasicó, Huachipampa and Loma de Las Tapias 
for mations (late Miocene), Chasicoan stage/age; Cerro 
Azul and Chiquimil formations (late Miocene), Chasi coan/
Huayquerian stages/ages; Desencuentro and El Morterito 
formations (late Miocene), Huayquerian stage/age; and 
Playa del Zorro Aloformation (late Miocene), Tortonian–
Messinian. Santa Cruz, Chubut, Neuquén, Río Negro, 
Buenos Aires, La Pampa, La Rioja, San Juan, and Catamarca 
provinces, Argentina; Región Aysén, Chile (Fig. 1).

Vetelia puncta Ameghino, 1891
Fig. 4.

Holotype: MACNA2139, fixed and mobile osteoderms.
Type horizon: Santa Cruz Formation, midearly Miocene.
Type locality: Karaiken, Santa Cruz Province, Argentina.

Material.—Other referred material (see SOM 1).
Emended diagnosis.—Species with similar osteoderm size 
and ornamentation pattern than V. perforata and V. ghandii, 
but differing from them by the presence, in both fixed and 
mobile osteoderms, of numerous piliferous foramina along 
a main sulcus that delimitate the central figure. Small fora
mina in the anterior and lateral margins of the osteoderms. 
Piliferous foramina of the posterior margin similar to the 
condition in V. ghandii, but larger and less numerous than 
in V. perforata.
Stratigraphic and geographic range.—Early–middle Mio
cene. Pinturas Formation (early Miocene), “Pinturan” 
SALMA; Santa Cruz and Boleadoras formations (early Mio
cene), Santacrucian SALMA; Río Frías Formation (early–
middle Miocene), Friasian SALMA. Santa Cruz Province, 
Argentina and Región Aysén, Chile (Fig. 1).

Vetelia perforata ScillatoYané, 1977
Figs. 3, 4.

Holotype: MLP 28X1145, fixed, semimobile, and mobile osteo
derms.
Type horizon: Arroyo Chasicó Formation, late Miocene.
Type locality: Arroyo Chasicó, Buenos Aires Province, Argentina.

Material.—Other referred material (see SOM 1).
Emended diagnosis.—Species with similar size and osteo
derm ornamentation pattern than V. puncta and V. ghandii, 
but differing from them by the presence, in both fixed and 
mobile osteoderms, of smaller and very numerous pili ferous 
foramina located in the posterior margin. Also differs from 
V. puncta by the absence of foramina in the anterior and lat
eral margins of the osteoderms, and from V. ghandii by the 
presence of rounded borders along the entire dorsal carapace 
margins. Very robust and massive mandible, with nine ovate 
and chiselshaped molariforms. Tooth row extended to the 
most proximal ending of the horizontal ramus, without an
terior diastema. Condylar process taller than co ronoid pro
cess; angular process located at the occlusal surface level. 
Low vertical ramus, being its height equivalent to one third 
of the horizontal ramus length. Contact between horizontal 
and vertical ramus in an obtuse angle (~110º) in contrast to 
the straight angle (~90º) in V. ghandii.
Stratigraphic and geographic range.—Middle–late Mio
cene; Río Mayo Formation (middle–late Miocene), Mayoan 
SALMA; Arroyo Chasicó Formation (late Miocene), 
Chasi coan stage/age; Cerro Azul and Chiquimil forma
tions (late Miocene), Chasicoan/Huayquerian stages/ages; 
Desencuentro Formation (late Miocene), Huay querian 
stage/age. Santa Cruz, Chubut, Buenos Aires, La Pampa, La 
Rioja, and Catamarca provinces, Argen tina (Fig. 1).

Vetelia gandhii Esteban and Nasif, 1996
Figs. 2–5.

Holotype: PVL 4800, fixed and mobile osteoderms.
Type horizon: Playa del Zorro Alloformation, late Miocene.
Type locality: Santa María, Catamarca Province, Argentina.

Material.—Other referred material (see SOM 1).
Emended diagnosis.—Species with similar size and osteo
derm ornamentation pattern to V. puncta and V. perforata. 
It differs from V. puncta by the absence of foramina in the 
anterior and lateral margins of the osteoderms, and from 
V. perforata by the presence of larger and less numerous 
foramina in the posterior margin of the osteoderms. Dorsal 
carapace with a reduced scapular shield, including just two 

Fig. 4. Osteoderms from Argentina of Vetelia spp. (A–D) and extant Priodontini species (E–L), with detail of the horny scale and bony surface ornamenta
tion pattern (A3, E3, D3, I3, K3). A. A drawing of Vetelia spp. osteoderms: fixed (A1) and mobile (A2). B. Vetelia puncta Ameghino, 1891, MACNA2139; 
middle–early Miocene, Karaiken: fixed (B1) and mobile (B2). C. Vetelia perforata ScillatoYané, 1977, MDCH125; late Miocene, Arroyo Chasicó: fixed 
(C1) and mobile (C2). D. Vetelia ghandii Esteban and Nasiff, 1996, PVSJ151; late Miocene, Loma de Las Tapias: fixed (D1) and mobile (D2) . E. A draw
ing of Cabassous spp. fixed osteoderms: horny scale (E1) and bony surface (E2). F. Cabassous tatouay (Desmarest, 1804), CML03066, fixed osteoderms 
of the pelvic shield; Recent, Chaco Province. G. A drawing of Cabassous spp. mobile osteoderms: horny scale (G1) and bony surface (G2). H. Cabassous 
tatouay (Desmarest, 1804), CML03066, mobile osteoderms; Recent, Chaco Province. I. A drawing of Priodontes sp. fixed osteoderms: horny scale (I1) 
and bony surface (I2). J. Priodontes maximus (Kerr, 1792), AMNH147493, fixed osteoderms of the pelvic shield; Recent, Chaco Province. K. A drawing 
of Priodontes spp. mobile osteoderms: horny scale (K1) and bony surface (K2). L. Priodontes maximus (Kerr, 1792), AMNH147493, mobile osteoderms; 
Recent, Chaco Province. Scale bars 20 mm. A, E, G, I, and K, not to scale. 

→
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rows of fixed osteoderms, and mobile bands composed of at 
least five rows of osteoderms. Differs from V. perforata in 
having serrated dorsal carapace edges towards the posterior 
margin of the pelvic shield. Skull with very wide and low 
zygomatic arches, and developed olfactory bulbs. Flat cra
nial case with absence of sagittal crest, and a strong relief 
wshaped nuchal crest. Wide and broad snout, and presence 
of premaxillary teeth. Nine ovate and chiselshaped molari
forms, both in upper and lower dental series. Toothrows 
anteriorly extended, with absence of both upper and lower 
anterior diastema, and flat palatines. Contact between hori
zontal and vertical ramus forms at a straight angle (~90º), 
differing from the obtuse angle (~110º) in V. perforata.
Remarks.—PVSJ289, from Loma de Las Tapias Formation, 
San Juan Province (see SOM 1), described here for the first 
time, represents the most complete specimen known for the 
genus.
Stratigraphic and geographic range.—Late Miocene; Loma 
de Las Tapias Formation (late Miocene), Chasicoan stage/
age; El Morterito Formation (late Miocene), Huayquerian 
stage/age; Playa del Zorro Alo formation (late Miocene), 
Tortonian–Messinian stages. San Juan and Catamarca prov
inces, Argentina (Fig. 1).

Results
Skull of Vetelia gandhii.—Descriptions are based on two 
almost complete skulls (PVSJ154 and PVSJ289) here as
signed to Vetelia gandhii (Fig. 2A1–A3, B1–B3). These are 
the first skulls referred to the genus Vetelia. They are large 
(Table 1), with a similar cranial width to that of Priodontes, 
but ~33% shorter. This is due to a strong rostral shortening, 
which differs to that observed in some mainly insectivorous 
armadillos such as Dasypus, Priodontes, and some spe
cies of Prozaedyus (i.e., P. proximus [Ameghino, 1887] and 
P. exilis [Ameghino, 1887]) (see Smith and Redford 1990; 
Vizcaíno and Fariña 1994; Barasoain et al. 2020a).

In dorsal view (Fig. 2A1, B1), frontal bones are barely 
anteriorly projected between the maxillary bones and the 
suture between frontal and nasal bones is straight as in 
Tolypeutes (Fig. 2C1–C3), Priodontes (Fig. 2D1–D3), and 
Cabassous (Fig. 2E1–E3). Contrasting with this condition, in 
Euphractus, Chaetophractus, and Zaedyus, this suture has 
an arrowpoint morphology towards the beginning of the 
nasal bones. At the start of the anterior zygomatic process, 
the frontal bones bear a pair of developed olfactory bulbs, 
very similar to some species of Cabassous (i.e., C. tatouay 
[Desmarest, 1804]). Past the anterior zygomatic process, 
the skull greatly narrows to its minimum width at the level 
of the orbit. Damaged areas do not allow observing the 
suture between frontal and parietal bones. The zygomatic 
arch traces a very broad lateral curve, giving place to a 
very large orbit area when compared with most armadillos, 
only similar to that of Macroeuphractus. The cranial case is 

mainly flattened and does not develop a sagittal crest. The 
nuchal crest has a marked anteriorly oriented relief, with a 
wshaped profile, similar to that of Priodontes and some 
species of Cabassous (i.e., C. centralis [Miller, 1899]). On 
the contrary, extant euphractine armadillos and the genera 
Tolypeutes and Kuntinaru display a nuchal crest with a less 
pronounced relief and a cshaped profile.

In lateral view (Fig. 2A2, B2), premaxillary bones are 
strongly reduced, resulting in a high, wide, and robust ros
trum. This morphology generates a less sigmoid dorsal pro
file of the skull, due to a smaller difference between anterior 
and posterior cranial heights, than that of most armadillos. 
The infraorbital foramen is located at the basis of the an
terior zygomatic root, a position that is shared with extant 
euphractine armadillos and Tolypeutes. In Priodontes and 
Cabassous, this foramen is located more anteriorly. The 
zygomatic arch is laterally compressed and the curve gene
rated by the jugal bone reaches a low position at the mid
point, reaching the level of the tooth occlusal surface. A 
similar condition is present in Cabassous and Tolypeutes, 
while in Priodontes the zygomatic arch reaches an even 
lower position, its lowest point being at a much lower level 
than the tooth occlusal level. In extant euphractine arma
dillos, the zygomatic arch is higher and located at a more 
dorsal position, with its lowest point at the alveolar level. 
Towards the posterior half of the zygomatic arch, the ju
gal bone maintains an approximately uniform width, as in 
Tolypeutes and Priodontes, and does not develop the medio
laterally compressed process that is observed in Cabassous 
and euphractines.

In ventral view (Fig. 2A3, B3), the anterior zygomatic 
processes start to laterally expand at the level of the Mf4, 
different to extant euphractines, in which the suture between 
both palatine bones generates a small crest. The whole pala
tine surface is flat, as occurs in most tolypeutines, with 
exception of Tolypeutes and some species of Cabassous (i.e., 
C. unicinctus [Linnaeus, 1758]). The choanae and basicra
nial areas are damaged in both skulls. However, PVSJ154 

Table 1. Cranial measurements (in mm) of Vetelia ghandii specimens.

Measurements PVSJ154 PVSJ289
maximum skull length 110.71 97.85
maximum skull width at the olfactory 
bulbs level 46.42 57.14

minimum interorbitary width 25.85 32.14
cranial height at Mf1 level 14.61 19.48
cranial height at Mf4 level 21.53 31.16
cranial height at Mf9 level 38.46 35.06
maximum length of the palatine 62.54 64.34
palatine width at Mf1 level 8.33 12.23
palatine width at Mf4 level 16.66 20.12
palatine width at Mf9 level 16.67 21.32
orbital length 28.57 32.14
maximum length of the dental series 58.33 54.14
molariform length 4.8–8.33 5–11
molariform width 2.77–6.25 3.54–6.43
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shows the entopterygoid crests subparallel and aligned with 
the dental series; in PVSJ289, the occipital condyles have a 
strong ventral development.

Upper dental series are composed of nine massive and 
robust molariforms (Mf1–Mf9), which are subcylindrical, 
with an anteroposterior main axis. Size increases from Mf1 
to Mf6, and then decreases to Mf9 (Table 1). It is notewor
thy that the largest molariforms (Mf5–Mf7) are slightly 
bilobulated. Occlusal surface develops a chiselshaped mor
phology, as it is common in armadillo molariforms with 
little wear. The Mf1 is located in the premaxillary bone. 
The presence of premaxillary teeth is common in euphrac
tines, but not in tolypeutine armadillos (González Ruiz and 
MacPhee 2014; González Ruiz et al. 2014, 2017). Tooth rows 
represent more than half of the length of the skull; they 
are subparallel and extended anteriorly, almost reaching 
the premaxillary tip. Indeed, armadillos generally develop 
toothless anterior diastemas (see Thenius 1989). The last 
two molariforms (Mf8–Mf9) are located posteriorly to the 
level of the anterior zygomatic root.

Mandibles of Vetelia perforata and Vetelia gandhii.—
Descriptions are based on mandibular remains of Vetelia 
perforata (Fig. 3A, B) (MMHCH877109 and MLP
76VI1295) and V. gandhii (Fig. 3C, D) (PVSJ289 and 
MLP64V1213). MMHCH877109 and PVSJ289 pre
sent smaller dimensions than MLP76VI1295 and MLP
64V1213 (Table 2), reflecting clear individual variation. 
Dentary is massive and robust, with a similar morphology 
in both species. The angle between horizontal and vertical 

ramus is nearly straight (~90º) in V. ghandii and obtuse 
(~120º) in V. perforata.

Horizontal ramus is proportionally much wider than in 
most armadillos (see ScillatoYané 1982). Chaetophractus is 
the extant armadillo with the widest mandible (Squarcia et 
al. 2009; Sidorkewicj and Casanave 2013), which is approx
imately a third thinner than in Vetelia. Towards the rostrum, 
the horizontal ramus becomes slightly thinner, but does not 
develop the sharpened and narrowed morphology observed in 
extant armadillos, due to the enlargement of the rostrum. The 
maximum width of the horizontal ramus is located at the level 
of the mf8 (Table 2), passing to an abrupt constriction at the 
level of the mf9. The largest specimens (MLP76VI1295 
and MLP64V1213; Fig. 3E, G) show a proportionally 
wider and thicker horizontal ramus than the smaller speci
mens. However, to evaluate the significance of this character, 
a larger sample is necessary to determine possible intraspe
cific variability (including ontogenetic variability).

The outer surface of the hemimandible is mostly smooth. 
Two to four mental foramina are located between the mf2 
and mf5.

Vertical ramus is robust and its height is equivalent to 
one third of the total length of the horizontal ramus. The ver
tical ramus is lower in Priodontes (Fig. 3E) and Cabassous 
(Fig. 3F) compared to Tolypeutes (Fig. 3G) and euphrac
tine armadillos, in which it is equivalent to more than half 
the total length of the horizontal ramus. Both the coronoid 
and the condylar processes are located above the level of 
the occlusal dental surface, while the angular process is 

Fig. 5. Features of the different portions of the dorsal carapace of the Vetelia ghandii Esteban and Nasiff, 1996, PVSJ289 (most complete specimen) from 
the late Miocene of Loma de Las Tapias, San Juan Province, Argentina. A. Anterior fragment, with detail on the nuchal band. B. Dorsal fragment of the 
pelvic shield. C. Lateral fragment of the pelvic shield. D. Caudal fragment. Scale bars 20 mm.
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approximately at the same level, as it occurs in all extant 
tolypeutines. In euphractine armadillos, the three processes 
are located above the occlusal surface level. The presence of 
a condylar process taller than the coronoid process is shared 
by Vetelia, Priodontes maximus, and the four species of 
Cabassous. The angular process is well developed, surpass
ing the level of the condylear process towards the caudal 
area, although it is more ventrally expanded in V. perforata. 
In the internal side of the angular process, a large scarred 
depression indicates the insertion area of a welldeveloped 
masseter muscle. In the internal side of the vertical ramus, 
the mandibular foramen is located at the level of the alveolar 
surface of the toothrow.

The lower dental series of both V. perforata and V. ghandii 
are composed of nine subcylindrical, chiselshaped molari
forms. General characteristics are similar to those described 
for the upper series of V. ghandii. The size increases from 
mf1 to mf6, and then decreases from mf7 to mf9. The too
throw occupies almost the total length of the horizontal ra
mus and is anteriorly extended to the most proximal extreme. 
In fact, the mf1 is anteriorly projected, protruding from the 
anterior end of the hemimandible. This condition, observed 
in both V. perforata and V. ghandii, suggests a feature that is 
unique among armadillos, which generally develop anterior 
toothless mandibular spouts (see Thenius 1989).

Carapace of Vetelia spp.—Fixed osteoderms: Vetelia (Fig. 
4A1, A2, B–D) has osteoderms comparable in size to those 
of Priodontes, but thicker. They are subhexagonal, as in 
Cabassous (Fig. 4B1–B3, C1–C3) and Priodontes (Fig. 4I1, I2, 
J–D3, K1–K2, L), in contrast to the typical subrectangular 
osteoderms of euphractine armadillos. Tolypeutes has the 
most regular hexagonal and isodiametric osteoderms.

All species of Vetelia share a common ornamentation 
pattern. It includes a wide and slightly convex central 
 figure, surrounded by two lateral peripheral figures and a 
variable number of anterior minor peripheral figures. The 
central figure is anteriorly and laterally delimited by a main 
sulcus that disappears towards the posterior half of the os
teoderm, generating a fusion between central and lateral 
figures. Minor sulci delimit lateral and anterior peripheral 
figures. Vetelia puncta (Fig. 4B) shows welldeveloped fo
ramina both in the main and minor sulci, while V. perforata 
(Fig. 4C) and V. ghandii (Fig. 4D) lack these foramina.

Anterior peripheral figures vary from one to four, though 
the most common ornamentation pattern is the presence of 
three figures. Osteoderms with only one figure, as in the 
holotype of V. puncta (MACNA2139), seem to belong to 
the posterodorsal region of the pelvic shield. In many arma
dillos, osteoderms of this region are highly modified due to 
the presence of odoriferous glands (ScillatoYané 1982).

A similar ornamentation pattern is observable in Prio-
dontes and Cabassous. However, in many cases, this orna
mentation is only preserved in the horny scales that cover 
the osteoderms during the armadillo’s lifetime, and becomes 
diffuse or even absent on the bony surface (Fig. 4H, J, L). 
This is a peculiar phenomenon also recognized in other 
groups of armadillos, such as the extant representatives of 
Chlamyphorinae (Barasoain et al. 2020b, c).

The posterior margin of the osteoderm has a single row 
of piliferous foramina. In V. perforata these foramina are 
small and numerous (6–14), while in V. puncta and V. ghandii 
they are larger and less abundant (2–4). Vetelia puncta also 
develops small foramina in the anterior and lateral margins.

The most complete specimen of V. ghandii (PVSJ289) 
shows a very reduced scapular shield, composed of only 
two rows of fixed osteoderms, located between the nu
chal osteoderms and the first row of mobile osteoderms 
(Fig. 5A). Scapular fixed osteoderms (Fig. 5A) seem to be 
more elongated than those of the pelvic shield (Fig. 5B–D). 
Cabassous, Priodontes, and Tolypeutes do not show signi
ficant differences between scapular and pelvic fixed osteo
derms. In the specimen PVSJ289, the shape of the fixed 
osteoderms of the pelvic shield slightly changes towards 
the lateral margins of the dorsal carapace, becoming sub
square, as occur in Priodontes. Vetelia ghandii has serrated 
borders in the posterior portion of the pelvic shield, while 
V. perforata has rounded borders (see ScillatoYané 1982).

Mobile osteoderms: These osteoderms are subrectangu
lar, similar in width to fixed osteoderms, but approximately 
twice as long (Table 3, Fig. 4A2). They are divided into an 
articular and a caudal portion, separated from each other by 
a very rugose transitional area. The articular portion has a 
smooth unornamented surface whose length is equivalent to 
half the caudal portion. The caudal portion shows a similar 
ornamentation pattern in all the species of Vetelia. It includes 
a wide and slightly convex central figure, which begins in the 
limit with the transitional area and reaches the posterior mar

Table 2. Mandibular measurements (in mm) of Vetelia ghandii and Vetelia perforata specimens.

Measurements Vetelia ghandii Vetelia perforata
PVSJ289 MLP64V1213 MMHCH877109 MLP76VI1295

horizontal ramus maximum length 78.56 – 94.54 –
vertical ramus maximum length – – 49.45 –
mandibular height at Mf1 level 11.5 – 6.54 –
mandibular height at Mf4 level 16 18.23 15.27 17
mandibular height at Mf9 level 21.21 20.58 23.27 21
maximum length of the dental series 57.5 – 66.66 –
molariform length 3–6.32 7.05–8.82 3.33–8 8.43
molariform width 3.5–5.57 4.70–5.88 4–6.22 5
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gin, where it becomes slightly narrower. The central figure 
is delimited by a shallow and wide main sulcus. Along this 
sulcus, V. puncta has several piliferous foramina (Fig. 4B), 
while V. perforata (Fig. 4C) and V. ghandii (Fig. 4D) lack 
foramina. The central figure is surrounded by two undivided 
and elongated peripheral lateral figures. The latter widen at 
the most anterior part of the osteoderms, resulting in mi
nor peripheral figures that are not completely delimitated 
by sulci. Some osteoderms show welldeve loped anterior 
peripheral figures, while these figures are very diffuse in 
others.

Similar ornamentation pattern is observable in Prio-
dontes and Cabassous species. However, as it occurs in 
fixed osteoderms, the ornamentation in both extant taxa is 
generally preserved only in the horny scales that cover the 
osteoderms, while it is diffuse or absent in the bony surface 
(Fig. 4H, J, L).

The posterior margin of the osteoderm has a single row 
of piliferous foramina. In V. perforata, these foramina are 
smaller and more numerous (5–14) than in V. puncta (2–5) 
and V. ghandii (2–5). V. puncta also has small foramina in 
the lateral margins.

Phylogeny and affinities of Vetelia 
with Tolypeutinae
The general topology of the obtained most parsimonious 
tree (Fig. 6) is consistent with previous results of morpho
logical phylogenetic analyses including armadillos (e.g., 
Gaudin and Wible 2006; Billet et al. 2011; Herrera et al. 
2017). Some diffe rences are related to the taxa considered 
in each analysis.

In our analysis, the armadillos compose a monophyletic 
group, with the genus Peltephilus as the sistergroup of the 
remaining taxa. The latter are gathered in a large clade 
that is, in turn, divided in two welldifferentiated clades, 
one formed by Dasypodidae (Dasypus + Stegotherium) and 
another by Chlamyphoridae (all the remaining taxa). This 
main division agrees with the latest phylogenetic analyses 
based on molecular data of extant armadillos (e.g., Delsuc et 
al. 2002, 2012; MöllerKrull et al. 2007).

The family Chlamyphoridae is divided into two main 
clades. One of them is composed of representatives of the 
subfamilies Euphractinae and Chlamyphorinae, while the 
other gathers the genera of Tolypeutinae.

The extinct euphractine Prozaedyus is recovered as the 
sistertaxon of the remaining Euphractinae and Chlamy
phorinae, which is congruent with previous interpretations 
(Engelmann 1985; Gaudin and Wible 2006; Billet et al. 2011; 
Barasoain et al. 2020a–c). The representatives of the tribe 
Eutatini (i.e., Proeutatus and Eutatus) appear as the sister 
group of a clade that clusters the Chlamyphorinae and the 
representatives of the tribe Euphractini. Though molecular 
data suggest a close relationship between Chlamy phorinae 

and Tolypeutinae, results from morphological analyses seem 
to be disturbed due to the particular and highly derived mor
phology of the fairy armadillos (see also Barasoain et al. 
2020a, b).

Tolypeutinae constitutes a monophyletic group, suppor
ted by nine synapomorphies: 16[1], 37[3], 45[0], 48[1], 58[1], 
87[1], 112[1], 132[1], and 142[0] (see SOM 2), and is di
vided in two main clades. One of them clusters Tolypeutes 
+ Pedrolypeutes, and is supported by three synapomor
phies: 128[1], 129[0], and 148[1] (see SOM 2, 4); this clade 
is here recognized as tribe Tolypeutini. The other clade in
cludes Kuntinaru as sister group of the clade composed by 
the remaining taxa. The latter is here recognized as tribe 
Priodontini. It clusters the species of Vetelia, Cabassous, and 
Priodontes, and is supported by 15 synapomorphies: 14[1], 
15[1], 35[1], 43[1], 44[0], 51[1], 69[1], 71[2], 96[2], 129[1], 
133[1], 136[1], 143[0], 144[1], and 145[0] (see SOM 2 and 4). 
Within Priodontini, the species of Vetelia (V. ghandii and V. 
perforata) form the sister group of the clade composed of 
Cabassous and Priodontes.

Discussion
The subfamily Tolypeutinae is represented by the extant 
genera Tolypeutes, Priodontes, and Cabassous, plus the ex
tinct Kuntinaru (Billet et al. 2011), Pedrolypeutes (Carlini et 
al. 1997), and Vetelia (this work). However, the identification 
and characterization of this clade is relatively recent and its 
status was not confirmed until molecular analyses were 
carried out on living armadillos (Delsuc et al. 2002, 2003). 
Historically, and according to the old systematic schemes, 
extant tolypeutines were grouped into two different tribes: 
Tolypeutini, including the two species of Tolypeutes (T. 
matacus and T. tricinctus), and Priodontini, with Priodontes 
maximus and the four species of Cabassous (C. tatouay, C. 
unicinctus, C. chacoensis, and C. centralis).

The most plesiomorphic clade within Tolypeutinae, here 
assigned to Tolypeutini, is composed of Pedrolypeutes and 
Tolypeutes. Considering that both genera share two syna
pomorphic characters (e.g., hexagonal isodiametric osteo
derms and presence of small tubercles on the dorsal surface 
of the osteoderms), the middle Miocene taxon Pedrolypeutes 
can be proposed as the possible ancestor of Tolypeutes (see 
Carlini et al. 1997). According to our phylogenetic analysis, 
Tolypeutini retains a high number of plesiomorphic charac
ters, being morphologically closer to the Euphractinae.

Molecular phylogenetic analysis performed by Delsuc et 
al. (2002) placed the Tolypeutini Tolypeutes and the Prio

Table 3. Osteoderm measurements (in mm) of different Vetelia species.

Taxa
Fixed osteoderms Mobile osteoderms

length width length width 
V. puncta 15.32–20.21 13.75–16.87 19.23–28.12 9.3–17
V. perforata 19.46–21.75 13.91–20.36 20.08–32.75 10.03–16.04
V. ghandii 15.50–22.14 13.32–20.55 20.04–27.50 11.04–15.34
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dontini Cabassous in a sistergroup relationship. However, 
several other phylogenetic analyses have supported a closer 
relationship between Cabassous and Priodontes, based on 
their similar external features (Engelmann 1985; Wetzel 
1985; Gaudin and Wibble 2006) and spermatozoa morpho
logy (Cetica et al. 1998). According to Delsuc et al. (2002: 
12), information obtained from molecular data could be 
related to a “rapid cladogenesis event that left only short 
time intervals for molecular synapomorphies to accumulate 

in these two groups”, which in some cases can lead to an 
unclear result when using this technique.

Based on a detailed morphological analysis, Gaudin and 
Wible (2006: 172) considered that “Tolypeutes is more clo
sely allied with euphractan armadillos than with any other 
dasypodid armadillos”. Many other authors (e.g., Simpson 
1945; Hoffstetter 1958; Paula Couto 1979; ScillatoYané 
1982; Wetzel 1985) have previously included Tolypeutes 
in a distinct subfamily or tribe. Our study supports these 

Fig. 6. Most parsimonious tree resulting from the phylogenetic analysis and support values. Numbers above each branch indicate Bootstrap support. 
Numbers below each branch indicate absolute and relative Bremer support, respectively. Black rectangles are showing the temporal distribution of extinct 
taxa. *Euphractinae is here recovered as a paraphyletic group.
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previous proposals of a close relationship beteween the 
Tolypeutini and the Euphractinae. The obtained results re
flect several plesiomorphic characters shared between the 
Tolypeutini (Tolypeutes + Pedrolypeutes) and Euphractinae 
armadillos: (i) development of a crest along the suture bone 
on the posterior half palatine suture; (ii) higher central posi
tion of the zygomatic arc; (iii) taller mandibular vertical ra
mus; and (iv) coronoid process taller than condylar process.

The other welldifferentiated clade within Tolypeutinae, 
assigned here to Priodontini, is composed of Vetelia, Caba-
ssous, and Priodontes. This clade includes several auto
pomorphic characters with respect to the Tolypeutini, and is 
well supported by diverse craniomandibular and carapace 
(dorsal carapace and osteoderms) synapomorphic charac
ters: (i) absence of a crest along the bone suture on the 
posterior half palatine; (ii) lower central position of the zy
gomatic arc; (iii) wshaped nuchal crest with strong relief; 
(iv) lower vertical mandibular ramus; (v) condylar process 
taller than coronoid process; (vi) angular process located at 
the molariforms occlusal surface level; (vii) common orna
mentation pattern of both fixed and mobile osteoderms; and 
(viii) development of rounded borders in all or almost all the 
dorsal carapace.

In the clade Priodontini (Fig. 7), Vetelia probably bran
ched before the clade composed of Cabassous and Prio-
dontes. This result is supported by the retention of some ple
siomorphic characters in Vetelia, shared with the Tolypeutini 
and Kuntinaru: (i) proportionally reduced nasal bone (˂ 25% 
of the total skull length); (ii) infraorbital foramen placed in a 
most posterior position; and (iii) less posterior extent of the 
palatines after the tooth row ending.

Previous systematic studies (e.g., ScillatoYané 1982; 
Urrutia et al. 2008; González Ruiz 2010) considered Vetelia 
as an Euphractinae, based on a few fragmentary specimens, 
mainly represented by isolated osteoderms. The detailed 
anatomical descriptions provided herein, based on new 
cranial and mandibular remains and more complete por
tions of dorsal carapaces, suggest a very close relationship 

between Vetelia and previously described Tolypeutinae, 
which is supported by the phylogenetic analysis. This rela
tionship is particularly close with the tribe Priodontini, as 
pre viously suggested by Hoffstetter (1958). In fact, all the 
analyzed characters related to the osteoderms and most of 
the craniomandibular characters reflect the close affinity 
of Vetelia with Cabassous and Priodontes, which form to
gether the clade Priodontini.

On the other hand, most of the characters shared by 
Vetelia and the Euphractinae armadillos are related to the 
dentition: (i) development of premaxillary teeth; (ii) too
throw length; and (iii) position of last lower tooth in relation 
to the vertical ramus of the mandible. In this sense, the most 
relevant character is the presence of premaxillary teeth, 
which is characteristic of the euphractines. However, it is 
important to note that not all euphractines have premaxi llary 
teeth, as it occurs in two species of Prozaedyus, P. pro ximus 
and P. exilis, both interpreted as insectivores (Vizcaíno 
and Fariña 1994; Barasoain et al. 2020a) and in taxa with 
very reduced toothrows, such as Stegotherium, with possi
ble myrmecophageal habits (Vizcaíno 1994; Vizcaíno et al. 
2006). The presence or absence of premaxillary teeth could 
be related to feeding habit adaptations rather than to phy
logenetic constraints. Among Tolypeutinae, the presence 
of premaxillary teeth in T. matacus is considered as a rare 
dental anomaly (González Ruiz and MacPhee 2014).

In the craniodental phylogenetic analysis carried out by 
Billet et al. (2011), Kuntinaru is the sister taxon of the clade 
composed of all the remaining tolypeutines. In contrast, in 
our phylogenetic analysis, Kuntinaru is the sister taxon of 
Priodontini (Vetelia + Cabassous + Priodontes). This result 
is due to the incorporation of both dorsal cara pace charac
ters (unknown for Kuntinaru) and new fossil taxa (Vetelia 
and Pedrolypeutes). Some cranial features of Kuntinaru 
(e.g., posterior position of the infraorbital fora men, posterior 
extent of the palatines, and cshaped nuchal crest)  suggest 
higher affinities with the Tolypeutini (Pedrolypeutes + 

Fig. 7. Reconstruction (by Pedro Cuaranta, CECOAL (UNNECONICET), Corrientes, Argentina) of Vetelia ghandii Esteban and Nasiff, 1996, based on the 
most complete known specimens of the genus (PVSJ154 and PVSJ289; late Miocene, Loma de Las Tapias, San Juan Province, Argentina). Not to scale.
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Tolypeutes), but the lack of osteoderm and dorsal carapace 
materials in this taxon prevent more detailed interpretations.

Finally, the inclusion of the Miocene genus Vetelia 
within Tolypeutinae increases the diversity of this subfam
ily in the Neogene of southern South America, filling an 
important temporal gap in its fossil record. Moreover, it 
also extends the paleobiogeographical distribution of toly
peutines to the Patagonian Argentina and Chile during part 
of the Miocene. This novel approach to the Tolypeutinae 
phylogenetic scheme reflects the need for further research 
focused on this group of armadillos, including a more com
prehensive systematic review of known fossil taxa and an 
improvement of the lists of diagnostic morphological char
acters for tolypeutine genera and species.

Conclusions
We report the most complete remains belonging to the Mio
cene armadillo genus Vetelia and provide, for the first time, 
a detailed anatomical description of the cranial skeletal el
ements. This study allows a better morphological characte
rization of the genus, revealing some diagnostic characters 
among armadillos, such as a shortened rostrum, a very ro
bust dentary with a short vertical ramus, and the absence 
of an anterior toothless diastema in both upper and lower 
dental series.

These new anatomical data lead to the proposal of an 
amended diagnosis for the three known species of Vetelia (V. 
ghandii, V. perforata, and V. puncta), and the inclusion of this 
genus, for the first time, into a phylogenetic analysis. A close 
phylogenetic relationship is determined between Vetelia and 
the extant Tolypeutinae, more specifically with the represen
tatives of the tribe Priodontini, Cabassous and Priodontes. 
Several synapomorphic characters support the inclusion 
of Vetelia within the Tolypeutinae Priodontini rather than 
within the subfamily Euphractinae, such as the morphology 
of the condylar and angular processes of the mandible and 
the development of a common ornamentation pattern of both 
fixed and mobile osteoderms of the dorsal carapace.

This new proposal fills a temporal gap into the evolu
tionary history of tolypeutine armadillos, which are very 
scarce in the fossil record. Both molecular and morpho
logical data show two well characterized natural groups 
clustered within Tolypeutinae. In this respect, this work 
also leads to a redefinition and reconceptualization of the 
old Priodontini and Tolypeutini tribes, which is useful to 
address the systematics of Tolypeutinae. Finally, we provide 
new information on the diagnostic morphological characters 
of the Priodontini and Tolypeutini tribes (see SOM 4).
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The late Permian time was a transformative period before the most severe mass extinction known. Even though fishes 
constitute a key component of marine ecosystems since the Silurian, their biogeographic patterns during the late Permian 
are currently insufficiently known. The new ichthyofaunal material described here comes from the southeastern part of 
the Zechstein Basin, from the calcareous storm sediments alternating with marls, which were deposited in less energetic 
conditions. Chondrichthyans and osteichthyans are reported here for the first time from the Nowy Kościół quarry in 
the SW Poland. The assemblage consists of various euselachian dermal denticles, actinopterygian scales and teeth, and 
isolated hybodontoid tooth putatively assigned as extremely rare ?Gansuselache sp. from the Permian. The diverse 
actino pterygian tooth shapes show significant ecological differentiation of fishes exploring sclerophagous, durophagous, 
and herbivory modes of feeding in the given part of the Zechstein Basin suggesting the presence of complex ecosystems 
even in hyper-saline conditions of an epicontinental sea.
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Introduction
Ever since the Carboniferous, Osteichthyes and Chon drich-
thyes have been the most successful marine vertebrates (Near 
et al. 2012; Pindakiewicz et al. 2020). Late Permian fish 
fossils are widely distributed in the marine and freshwater 
ecosystems around Pangea (Koot 2013; Romano et al. 2016) 
including saline, semi-enclosed, lagoon or the playa-like 
Zechstein Sea in NW Europe. Fish fossils from this basin 
are known from Germany (Diedrich 2009), England (King 
1850), East Greenland (Nielsen 1952), Latvia (Dankina et al. 
2020) and Lithuania (Dankina et al. 2017).

Until now only very rare and taxonomically low diversity 
occurrences of the fish remains were found in the southeast-
ern part of the Zechstein successions. Kaźmierczak (1967) 
putatively assigned some teeth and scales as Palaeoniscidae 
in the Zechstein sequences at the Kajetanów quarry in the 
Holy Cross Mountains, central Poland. Incomplete Platy-
somus sp. trunks were also found from the copper- bearing 
Zechstein layers and Palaeoniscus sp. trunks from the Lubin 

mine in SW Poland, which are stored at the University of 
Wroclaw.

The current study represents the first record of the 
ichthyo faunal assemblage from a new paleoichthyological 
locality—the Nowy Kościół quarry in the SW Poland. The 
paleoenvironmental and ecological changes in the eastern 
Zechstein Sea ecosystems are discussed in connection to the 
ecomorphological features of described teeth assemblages. 
The described ichthyofaunal assemblage patterns from the 
SW Poland shed new light on the dispersal patterns and 
palaeo biogeography of fishes in the Zechstein Sea.

Institutional abbreviations.—VU-ICH-NK, Geological Mu-
seum at the Institute of Geosciences of Vilnius University, 
Vilnius, Lithuania.

Geological setting
The Zechstein Basin in Poland is a result of widespread 
cyclic carbonate and evaporite sediments (Poszytek and 
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Suchan 2016). The studied sites of the first Zechstein cycle 
in SW Polish suggested an existence of a narrow zone of 
upper Permian sediments in the outer part of the North-
Sudetic Basin (Gunia and Milewicz 1962; Raczyński 1997; 
Biernacka et al. 2005; Fig. 1A). The Nowy Kościół area 
is located in the Leszczyna Syncline in the southeastern, 
marginal part of the Zechstein Basin (Biernacka et al. 
2005; Fig. 1B). Scupin (1933) proposed lithostratigraphic 
division of the upper Permian association in this part of the 
Zechstein Basin. According to Scupin’s (1933) division, the 
limestone-marl association is subdivided into three main 
units: spotted marl, copper-bearing marl, and lead-bearing 
marl (Biernacka et al. 2005).

The limestone-marl sequence with the underlying 
Basal Limestone (micritic limestone) and overlying middle 
Zechstein (micro-oncolitic limestone) are equivalent to the 
carbonate rocks of the first evaporitic cyclothem assigned 
as Zechstein Limestone (Ca1) (Peryt 1978; Raczyński 1997; 
Biernacka et al. 2005). The duration of sedimentation of the 
entire first evaporitic cyclothem did not exceed two million 
years (Menning 1995; Biernacka et al. 2005). The upper 
Permian limestone-marl association was deposited in the 
~20–30 km width and ~100 km length zone along the WNW-
ESE stretching lagoon (Biernacka et al. 2005; Fig. 1B).

Material and methods
The studied material was collected in the Nowy Kościół 

quarry in SW Poland (51°5’19.654’’N, 15°52’43.613’’E) 
(Fig. 1). Sediments are mostly carbonates consisting of marl 
and limestone layers. In total eleven samples were collected. 
Two samples were taken from the Basal Limestone; three 
samples from copper-bearing marl; three samples from 
lead-bearing marl; three samples from Middle Zechstein 
Limestone (Fig. 2). The total weight of the collected sam-
ples reached ~128.4 kg. The average mass of each sample 
was ~14 kg.

The fossil-bearing samples were chemically prepared 
using standard chemical dissolution technique in buffered 
formic acid described by Jeppsson et al. (1999). The resi-
dues were dried at room temperature and sieved from 0.2 
to 0.063 mm sieves in order to more effectively optically 
spot and pick microremains under the binocular microscope 
under fixed magnification. Scanning electron microscope 
(SEM) imaging of the selected fish remains was conducted 
at the Nature Research Centre (Vilnius, Lithuania).

The collected samples yielded 112 isolated chondrich-
thyan and osteichthyan fish microremains. The collection 
is housed in the Geological Museum at the Institute of 
Geosciences of Vilnius University (VU-ICH-NK).

Fig. 1. Location of the late Permian fish-bearing site in SW Poland. A. Map of the Eastern Europe with position of Nowy Kościół (blue, the original distribu-
tion of the eastern margin of Zechstein Limestone; green, current distribution of Zechstein sediments in Poland, Russia, Lithuania, and Latvia; Raczyński and 
Biernacka 2014). B. The geological map of the North-Sudetic Basin showing location of studied site (white arrow) (after Biernacka et al. 2005). C. Photograph 
of the middle Zechstein limestone sequences of the Nowy Kościół section from 2016. mk, Kaczawa metamorphic rock; C2, Upper Carboniferous.
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Systematic palaeontology
Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Order Hybodontiformes Patterson, 1966
Superfamily Hybodontoidea Owen, 1846
Family Lonchidiidae Herman, 1977
Genus Gansuselache Wang, Zhang, Zhu, and Zhao, 
2009
Type species: Gansuselache tungshengi Wang, Zhang, Zhu, and Zhao, 
2009; Mazongshan Mountain, Gansu Province, north-western China; 
Fangshankou Formation, late Permian.

?Gansuselache sp.
Fig. 3A.

Material.—Single isolated tooth (VU-ICH-NK-001) from 
the upper Permian of the Nowy Kościół Quarry, Leszczyna 
Syncline, SW Poland.
Description.—The tooth is mesiodistally elongate (slightly 
less than 3 mm in length), labiolingually compressed, low-
crowned, slightly inclined lingually and near-symmetrical. 
The tooth crown is multicuspid; its central cusp is higher 

and wider than two pairs of low lateral cusplets. The cusplets 
are ornamented separately with two or three vertical strong 
ridges that continue to the root in labial and lingual face of 
the tooth. The tooth root is massive, higher in labial face 
than in the lingual one. It has some enlarged and irregular 
foramina on both lingual and lateral faces, which are filled 
by sediments. The tooth base is oval and deeply concave.
Remarks.—The teeth of ?Ganunselache sp. are rare in late 
Permian material. However, the analysed tooth here is as-
signed to ?Gansuselache sp. as it matches the following 
diagnosed characters: multicuspid crown, with central high 
cusp and lower two pairs of cusplets which are covered 
by vertical strong ridges. Similar teeth were found in the 
late Permian material of the Fangshankou Formation in 
north-western China (Wang et al. 2009: fig.7C).

Cohort Euselachii Hay, 1902
Euselachii indet.
Fig. 3B–R.

Material.—44 isolated dermal denticles were found from 
the upper Permian of the Nowy Kościół Quarry, Leszczyna 
Syncline, SW Poland. The dermal denticles are represented 

Fig. 2. Stratigraphical profile of the Nowy Kościół quarry with an indication of the late Permian fish assemblage, stratigraphic repartition of the chondrich-
thyan and osteichthyan taxa based on isolated teeth, dermal denticles and scales; and its vertical distribution. M, morphotype.
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here by SEM microphotographs of microremains VU-
ICH-NK-002–018.
Description.—The microremains are identified as euse-
lachian-type dermal denticles based on resembling mate-
rial from the middle Permian of the Apache Mountains 
in West Texas, USA (Ivanov et al. 2013); Permian of the 
Kanin Peninsula in Russia (Ivanov and Lebedev 2014); 
Lower Triassic of Oman (Koot et al. 2015); Carboniferous 
of Oklahoma, USA (Ivanov et al. 2017); upper Permian of 
Lithuania (Dankina et al. 2017), and Latvia (Dankina et al. 
2020); and are divided into morphotypes based on the mor-
phological differences between their crown, neck, and base.

The morphotype numeration and description in this 
study is taken from previous studies of late Permian eusela-
chian material from southern Latvia (Dankina et al. 2020; 
Tables 1, 2).

Morphotype 2: Seven dermal denticles from this mor-
photype were found in the Nowy Kościół quarry (Fig. 3B–
D). The denticles have a trident or nearly trident crown with 
a high, slender, and narrow neck (Fig. 3B), hidden under the 
crown in apical view (Fig. 3C, D). The crown sits horizon-
tally or slightly obliquely up on the neck. The exterior of the 
crown is sculptured with numerous gentle convex ridges 
and furrows originating at the longitudinal crest and reach-
ing 0.1–0.4 mm length. The base has a rhomboid surface and 
one roundish canal opening in proximal view. The denticle 
reaches 0.3–0.4 mm height, and 0.4–0.5 mm crowns length 
and width.

Morphotype 3: Four dermal denticles from this morpho-
type were found in the Nowy Kościół quarry (Fig. 3E–G). 
The roundish crown is smooth, thick, without ornamenta-
tion (Fig. 3E, F). The crown sits horizontally on the neck and 
reaches around 0.4–0.8 mm in diameter. The neck is wide 
and massive. The wide base is slightly curved, multipetaloid 
in shape, and with concave canal opening in the proximal 
view (Fig. 3G).

Morphotype 4: Two dermal denticles from this morpho-
type were found in the Nowy Kościół quarry (Fig. 3H, I). 
The denticle has a curved outline of the crown; strongly 
convex, with three continuous ridges joined on the top of 
the surface (Fig. 3H). Sometimes, the crown is flat, thick, 
without ornament, has a serrated margin (Fig. 3I1). The 
crown is placed horizontally on the slender neck. The neck 
is short and narrow. The base has an indeterminate sinu-
ous shape with deep vertical grooves along base outline. 
Dermal denticles reach 0.3–0.6 mm in length and 0.5–0.6 
mm in width.

Morphotype 5: 21 dermal denticles from this morphotype 
were found in the Nowy Kościół quarry (Fig. 3J–L). The 
denticles have an anteriorly-inclined crown ornamented by 
some short ridges (4–5 ridges) on the anterior side (Fig. 3J, 
L). This type of denticles have a smooth, drop-like crown 
margin surface, which sits evidently obliquely up on the 
wide low neck (Fig. 3K). The crown reaches 0.4–0.5 mm 
length. The neck and crown widths are almost identical and 
approximately equal 0.3–0.4 mm (Fig. 3J). The base is flat, 
sinuous, multipetaloid in shape (Fig. 3L) with concave canal 
openings in the proximal view.

Morphotype 6: 10 dermal denticles from this morpho-
type were found in the Nowy Kościół quarry (Fig. 3M–

Table 1. The different morphotypes distribution of late Permian fish 
remains in Latvia, Lithuania, and Poland.

Morpho-
type

Poland  
(Nowy Kościół) 

Lithuania 
(Karpėnai)

Latvia 
(Kūmas)

Euselachii  
dermal  
denticle

M1 – – +
M2 + + +
M3 + + +
M4 + + +
M5 + + +
M6 + + +

Actinopterygii 
teeth

M1 + + +
M2 – – +
M3 – + +
M4 – + +
M5 – – +
M6 – + +
M7 + – –
M8 + – –

Actinopterygii 
scales

M1 + + +
M2 + – +
M3 – – +
M4 – + +
M5 – – +
M6 – – +

Table 2. The main characteristics of the different morphotypes of Eu-
selachii dermal denticles. M1–6, morphotype 1–6.

Morphotype Crown 
ridges

Crown 
symmetry

Horizontal 
crown

Visible 
neck

Roots 
foramina

M1 no yes yes yes yes
M2 yes yes yes yes no
M3 partly yes partly yes yes
M4 yes no yes partly no
M5 partly partly no no no
M6 yes partly no no no

Fig. 3. Euselachian dermal denticles and hybodontoid tooth from the upper Permian of the Nowy Kościół quarry, Poland. A. ?Gansuselache sp. tooth 
VU-ICH-NK-001, labial (A1) and lingual (A2) views. B–D. Euselachian-type dermal denticles of morphotype 1. B. VU-ICH-NK-002, crown view. C. VU-
ICH-NK-003, crown view. D. VU-ICH-NK-004, lateral view. E–G. Euselachian-type dermal denticles of morphotype 2. E. VU-ICH-NK-005, crown view. 
F. VU-ICH-NK-006, crown view. G. VU-ICH-NK-007, basal view. H, I. Euselachian-type dermal denticles of morphotype 3. H. VU-ICH-NK-008, apex 
crown view. I. VU-ICH-NK-008, apex crown (I1) and basal (I2) views. J–L. Euselachian-type dermal denticles of morphotype 4. J. VU-ICH-NK-010, crown 
view. K. VU-ICH-NK-011, lateral view. L. VU-ICH-NK-012, apex crown. M–R. Euselachian-type dermal denticles of morphotype 5. M. VU-ICH-NK-013, 
lateral crown (M1) and lateral basal (M2) views. N. VU-ICH-NK-014, apex crown (N1) and basal (N2) views. O. VU-ICH-NK-015, lateral crown view. P. VU-
ICH-NK-016, crown view. Q. VU-ICH-NK-017, lateral crown view. R. VU-ICH-NK-018, lateral basal view.
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R). The denticles have a complex crown shape, from very 
narrow, subparallel with straight ridges (Fig. 3O, Q) to 
wide triangular being striated by curved, branched ridges 
(Fig. 3P). The neck is poorly developed. The base is low 
and flat. Its profile has a rhomboid (Fig. 3M2) or polygonal 
outline (Fig. 3N2), with a slightly convex basal surface (Fig. 
3M2) and without any foramina (Fig. 3R). These dermal 
denticles could reach 0.7–2.0 mm in length and 0.5–0.8 mm 
in height.
Remarks.—Complex shape of the morphotype 2 denticles is 
morphologically similar to Carboniferous chondrichthyan 
scales of Oklahoma, USA (Ivanov et al. 2017). Also, this 
morphotype is similar to Devonian–early Carboniferous 
ctenacanthid scales in Belarus (Ivanov and Plax 2018); 
Carboniferous in Lublin area, SE Poland (Ginter and 
Skompski 2019); and Devonian of the Holy Cross Mountains 
(Liszkowski and Racki 1992). The identical dermal denti-
cles of morphotype 3 have been found and described as late 
Permian euselachian-type dermal denticles from Naujoji 
Akmenė Formation in Lithuania (Dankina et al. 2017) and 
Latvia (Dankina et al. 2020). A roundish denticle of mor-
photype 4 was interpreted as being a ?hybodont/synecho-
dontiform scale from the Lower Triassic in Oman (Koot 
et al. 2015). Similar denticles but with different neck have 
been found and described as late Permian euselachian-type 
denticles from the Naujoji Akmenė Formation in Lithuania 
(Dankina et al. 2017) and Latvia (Dankina et al. 2020). 
The morphological similarities of the morphotype 5 dermal 
denticles (shape of the crown, roots, slender neck) have been 
found and described as Triassic Hybodontidae dermal den-
ticles in Spitsbergen (Reif 1978) and as late Permian euse-
lachian-type denticles from the Naujoji Akmenė Formation 
in Lithuania (Dankina et al. 2017) and Latvia (Dankina et 
al. 2020). The morphotype 6 denticles with similar features 
(shape of the crown, ornament, base) were identified as 

hybodontiform scales from the Upper Triassic in Germany 
(Reif 1978) and Middle Triassic in Spain (Manzanares et al. 
2014). Also, the denticles with morphological similarities 
(size, trident crown, ornament) have been found and de-
scribed as late Permian euselachian-type dermal denticles 
from the Naujoji Akmenė Formation in Lithuania (Dankina 
et al. 2017) and Latvia (Dankina et al. 2020).

Superclass Osteichthyes Huxley, 1880
Class Actinopterygii Cope, 1887
Actinopterygii indet. (teeth)
Fig. 4A–L.

Material.—38 isolated teeth (Fig. 4A–L) from the upper 
Permian of the Nowy Kościół Quarry, Leszczyna Syncline, 
SW Poland. The teeth are represented here by SEM micro-
photographs of microremains VU-ICH-NK-019–030.
Description.—The teeth divided into three morphotypes 
based on their different shape and enameloid microstructure. 
The morphotype numeration and description in this study is 
continued on from previous studies of the late Permian ac-
tinopterygian material from southern Latvia (Dankina et al. 
2020; Tables 1, 3).

Morphotype 1: 26 teeth from this morphotype were 
found in the Nowy Kościół quarry (Fig. 4A–E). The ca-
nine-like teeth are conical, straight (Fig. 4A, B) or curved 
characterised by the “horn-like” shape (Fig. 4C), thin 
(Fig. 4A) or wide and convex in the central part (Fig. 4E), 
with an acrodin cap. Tooth surface is smooth, with no dis-
tinct visible ornament, although the microtubercles are 
well-developed (Fig. 4D2). The microtubercles are proxi-
mo-distally elongated, narrow and blend together in oblique 
rows (Fig. 4D2). Morphotype 1 teeth reach 0.4–1.2 mm in 
width and 0.6–1.9 mm in length.

Morphotype 7: Five teeth from this morphotype were 
found in the Nowy Kościół quarry (Fig. 4F–I). The molar 
teeth are roundish (Fig. 4F), short, slightly depressed in 
labial-lingual face (Fig. 4G), cylindrical in shape (Fig. 4H), 
and with convex outline in lateral view (Fig. 4I). The surface 
of these teeth is smooth with a slightly concave central part 
(Fig. 4F1, I1). Some teeth have well-developed, vertically 
elongated, narrow microtubercles (Fig. 4G1). These teeth 
reach a maximum of 0.2–0.6 mm in width, 0.6–1.2 mm in 
length and 0.4–1.0 mm in height.

Morphotype 8: Five teeth from this morphotype were 
found in the Nowy Kościół quarry (Fig. 4J–L). The teeth 
are straight, wide, and narrow (depressed in labial-lingual 
face) and with well-developed, vertically elongated, narrow 

Table 3. The main characteristics of the different morphotypes of Acti-
nopterygii teeth. M1–8, morphotype 1–8.

Morpho-
type

Surface 
ornament

Flat crown 
top

Visible 
roots

Tooth 
symmetry

Micro- 
tubercles

M1 no no partly yes yes
M2 yes yes partly yes yes
M3 yes partly no partly yes
M4 no partly partly yes yes
M5 no yes no yes yes
M6 yes partly no partly yes
M7 no partly no partly partly
M8 no no partly yes partly

Fig. 4. Actinopterygian remains from the upper Permian of the Nowy Kościół quarry, Poland. A–E. Actinopterygian teeth of morphotype 1. A. VU-
ICH-NK-019, lateral view. B. VU-ICH-NK-02-20, lateral view. C. VU-ICH-NK-021, lateral view. D. VU-ICH-NK-022, lateral view (D1), microtubercles 
structure (D2). E. VU-ICH-NK-023, lateral view. F–I. Actinopterygian teeth of morphotype 3. F. VU-ICH-NK-024, externo-lateral (F1) and basal (F2) 
views, detailed tissue pattern (F3). G. VU-ICH-NK-025, lateral (G1) and external (G2) views. H. VU-ICH-NK-026, lateral view. I. VU-ICH-NK-027, 
lateral (I1) and externo-lateral (I2) views. J–L. Actinopterygian teeth of morphotype 4. J. VU-ICH-NK-028, lingo-lateral (J1) and labio-lateral (J2) 
views. K. VU-ICH-NK-029, lingual (K1) and labial (K2) views. L. VU-ICH-NK-030, lateral view. M–P. Actinopterygian scales of morphotype 1, VU-
ICH-NK-031–034, all external view. Q. Actinopterygian scale of morphotype 2, VU-ICH-NK-035, external view.
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microtubercles (Fig. 4J). Some teeth consist of the three 
layers: upper layer is dark grey; middle, light grey; lower, 
medium grey; according to the SEM picture (Fig. 4K, L) 
while under microscope the tooth’s upper part has the light 
amber acrodin (almost white); middle part is dark brown; 
and lower part—mid-amber colour. Rarely the tooth has 
concave top of the central part (Fig. 4K2, L). The surface is 
smooth, without any ornament (Fig. 4K, L), sometimes with 
preserved sediments in the lower part of the tooth (Fig. 4L). 
These teeth reach 0.7 mm in width and 1.2 mm in height.
Remarks.—Similar Actinopterygii teeth of the morphotype 
1 are known from Permian fish assemblages in Argentina 
(Cione et al. 2010), Latvia (Dankina et al. 2020) and Lithuania 
(Dankina et al. 2017). Moreover, the Gyrolepis albertii con-
ical teeth with transparent acrodin cup are known from 
the Upper Triassic of the Westbury Formation in southwest 
Britain (Landon et al. 2017: fig.6A).

Actinopterygii indet. (scales)
Fig. 4M–Q.

Material.—29 scales (Fig. 4M–Q) from the upper Permian 
of the Nowy Kościół Quarry, Leszczyna Syncline, SW 
Poland. The scales are represented here by SEM micropho-
tographs of microremains VU-ICH-NK-031–035.
Description.—The scales divided into two morphotypes rel-
atively based on their different shape and ganoine layer char-
acteristics. The morphotype numeration and description in 
this study is taken from previous studies of late Permian 
euselachian material from southern Latvia (Dankina et al. 
2020; Tables 1, 4).

Morphotype 1: 26 scales from this morphotype were 
found in the Nowy Kościół quarry (Fig. 4M–P). The scales 
are rhombic-shaped, thick, massive and gently convex in 
their central part. Scales have numerous small, roundish- 
shaped microtubercles in the outer ganoine-covered field 
part (Fig. 4M–P). The surface is covered by smooth ganoine 
tissue (Fig. 4P), with some fine, slightly diagonally ori-
ented, short ridges, which are separated by narrow grooves 
(Fig. 4O). In rare cases, scales have a well-preserved peg ar-
ticulation and significantly wide anterior entry of the lateral 
line canal (Fig. 4N). Scales reach 0.6–1.0 mm in length and 
0.4–0.6 mm in width.

Morphotype 2: Three scales from this morphotype were 
found in the Nowy Kościół quarry (Fig. 4Q). Elongated 

rhombic-shaped scale with almost right-angled (~90°) all 
four corners. The base is thick and convex in the central 
part. The scale has preserved a fragment of the peg artic-
ulation. The ganoine-covered field is smooth without any 
ornament. The scale reaches 2.3 mm length and 1.4 mm 
width.
Remarks.—The scales collection of morphotype 1 with 
similar morphological characteristics (rhombic shape and 
ganoine pattern) was found in late Permian actinoptery-
gian scales from Lithuania (Dankina et al. 2017) and Latvia 
(Dankina et al. 2020). Also, rhomboidal scales are known 
from the middle Permian of the Apache Mountains in 
West Texas, USA (Ivanov et al. 2013); Permian in England 
(King 1850); and Permian in Argentina (Cione et al. 2010). 
The morphotype 2 scale seems to be similar to the Middle 
Triassic Gyrolepis sp. rhomboidal scales from the North-
Sudetic Basin in Poland (Chrząstek 2013).

Discussion
The hybodontoids are one of the best-known groups of 
fossil sharks and their teeth, spines and scales are common 
fossils in several Mesozoic rock formations (Wang et al. 
2009). The new material (isolated chondrichthyan tooth) 
described herein is attributed to the family Lonchidiidae. 
This tooth has the most morphological similarities (elon-
gate shape, low-crowned, higher central cusp and two pairs 
of low lateral cusplets, ornament, deep root, with irreg-
ular, numerous foramina) to the teeth of Gansuselache 
from the upper Permian of north-western China (Wang 
et al. 2009). Although Lissodus teeth are similarly shaped 
(Ginter et al. 2010), the main differences between them and 
the described tooth are blunt cusps and an absence of the 
coarse vertical ridge ornamentation, which descends from 
the tip of the cusp downwards. Additionally, no obvious 
labial peg was observed, which is typical for Lissodus. On 
the other hand, the geographic distribution of the genus 
Gansuselache Wang et al. (2009) first described from the 
late Permian deposits in north-western China, is poorly 
known. However, the Lonchidiidae remains are more 
widely distributed and known from the Permian of the 
Kanin Peninsula, Arkhangelsk Region in Russia (Ivanov 
and Lebedev 2014); lower Permian of Germany (Hampe 
1996); and middle Permian of central Japan (Yamagishi 
and Fujimoto 2011).

Herein, actinopterygian teeth are divided into three 
different morphotypes based on the various shapes. The 
tooth form is mainly determined by the different types of 
food ray-finned fishes consume. Every trophic group is 
characterised by a certain mode of feeding, suited type of 
diet, and specific morphofunctional adaptations of jaws and 
teeth (Esin 1997). According to Esin (1997) who described 
major trophic groups of fish, “morphotype 1” with a small 
canine-like shape suggests “specialised sclerophagous” 

Table 4. The main characteristics of the different morphotypes of Acti-
nopterygii scales. M1–6, morphotype 1–6.

Morpho-
type

Ganoine 
top

Scale 
symmetry

Surface 
ridges

Surface 
grooves

Micro- 
tubercles

Canal 
openings

M1 yes yes no partly yes yes
M2 yes partly no yes no no
M3 yes no no partly yes yes
M4 yes no yes no yes no
M5 yes no no no yes yes
M6 yes partly no partly yes yes
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and “small predator” diets. The small predatory teeth are 
conical with acute terminations (Fig. 4A, B). Sometimes 
this morphotype of teeth are high, conic, slightly turned 
back into the mouth (Fig. 4C) and high-conic with blunt 
top shapes (Fig. 4E). Smaller teeth (presumably of juve-
nile individuals) of this type are covered with numerous 
acute microtubercles (Fig. 4D). Fishes with similar teeth 
shape mostly fed on crustaceans with hard shells and also 
on aquatic insects (Esin 1997). The earliest aquatic in-
sects are known from the early Permian (Sinitshenkova 
2003). This type of feeding could be compared to that of 
modern chubs or perch, which diets include arthropods, 
small fishes and vegetation (Esin 1997). The Permian gen-
era, such as Acropholis, Acrolepsis, Palaeoniscum, Elo-
nichthys, Varialepis are characterised by this tooth eco-
mophotype (Esin 1997). Acropholis remains are known 
from the Permian of Greenland (Aldinger 1937) and Russia 
(Nurgaliev et al. 2015); Acrolepsis was found in Permian se-
quences of Germany (Diedrich 2009), the United Kingdom 
(King 1850) and Russia (Nurgaliev et al. 2015); Permian 
Palaeoniscum was found in United Kingdom (King 1850); 
Germany (Diedrich 2009), Russia (Nurgaliev et al. 2015), 
Turkey (Hoşgör and Štamberg 2014); Permian Elonichthys 
are known from Greenland (Aldinger 1937) and Russia 
(Nurgaliev et al. 2015); while Permian Varialepis was 
found in Russia (Tverdokhlebov et al. 2005; Nurgaliev et al. 
2015), and USA (Ivanov et al. 2013). 

Morphotype 7 teeth suggest durophagous-type mode of 
feeding. These teeth are rod-shaped or slightly depressed 
cylinders with rounded and almost rounded flat or concave 
apex (Fig. 4F–I). These teeth most likely were used for 
crushing and grinding of hard external skeletons, such 
as shells (Purnell and Darras 2015) of molluscs or bra-
chiopods as well as possibly soft-bodied invertebrates 
(polychaetes) (Esin 1997). Productid brachiopods, and 
many species of bivalves were common in the Zechstein 
strata and are known from the Holy Cross Mountains, 
Poland (Kaźmierczak 1967), England (Ramsay 1878), and 
Lithuania (Suveizdis 1975). Also, polychaetes are known 
from the upper Permian of Poland (Szaniawski 1968). This 
type of teeth can be compared to the modern breams in 
their mode of life (Esin 1997). Morphotype 8 teeth are in-
terpreted here to represent a “grazing” trophic mode (Fig. 
4J–L). These teeth come in a variety of different shapes, 
others are characterised by the saw-edge or even are fused 
into the “beak”, like in modern parrotfishes. The wide and 
thin teeth are adapted for feeding on water vegetation, ap-
parently used for cutting thin threadlike algae (Esin 1997). 
This morphotype of teeth is characterised by the herbiv-
orous diet, which is very similar to Recent freshwater 
teleosts, such as characiforms and cichlids (Pindakiewicz 
et al. 2020).

The morphotype diversity of fish teeth from the upper 
Permian in the SW Poland indicates that ray-finned fishes 
already started wide exploration of different feeding modes 
before the onset of the Mesozoic.

Conclusions
The micropaleontological study of the late Permian fish 
assemblages from the distal storm deposits of the Nowy 
Kościół quarry revealed assemblages that are composed 
of non-abundant but relatively diverse isolated microre-
mains of different fish taxa, including euselachian dermal 
denticles, diverse actinopterygians scales and teeth, and 
?Gansuselache sp. tooth. The finding of the later taxon sig-
nificantly extends the known geographic distribution of this 
hybodontiform genus (or closely related forms), which was 
previously known only from China.

The stratigraphic distribution of fish remains and in par-
ticular their abundance in Nowy Kościół site shows high 
congruence with the Werra marine transgression. This 
transgression created the favourable conditions for flourish-
ing of fish fauna in the Zechstein Basin. The highest abun-
dance of fish microremains and their diversity was found 
at the boundary between copper-bearing and lead-bearing 
marl sequences in Nowy Kościół quarry. The association of 
transgression with higher abundance of ichtyofauna could 
be explained by two-fold effect. Transgression should have 
positively affected abundance by increasing runoff of nutri-
ents from surrounding terrain in a warmer climate, and di-
luting hyper-saline waters. On other hand warmer climates, 
which accompany transgressions, should have promoted ef-
fectiveness of biomass transfer to the higher trophic levels 
occupied by fishes by physiologically reinvigorating preda-
tion efficiency (Britten and Sibert 2020).

The diverse morphology of actinopterygian denticula-
tion demonstrates the prevalence of three trophic groups in 
the eastern Zechstein Sea margin. Those groups are inferred 
based on the three ecomorphotypes, which dominate the as-
semblages: (i) morphotype 1, teeth of specialised scleroph-
agous and small predators; (ii) morphotype 7, the crushing 
and grinding teeth of durophagous-type; (iii) morphotype 8, 
peg-like teeth adapted for herbivory or general grazing. The 
actinopterygian teeth material indicates that small general-
ized predators dominated among the recorded ichthyofauna. 
The diversity of different types of teeth indicates an onset 
of active ecomorphological specialization among the fish 
taxa, which further strengthens the case that the roots of 
Mesozoic Marine Revolution were set in Palaeozoic.
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Introduction
Middle Eocene Sakhalinian amber (43–47 Ma) is the typi-
cal rumanite from the Dolinsk District (south of Sakhalin 
Island). It is much older than European succinites (Kodrul 
1999; Perkovsky et al. 2007; Baranov et al. 2015), and its biota 
is poorly studied (Simutnik 2014, 2015, 2020; Fedotova and 
Perkovsky 2016; Radchenko and Perkovsky 2016; Marusik 
et al. 2018; Dietrich and Perkovsky 2019; Azar and Maksoud 
2020; Batelka et al. 2020; Perkovsky et al. 2021; Tykhonenko 
et al. 2021). Aphids are extremely abundant in Sakhalinian 
amber. Only Late Cretaceous Baeomorpha Realm faunas 
display similar abundance of aphids (Gumovsky et al. 2018). 
Sakhalinian amber fauna is unique for Cenozoic amber in 
the rarity of ants (Kazantsev and Perkovsky 2019, and refer-
ences therein), with only a single species of cantharine bee-
tles as an aphid predator (Kazantsev and Perkovsky 2019). 
Thus, there is a high abundance of aphid parasitoids in 
Sakhalinian amber, unknown from any other amber fauna 
(Rasnitsyn 1980).

Aphidiinae is a small, globally distributed subfamily 

of specialized aphid parasitoids belonging to Braconidae, 
Hymenoptera (Yu et al. 2016; Chen and van Achterberg 
2019), but it was once considered a separate family within 
Ichneumonoidea (Starý 1970; Tobias and Chiriac 1986; 
Davidian 2007, 2018, 2019). According to different esti-
mates, there are 505 (Žikić et al. 2017) to 619 (Yu et al. 2016) 
extant species of aphidiines recognized worldwide, and the 
process of generic revision and new species description con-
tinues (Rakhshani et al. 2017; Čkrkić et al. 2019; Kocić et 
al. 2019, 2020; Tomanović et al. 2020). More than half of all 
species are known from the Palaearctic Region (Yu et al. 
2016). Aphidiines are an essential part of the aphidophagous 
guild, and due to their practical importance, this group is 
well studied (Žikić et al. 2017; Chen and van Achterberg 
2019); however, questions remain regarding the evolution 
and phylogeny of the group (Belshaw and Quicke 1997; 
Belshaw et al. 2000; Sanchis et al. 2000; Ortega-Blanco et 
al. 2009; Chen and van Achterberg 2019) and genera therein 
(Gӓrdenfors 1986; Kocić et al. 2019, 2020; Čkrkić et al. 
2020). The study of fossil material may contribute to resolv-
ing these problems.



S60 ACTA PALAEONTOLOGICA POLONICA 66 (SUPPLEMENT TO 3), 2021

The fossil fauna of Aphidiinae includes 14 genera and 
26 species (Ortega-Blanco et al. 2009). The oldest fossil ge-
nus and species, Archephedrus stolamissus Ortega-Blanco, 
Bennett, Delclòs, and Engel, 2009, was described from a sin-
gle male specimen from the late Albian (Early Cretaceous) 
Álava amber of Spain (Ortega-Blanco et al. 2009), and this 
species was assigned to Ephedrini (Yu et al. 2016). The 
majority of fossil aphidiines have been described from the 
early Rupelian (Oligocene) Anna pit in the Alsace potash 
field (Quilis 1940; Starý 1973; Berger et al. 2005; Ortega-
Blanco et al. 2009). Aphidiinae are also found in the late 
Eocene Baltic (Brues 1933; Starý 1970, 1973) and Rovno 
ambers (MOK and EEP unpublished data). Aphidiines are 
prevalent in middle Eocene Sakhalinian amber (Rasnitsyn 
1980); however, detailed study is in its infancy, with short 
reports on Ephedrus Haliday, 1833, specimens (Kaliuzhna 
et al. 2019) and the differentiation of possible new species 
(Kaliuzhna et al. 2020).

Ephedrus contains about 50 living and extinct species 
altogether, most of which are known from the Palaearctic 
Region (Yu et al. 2016; Kocić et al. 2019; Tomanović et al. 
2020). Among Ephedrini, the Ephedrus is the only genus 
with rich extant fauna and includes two fossil species de-
scribed from Europe (Oligocene of France and Baltic amber; 
Yu et al. 2016). Diagnostic morphological characters of the 
genus are 11-segmented antennae in both sexes (an excep-
tion is E. antennalis Tomanović, 2020, described from a sin-
gle female with 12-segmented antennae), complete venation 
of the forewing, with present 2RS and r-m veins, and also 
seven complete cells (marginal, 1st and 2nd submarginal, 
1st discal, basal, subbasal, and 1st subdiscal). The ovipositor 
sheaths are more or less elongate, straight or slightly curved 
upward, usually with sparse setae.

According to the review by Kocić et al. (2019), the extant 
fauna of the Ephedrus is represented by three subgenera: 
Ephedrus sensu stricto, Breviephedrus Gӓrdenfors, 1986, 
and Fovephedrus Chen, 1986. The monotypic subgenus 
Lyse phedrus Starý, 1958, is assigned by the same authors 
as a junior synonym of Ephedrus sensu stricto, accord-
ing to the results of molecular analysis (Kocić et al. 2019). 
The fossil species Ephedrus primordialis Brues, 1933, from 
Baltic amber and Е. mirabilis Timon-David, 1944, from 
early Oligocene Camoins-les-Bains Marls near Marseille 
presumably belong to the subgenus Ephedrus sensu stricto 
as far as we can conclude from the original descriptions 
(Brues 1933; Timon-David 1944).

Institutional abbreviations.—FSBSI VIZR, All-Russian In-
sti tute of Plant Protection, St. Petersburg-Pushkin, Russian 
Federation; PIN, A.A. Borissiak Paleontological Institute 
of the Russian Academy of Sciences, Moscow, Russian 
Federation; SIZK, I.I. Schmalhausen Institute of Zoology of 
NAS of Ukraine, Kyiv, Ukraine.

Other abbreviations.—F1–F9, antennal flagellomeres; Pt, 
ptero stigma; r, cross vein connecting pterostigma and radial 
sector; RS, radial sector; 3RSa, the first section of 3rd ab-

scissa of radial sector; 3M, 3rd abscissa of media; 2RS, 2nd 
abscissa of radial sector; r-m, cross vein connecting radius 
and media.

Nomenclatural acts.—This published work and the nomen-
clatural act it contains, have been registered in ZooBank: 
urn:lsid:zoobank.org:pub:CBF2F8F0-B33C-4A4E-A6CA-
0FAA15FD3084.

Material and methods
Amber insects were collected in the southern part of 
Sakhalin Island, Russian Far East, by an expedition of 
the Paleontological Institute of Academy of Science of 
USSR in 1972 (Dietrich and Perkovsky 2019, and refer-
ences therein).

In total, 36 amber specimens were studied under Axio 
Imager M1 Carl Zeiss microscope in FSBSI VIZR and under 
Leica Z16 APO microscope equipped with a Leica DFC 450 
camera and LAS V3.8 software in SIZK. Photos were made 
using Axio Imager M1 Carl Zeiss microscope in FSBSI 
VIZR. The examined material housed in PIN.

Classification of aphids is given after Heie and Węgierek 
(2009). The morphological terminology used in this paper 
follows Sharkey and Wharton (1997) and Hymenoptera Ana-
tomy Ontology Project, the latter is an illustrated glos sary of 
morphological terms (Hymenoptera Anatomy Consortium 
available online at http://glossary.hymao.org).

Systematic palaeontology
Order Hymenoptera Linnaeus, 1758
Superfamily Ichneumonoidea Latreille, 1802
Family Braconidae Nees, 1811
Subfamily Aphidiinae Haliday, 1833
Genus Ephedrus Haliday, 1833
Type species: Bracon plagiator Nees, 1811; Sickershausen, Germany 
(destroyed); Hermanovce, Preśovské hory, Slovakia (neotype), extant.

Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov.
Figs. 1, 2.
2008 Aphidiinae (Braconidae); Zherikhin et al. 2008: 197, text-fig. 76.
Zoobank LSID: urn:lsid:zoobank.org:act:7C703563-7681-41BC-AA73- 
824655228560
Etymology: The species named after famous paleoentomologist Alex-
andr Pavlovich Rasnitsyn.
Holotype: PIN 3387/79, single female imago.
Type locality: Starodubskoye, Dolinsk District, Sakhalin Province, 
Sakhalin Island, Russian Federation.
Type horizon: Middle Eocene.

Diagnosis.—The complete pubescence of the elongate ovi-
positor sheaths (Fig. 1A4) distinguishes the new species 
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from all other species of the Ephedrus and places it closer 
to the extant E. validus (Haliday, 1833) and E. carinatus 
Tomanović, 2020. From these two species E. rasnitsyni 
Davidian and Kaliuzhna sp. nov. differs in following char-
acters: first flagellomere (F1) less elongate, 2.5 times as 
long as wide (Fig. 1A3), notauli absent, ovipositor sheaths 
3.0 times as long as wide (Fig. 1A4) and overall smaller body 
size. Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov. 
differs from known fossil species E. mirabilis and E. pri-
mordialis by a longer petiole, and rather long 3M vein that, 
however, does not reach the forewing margin (Figs. 1A1, A2, 
2). The new species additionally differs from the E. primor-
dialis by more elongate ovipositor sheaths.

Description.—Description is based on a single female, male 
forms are unknown.

Head (Fig. 1A1–A3) distinctly densely pubescent. Maxil-
lary palp with three visible palpomeres; labial palp with two 
palpomeres. Maxillary palpomere oval; two times as long 
as wide, completely pubescent, covered with short setae and 
with two–three long setae apically. Antenna with 11 anten-
nomeres, short, barely reaching the apex of thorax, covered 
with dense setae that are slightly shorter than the width of 
F1; each flagellomere also with two semi-erected longer 
setae apically. F1–F3 parallel-sided (Fig. 1A3); other flag-
ellomeres beginning with F4 are strongly widened towards 
apex, possibly flattened in amber. The apical flagellomeres 

Fig. 1. Aphidiine wasp Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov., holotype PIN 3387/79, Starodubskoye, Sakhalinian amber (Russia), middle 
Eocene. Specimen in lateral view (A1), explanatory morphology (A2), anterolateral part of the specimen (A3), ovipositor sheaths inlateral view (A4). 
Abbreviations: body: c, coxa; em+cl, empodium and claws; f, femur; F1–F9, flagellomeres 1–9; mp, maxillary palp; MS5-6, metasomal sternites 5 and 6; 
MsP, mesopleuron; MsSc, mesoscutum; MsSl, mesoscutellum; MT1 (petiole), first metasomal tergite, petiole; MT2–MT8, metasomal tergites 2–8; MtN, 
metanotum; MtP, metapleuron; OS, ovipositor sheaths; p, pedicellus; PN, pronotum; PPd, propodeum; PPl, propleuron; s, scape; ti, tibia; tr, trochanter; 
1–5, tarsomeres; venation: Pt, pterostigma; R1, meta carp, anterior branch of radius; r, cross vein connecting pterostigma and radial sector; Pt, pterostigma; 
RS, radial sector; 3RSa, 3RSb, a and b sections of 3rd abscissa of radial sector; 2M, 3M, 2nd, and 3rd abscissae of media; Cu, cubitus.
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tightly jointed to each other, forming a club. F1 is broken in 
basal third, approximately equal in length to F2, 2.5 times 
as long as wide in the middle; F3 and F4 2.0 times as long as 
wide, F5 and F6 1.5 times as long as wide; F7 and F8 almost 
square, i.e., the same length and width; F9 1.3 times as long 
as wide at base (Fig. 1A1, A2). F1 and F2 with one longitu-
dinal placode; other flagellomeres with two placodes each.

Mesosoma densely pubescent (Fig. 1A1–A3). Propodeum 
with central areola.

The venation (Figs. 1A1, A2, 2) of the forewing complete, 
including 2RS and r-m veins and seven closed cells, however, 
only marginal, 1st and 2nd submarginal and basal cells are 
clearly visible. Pterostigma approximately two times as long 
as wide. 3RSa slightly longer than 2RS; 3M not reaching 
wing margin. Hind wing with complete basal cell. The sur-
face of both wings densely covered with long setae. The se-
tae along the wing edge are longer than on the wing surface.

Legs densely pubescent. First fore tarsomere 2.0 times as 
long as second tarsomere, first hind tarsomere 2.7 times as 
long as second tarsomere.

Metasoma (Fig. 1A1, A2, A4) elongate, lanceolate, densely 
pubescent. Petiole inverted and its shape is difficult to ob-
serve; approximately two times as long as wide at the level 
of the spiracular tubercles. Eight metasomal tergites clearly 
visible. Hypopygium and elongate ovipositor sheaths com-
pletely covered with short dense setae. Ovipositor sheaths 
elongate, 3.0 times as long as wide in the middle; dorsal 
margin of ovipositor sheaths straight, apex rounded, ventral 

margin slightly curved upwards. Left ovipositor sheath bro-
ken at midlength (Fig. 1A4).

Coloration of the body is brown, antennae and legs are 
slightly lighter; palpi are light yellow.

Body length 1.2 mm, the length of antennae 0.5 mm.
Remarks.—Left side of the specimen is convex towards 
observer. The head is strongly deformed, it is not possible to 
observe the eyes and clypeus. The specimen has clearly vis-
ible mesosoma, legs, metasomal tergites, ovipositor sheaths; 
the wings and petiole are partly visible.

Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov. 
is the first Aphidiinae species described from Sakhalinian 
amber, and the oldest named female of subfamily.

Ephedrus rasnitsyni sp. nov. presumably belongs to 
E. pla giator species group of the subgenus Ephedrus sensu 
stricto (Gärdenfors 1986; Kocić et al. 2019) on the basis of 
following characters: 11-segmented antennae, complete ve-
nation of the forewing, with 3RSa slightly longer than 2RS, 
and rather long petiole (Figs. 1A1, A2, 2).

Ephedrus rasnitsyni sp. nov., as well as other studied 
Sakhalinian Aphidiinae, are much shorter than extant spe-
cies of the E. plagiator group. This group includes 12 ex-
tant species, with only some specimens of two species, i.e., 
E. laevicollis (Thomson, 1895) (1.3–1.9 mm) and Ephedrus 
koponeni Halme, 1992 (1.4–1.9 mm), smaller than 1.5 mm, 
while all known specimens of six species are longer than 
1.7 mm, with the largest being Ephedrus prociphili Starý, 

Fig. 2. Schema of forewing venation of aphidiine wasp Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov., holotype PIN 3387/79, Starodubskoye, 
Sakhalinian amber (Russia), middle Eocene. Abbreviations: Veins: C+Sc+R, costa+subcosta+radius; Pt, pterostigma; R1, metacarp, anterior branch of ra-
dius; r, cross vein connecting pterostigma and radial sector; Pt, pterostigma; RS, radial sector; 3RSa, 3RSb, a and b sections of 3rd abscissa of radial sector; 
1M, 2M, 3M, 1st, 2nd and 3rd abscissae of media; RS+M, radial sector+media; 2RS, 2nd abscissa of radial sector; r-m, cross vein connecting radius and 
media; M+Cu, media+cubitus; Cu, cubitus. Cells: I, marginal; II, 1st submarginal; III, 2nd submarginal; IV, 1st discal; V, basal; VI, subbasal; VII, subdiscal.
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1982 (2.5–3.5 mm; Gärdenfors 1986; Tomanović et al. 2020). 
Compared to fossil species, Ephedrus rasnitsyni Davidian 
and Kaliuzhna sp. nov. is larger than E. primordialis (0.6–
0.7 mm) and smaller than E. mirabilis (1.56 mm).
Stratigraphical and geographic range.—Middle Eocene, 
Starodubskoye, Dolinsk District, Sakhalin Province, Sakha-
lin Island, Russian Federation.

Concluding remarks
Among studied aphidiine specimens from Sakhalinian am-
ber, the most abundant species are from the genus Ephedrus, 
tribe Ephedrini Haliday, 1833 (29 out of 36 specimens).

Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov. 
clearly belongs to the Ephedrus. We compared this specimen 
with all known genera of Ephedrini according to the elec-
tronic catalog Taxapad (Yu et al. 2016): Ephedrus Haliday, 
1833, Parephedrus Starý and Carver, 1971, Toxares Haliday, 
1840, Diospilites Brues, 1933, Indoephedrus Samanta, Pra-
manik, and Raychaudhuri, 1983, and Archephedrus Ortega- 
Blanco, Bennet, Delclòs, and Engel, 2009.

Among these genera, Diospilites and Indoephedrus have 
been erroneously assigned to Aphidiinae in Taxapad (Yu 
et al. 2016). We agree with Tobias (1987), who redescribed 
the fossil Diospilites brevicornis Brues, 1933, from Baltic 
amber and erected for him the monotypic subfamily Dio-
spilitinae. The Indoephedrus was erected for two parasitoids 
of Greenideidae from Meghalaya (northeast India): I. re-
ticulata Samanta, Pramanik, and Raychaudhuri, 1983, and 
I. neoficicola Samanta, Pramanik, and Raychaudhuri, 1983. 
According to the description by Samanta et al. (1983), the 
structure of the head (oval head shape, long temples, narrow 
face with sparse setae, reticular region between the antennal 
fossae and simple eyes), venation of the forewings, long an-
tennae (25-segmented in I. neoficicola and 33- in I. reticu-
lata) as well as the structure of the long narrow ovipositor 
sheaths completely covered with setae, are similar to those of 
some genera of the subfamily Braconinae Nees, 1811 (Sergey 
A. Belokobylskij, personal communication 2020) and does 
not belong to Aphidiinae. This opinion is also shared by 
other aphidiine specialists (Ehsan Rakhshani, personal com-
munication 2020), and the genus was not included to the list 
of world aphidiine parasitoids of greenideids (Starý et al. 
2010).

The fossil Archephedrus stolamissus Ortega-Blanco, 
Bennet, Delclòs, and Engel, 2009, was described based on a 
single male from Early Cretaceous (late Albian) Álava am-
ber (Peñacerrada I) from Spain. It differs from the new spe-
cies by having 16-segmented antennae that clearly narrow 
towards the apex and by the 5-segmented maxillary palps.

The Parephedrus and Toxares are represented exclu-
sively by extant species. The Australian Parephedrus, de-
spite the absence of notauli, is characterized by sparse pu-
bescence of the ovipositor sheaths, as well as having two 

thickened setae at the apex of the sheath, similar to species 
of the Praon Haliday, 1833. The Toxares occupies an iso-
lated position in the group because it has 16–23-segmented 
antennae and a plow-shaped ovipositor sheath that is curved 
downward and widens towards the apex.

Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov. 
has all of the plesiomorphic features of the Ephedrus: 
11-segmented antennae, complete wing venation, propo-
deum with central areola, hind wings with a complete basal 
cell, a straight, triangular ovipositor sheath. The absence of 
notauli is characteristic to both previously described fossil 
Ephedrus species and modern Parephedrus (Starý 1973; 
Gӓrdenfors 1986). Apomorphic features of Ephedrini in-
clude posterior position of propodeal spiracles, an elongated 
petiole, free cuspises of male genitalia, and black colored 
aphid host mummies (Gӓrdenfors 1986). The only clearly 
visible apomorphy of the new species is an elongated peti-
ole; other characters are hardly visible or not present in the 
available specimen.

The fossil species E. mirabilis and E. primordialis can 
be easily distinguished from the new species. The former 
has a short petiole and a very short 3M that is approximately 
equal to r (Timon-David 1944; Starý 1973). E. primordialis 
has a short, wide, and almost square petiole and a long 3M 
vein that reaches the apical margin of the wing, and rather 
short, narrow, triangular ovipositor sheaths (the character of 
pubescence is absent in the description) (Brues 1933; Starý 
1973). The new species has a longer petiole, a long 3M vein 
that does not reach the forewing margin, and more elongated 
ovipositor sheaths that are completely covered with setae.

Ephedrus rasnitsyni Davidian and Kaliuzhna sp. nov. 
is most similar to the extant E. validus and E. carinatus in 
the pubescence of the ovipositor sheaths but differs from 
these species in the following characters: the F1 is shorter, 
2.5 times as long as wide; notauli are absent; and the ovi-
positor sheaths are 3.0 times as long as wide. In the re-
lated extant species, the F1 is much longer (in E. validus, 
it is 4.2–4.7 times as long as wide, and in E. carinatus, 
5.8 times as long as wide); the notauli are well developed; 
and the ovipositor sheaths are about two times as long as 
wide (Starý 1958; Tomanović et al. 2020). Interestingly, 
E. validus was at one time included in the monotypic sub-
genus Lysephedrus established based on morphological and 
ecological data (Starý 1958). The main diagnostic char-
acters that differentiate Lysephedrus from the rest of the 
subgenera are the reticulated sculpture of the propodeum 
and petiole and the continuous pubescence of the ovipositor 
sheath. Lysephedrus was also considered a subgenus in the 
Ephedrus monograph by Gӓrdenfors (1986). In several other 
studies, Lysephedrus was considered as a genus (Mackauer 
1968; Starý 2006; Davidian 2018, 2019). On the other hand, 
Ephedrus carinatus (Ephedrus sensu stricto) from Austria 
was described from a single female already in the nomi-
native subgenus (Tomanović et al. 2020). This species, like 
E. validus, is characterized by pubescent ovipositor sheaths. 
This morphological character could be an adaptation to the 
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parasitization of root aphids (e.g., subfamily Eriosomatinae), 
such as in E. validus (Starý and Schlinger 1967; Tobias and 
Chiriac 1986; Davidian 2007; Yu et al. 2016) and a similar 
host was assumed by Tomanović et al. (2020) for E. carina-
tus. Eriosomatidae are known from Sakhalinian amber as 
well (Piotr Węgierek, personal communication 2020), and 
because E. rasnitsyni Davidian and Kaliuzhna sp. nov. has 
the same character, it could also be a parasite of root aphids.

Sakhalinian amber is potentially the best source to re-
veal the crucial information in understanding the early 
stages of aphid-aphidiine coevolution. The Sakhalinian 
amber biota existed after the rise of ants and after the 
establishment of close ant-aphid relationships (Perkovsky 
and Węgierek 2018, and references therein), but ants are 
rare in this amber—four times less abundant than in Baltic 
and Rovno ambers (Perkovsky et al. 2007; Radchenko and 
Perkovsky 2016, and references therein).
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The first dispersal of Hippopotamidae out of Africa is recorded around 6 Ma, but this event is documented only in a few 
European localities. Among them, the uppermost Miocene deposits of Gravitelli in Sicily yielded particularly abundant 
hippopotamid remains. These specimens, published at the beginning of the 20th century, went lost during the 1908 earth-
quake that destroyed the city of Messina. The specimens from Gravitelli were ascribed to a new species, Hippopotamus 
siculus; their generic attribution was not questioned during the first half of the past century and they have not been 
revised in recent decades. The remains of the Gravitelli hippopotamid were mainly represented by isolated teeth and a 
few postcranial remains. Morphological and dimensional characters of the specimens, such as long lower premolars, low-
crowned molars, a lower canine with longitudinal ridges and a groove on the lateral surface and the overall dimensions 
suggest that the Sicilian hippopotamid was characterized by plesiomorphic features. The morphology of the specimens 
collected from Gravitelli is similar to that of Hexaprotodon? crusafonti, Archaeopotamus harvardi, Hexaprotodon siva
lensis and Hexaprotodon garyam. Hexaprotodon? siculus is also morphometrically similar to Hexaprotodon sivalensis, 
but the lower premolars in the former are longer and wider than in the latter. Accordingly, we provisionally refer the 
Gravitelli hippopotamid to the genus Hexaprotodon. Hexaprotodon? siculus is dimensionally different from the Spanish 
latest Miocene hippopotamid, herein referred to as Archaeopotamus crusafonti, and the two species are considered as 
valid taxa. The paleobiogeography of the latest Miocene hippopotamids from the Mediterranean Basin is discussed.

Key words: Mammalia, Hippopotamidae, dental morphology, Miocene, Gravitelli, Italy.
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Introduction
The first dispersal of Hippopotamidae out of Africa took 
place around 6 Ma (Boisserie 2007). In Europe, hippopot-
amid remains occur in the uppermost Miocene deposits of 
Spain and Italy and they were ascribed to different species. 
In Spain, the scanty hippopotamid remains were referred to 
Hexaprotodon? crusafonti (Aguirre, 1963) (Fig. 1), whilst in 
Italy two different species were recorded: Hexaprotodon? 
pantanellii (Joleaud, 1920) from the Casino Basin, Tuscany 
(Pantanelli 1879; Boisserie 2005) and Hexaprotodon? sicu
lus (Hooijer, 1946) from Gravitelli, Sicily (Seguenza 1902, 
1907; Hooijer 1946; Boisserie 2005; Fig. 1). In contrast to 
the other circum-Mediterranean records, the hippopotamid 

material collected at the beginning of 19th century from 
Gravitelli was particularly abundant. Seguenza (1902, 1907) 
described and figured part of the collected remains and 
ascribed them to Hippopotamus sivalensis Falconer and 
Cautley, 1836. The faunal list of Gravitelli, now attributed 
to the Mammal Neogene Zone 13 (MN 13), includes several 
mammal taxa such as Mesopithecus sp. (aff. ?Mesopithecus 
monspessulanus), Metailurus parvulus, Viverridae indet., 
Thalassictis hyaenoides, Zygolophodon borsoni (recte 
Mammut borsoni), Zygolophodon turicensis, Diceros cf. D. 
pachygnathus (recte Ceratotherium sp.), Reduncini indet., 
?Gazella deperdita, ?Parabos sp., and Microstonyx major 
erymanthius (recte Propotamochoerus sp.) (Rook 1992; 
Kotsakis et al. 1997; Rook 1999; Van der Made 1999; Gallai 
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and Rook 2006; Rook et al. 2006; Pandolfi and Rook 2017; 
Pandolfi et al. 2021). The faunal assemblage of Gravitelli is 
considered close to that from Cessaniti (Calabria) and As 
Sahabi (Libya) and has been used for paleobiogeographic 
considerations on dispersal events of latest Miocene mam-
mals from Africa to Europe (Bernor and Rook 2008; Marra 
et al. 2017). Unfortunately, all the specimens described by 
Seguenza (1902, 1907) went lost during the 1908 earth-
quake that destroyed the city of Messina, and all subsequent 
considerations on the mammal remains from Gravitelli are 
based only on the published figures. Hooijer (1946) revised 
the works by Seguenza (1902, 1907) and, based on morpho-
logical traits, erected the new hippopotamid species Hippo
potamus siculus, which was later provisionally assigned to 
Hexaprotodon (Boisserie 2005). Nevertheless, the hippo-
potamid from Gravitelli has not been revised in the last 
decades.

The hippopotamid remains published by Seguenza 
(1902, 1907) are here revised in order to clarify and update 
their systematic position and their paleobiogeographic im-
plications.

Institutional abbreviations.—MSNAF, Museo di Storia 
Naturale dell’Accademia dei Fisiocritici, Siena, Italy; RMCA, 
Royal Museum of Central Africa, Tervuren, Belgium.
Other abbreviations.—C/c, canine; DP/dp, deciduous up-
per/lower premolar; MN, Mammal Neogene Zone; M/m, 
upper/lower molar; P/p, upper/lower premolar.

Material and methods
The morphological terminology for the teeth follows 
Thenius (1989) and Boisserie et al. (2010) (Fig. 2). The mor-
phological terminology for the postcranial remains follows 
Mazza (1995). The material collected from Gravitelli was 
published by Seguenza (1902, 1907). Descriptions and fig-
ures reported by Seguenza (1902, 1907) are scarce and most 
of the remains are represented only in part (Figs. 3, 4). The 
revised remains are morphologically and morphometrically 
compared with late Miocene and early Pliocene hippopot-
amids: Hexaprotodon garyam Boisserie, Likius, Vignaud, 

Fig. 1. Selected records of circum-Mediterranean hippopotamids during the latest Miocene–earliest Pliocene. 1, Hexaprotodon? siculus (Hooijer, 
1946) (1.1a, Gravitelli and 1.1b Scirpi; San Pier Niceto) Messina, Sicily, late Miocene; 2, ?Hippopotamidae indet., Cessaniti, Calabria, late Miocene; 
3, Hexaprotodon? pantanellii (Joleaud, 1920), Casino Basin, Tuscany, late Miocene; 4, Archaeopotamus crusafonti (Aguirre, 1963), La Mosson 
(Montpellier), France, early Pliocene; 5, Archaeopotamus crusafonti (Aguirre, 1963) (5.1, Las Casiones, Teruel; 5.2a, Venta del Moro and 5.2b, La 
Portera, Valencia; 5.3, Arenas del Rey, Granada; 5.4, El Arquillo, Siviglia), Spain, late Miocene; 6, Hexaprotodon? hipponensis (Gaudry, 1876), Pont-
de-Duvivier, Algeria, early Pliocene; 7, Hexaprotodon? sahabiensis (Gaziry, 1987), As Sahabi, Libya, late Miocene; 8, Hexaprotodon protamphibius 
andrewsi (Arambourg, 1947), Egypt, early Pliocene.



MARTINO ET AL.—MIOCENE HIPPOPOTAMID FROM SICILY S69

and Brunet, 2005, Hexaprotodon sivalensis (Falconer and 
Cautley, 1836), Saotherium mingoz Boisserie, 2005, Ar
chaeopotamus harvardi (Coryndon, 1977), A. lothaga men
sis (Weston, 2000), A. qeshta Boisserie in Boisserie et al., 
2017, Hexaprotodon? crusafonti (Aguirre, 1963), Hexa pro
todon? sahabiensis (Gaziry, 1987), Hexaprotodon? hip po
nen sis (Gaudry, 1876), Hexaprotodon protamphibius (Aram-
bourg, 1944), and Hexaprotodon protamphibius andrewsi 
(Arambourg, 1947). Hexaprotodon? siculus remains are also 
compared with the living species Hippopotamus amphibius 
Linnaeus, 1758; and Choeropsis liberiensis (Mor ton, 1844). 
The measurements of Hexaprotodon? siculus were published 
by Seguenza (1902, 1907).

Systematic palaeontology
Cetartiodactyla Montgelard, Catzeflis, and Douzery, 
1997
Cetancodonta Arnason, Gulerg, Solweig, Ursing, 
and Janke, 2000
Hippopotamoidea Gray, 1821 (sensu Gentry and 
Hooker 1988)
Hippopotamidae Gray, 1821
Hippopotaminae Gray, 1821
Genus Hexaprotodon Falconer and Cautley, 1836
Type species: Hexaprotodon  sivalensis  Falconer  and Cautley, 1836, 
from Mio-Pliocene strata of the Siwalik Hills, India/Pakistan.

Hexaprotodon? siculus (Hooijer, 1946)
Figs. 3–5, 6B1, B2.
1902 Hippopotamus (Hexaprotodon) sivalensis Falconer and Cautley, 

1836; Seguenza 1902: 115–175, pl. 7: 1–14, 20, 22, 23.

1907 Hippopotamus (Hexaprotodon) sivalensis Falconer and Cautley, 
1836; Seguenza 1907: 89–122, pl. 6: 1–22, pl. 7: 1–16.

1946 Hippopotamus siculus sp. nov.; Hooijer 1946: 301–319.
2005 Hexaprotodon? siculus (Hooijer, 1946); Boisserie 2005: 143.

Material.—Material from the late Miocene of Sicily, listed 
in Segu enza (1902: pl. 7; here Fig. 3): a maxillary fragment 
with DP3, DP4, M1 (pl. 7: 1–3) and a fragment of a DP? 
(pl. 7: 20) from San Pier Niceto; left astragalus (pl. 7: 4–7, 8, 
9) from Scirpi or Gravitelli; a partial M (pl. 7: 10, 11), an C 
(pl. 7: 13, 14), and an unciform (pl. 7: 22, 23) from Gravitelli. 
Material from late Miocene of Sicily (Gravitelli site), listed 
in Seguenza (1907: pls. 6 and 7; here Figs. 4 and 5 respec-
tively): mandible fragment with a m1 (pl. 6: 1–3), a cervical 
vertebra (pl. 6: 4–6), a M3 (pl. 6: 7, 8), a M1 or M2 (pl. 6: 9, 
10), a C fragment (pl. 6: 11), two dp3 (pl. 6: 14–16), a P2 (pl. 
6: 17, 18), a dp (pl. 6: 19, 20), m2–m3 (pl. 7: 1, 2), a m1 (pl. 
7: 3, 4), a p2 (pl. 7: 5, 6), a p3 (pl. 7: 7, 8), a p4 (pl. 7: 9, 10), a 
c (pl. 7: 11, 12), and some incisor fragments (pl. 7: 13–16), a 
fragment of a radius (pl. 5: 49, 50).

Seguenza (1907) attributed to Hippopotamus a portion 
of a distal radius (pl. 5: 49, 50) a proximal part of a radius 
(pl. 5: 51, 52), a scapula fragment (pl. 6: 12, 13), and a distal 
part of a metacarpal (pl. 6: 21, 22) from late Miocene of 
Sicily (Gravitelli site). Hooijer (1946) attributed the distal 
part and the proximal part of the radius to Parabos? and the 
scapula fragment together with the distal part of a metacar-
pal  to a rhinoceros. We do not agree with the attribution 
of the radius to a bovid, due to both morphological and 
morphometric traits of the figured bone, and we include it 
within the Hippopotamidae material.
Description.—Dental characters cannot be easily recog-
nized due to the impossibility to observe the original spec-
imens lost in 1908. Photos and descriptions in Seguenza 
(1902, 1907) are therefore the only documentation of the 
presence of a hippopotamid in Sicily during the late Miocene 

Fig. 2. Hippopotamid cheek teeth nomenclature based on the left m2 and M2 in occlusal view. Accessory cusps may be present or absent on upper and 
lower teeth. The m3 is characterized by a fifth distal cusp called hypocolunid. Modified from Htike (2012).
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(Figs. 3, 4, 5). Deciduous premolars do not display useful 
diagnostic features. Four fragmentary incisors were figured 
by Seguenza (1907; Fig. 5). According to the available text 
and figures, two grooves, one on each side, are present on 
the lower incisors. Seguenza (1907: 116–117) reported the 
presence of six different partial incisors that were all col-
lected from a single mandible, completely destroyed during 
the excavation. This statement, anyway, testifies to the 
hexaprotodonty (presence of six incisors, while the extant 
Hippopotamus amphibius is characterized by four incisors, 
the tetraprotodont condition) of the Sicilian species. The up-
per canines are characterized by a deep posterior groove 
and by two less defined lateral grooves, one on the medial 
side and one on the lateral side (Fig. 3). A lower canine frag-
ment described by Seguenza (1907) displays a rough enamel, 
longitudinal striae and transversal growth striae (Fig. 4). 
The lower canine has longitudinal ridges and a groove on 
the lateral surface (Fig. 5). The P2 is mostly triangular and 
simply built (Fig. 4). The lower premolars (p2 and p3) are 
mainly triangular and partially incomplete (Fig. 5). The p2 

has a distolingual cusp. The p3 is characterized by a disto-
lingual cusp surrounded by a crenulated cingulid and more 
developed than one of the p2. The p4 of the Sicilian species 
is broken and worn. A single cusp is visible, but a second 
lower and less developed cusp was probably present distally. 
In lateral view the cingulid is strongly elevated whilst, in 
occlusal view, some well-developed cristae are visible in the 
distal part of the tooth. All molars from Gravitelli are low 
crowned. The M1 in the maxillary fragment displays a thick 
crenulated cingulum and a finely striated enamel (Fig. 3). 
M1–M2 (Fig. 4) is characterized by a trefoil wear pattern 
not completely developed. The enamel is relatively thick on 
the protocone and the cingulum is crenulated on the lingual 
side. An upper molar, referred to M2 by Hooijer (1946), is 
partially broken, and only the metacone and paracone are 
present (Fig. 3). The cingulum is crenulated on these cusps 
and the enamel is finely striated. The posterior cusps of M3 
(Fig. 4) are narrower than the anterior cups (Hooijer 1946). 
This tooth is unworn and the crown is not particularly high; 
the cusps are simple with not particularly well-developed 

Fig. 3. Late Miocene hippopotamid Hexaprotodon? siculus (Hooijer, 1946) from Sicily, Italy; original plate from Seguenza (1902: pl. 7). Maxillary frag-
ment with DP3, DP4, and M1 from San Pier Niceto, in lingual (1), occlusal (2), and labial (3) views. Fragment of a upper deciduous? tooth from San Pier 
Niceto (20), two left astragali one from Gravitelli and one from Scirpi (4, anterior view; 5 and 8, medial view; 6, lateral view; 7 and 9, posterior view), 
partial left M from Gravitelli (10, labial view; 11, occlusal view), C section from Gravitelli (12, view of the transverse section), C and its section from 
Gravitelli (13, labial view; 14, view of the transverse section), unciform from Gravitelli (22, lateral? view; 23, anterior view).

Fig. 4. Late Miocene hippopotamid Hexaprotodon? siculus (Hooijer, 1946) from Gravitelli, Sicily, Italy; original plate from Seguenza (1907: pl. 6). 
Mandible fragment with M1, in labial (1), occlusal (2), and lingual (3) views, cervical vertebra in ventral (4), caudal (5), and cranial (6) views, left M3 
(7, labial view; 8, occlusal view), right M1–M2 (9, labial view; 10, occlusal view), C fragment (11, labial? view), right dp3 (14, labial view; 15, occlusal 
view), left dp3 (16, lingual view), P2 (17, lingual view; 18, occlusal view), dp (19, lingual view; 20, occlusal view).

→
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grooves. The cingulum is crenulated, and it is higher and 
more complex on the posterior cusps compared to the ante-
rior cups.

The lower molars from Gravitelli are low-crowned. The 
m1 displays a longitudinal valley between metaconid and 
protoconid, located labial to the valley between entoconid 
and hypoconid (Hooijer 1946; Fig. 4). The unworn cusps 
are particularly slender, the cingulid is crenulated and only 
visible on the posterior cusps. The m3 and m2 were partially 
figured by Seguenza (1907), who did not provide their occlu-
sal view (Fig. 5). The m2 does not display a posterior lobe on 
the entoconid. The m3 is characterized by slender cusps and 
a large hypoconulid. The cingulid on this tooth is crenulated 
and higher on the labial side of the hypoconulid. The cusps 
are almost unworn, and the enamel is finely striated.

The vertebra cervicalis is severely damaged (Fig. 4). It 
displays a ventral spine that is not particularly prominent. 
The posterior face of the vertebra is larger than the anterior. 
The radius is broken and displays on the distal epiphysis an 
antero-posteriorly oriented crest between the articular sur-
faces for the scaphoid and with the lunar (Seguenza 1907: 
pl. 5: 49, 50). The unciform displays a concave articulation 
with the cuneiform and a narrow articulation with the lunar. 
Two astragali were figured by Seguenza (1902), one col-
lected from Gravitelli and the other one from Scirpi (Fig. 3). 
Unfortunately, one astragalus lacks a part of the proximal 
throclea and the other astragalus was only figured in plantar 
view by Seguenza (1902). These bones display a comparable 
size of the oblique articular surface for the cuboid and of the 
articular surface for the navicular. The complete astragalus 
is rather subquadrangular in plantar view; on this specimen 
it is also possible to observe a stop facet that could limit the 
degree of flexion of the tarsus.
Stratigraphic and geographic range.—Upper Miocene of 
Gravitelli, San Pier Niceto, and Scirpi (Messina, Sicily, 
South Italy), European Mammal Neogene Zone 13.

Discussion
Comparison with late Miocene–early Pliocene peri-Med-
iterranean hippopotamids.—The morphological compar-
ison highlights an affinity of the Sicilian hippopotamus 
with Hexaprotodon? crusafonti. The upper canine section 
typical of the Gravitelli Hexaprotodon? siculus specimens 
is also shared by He.? crusafonti (Aguirre 1963; Fig. 6). 
Nevertheless, a deep posterior groove is also displayed in 
species confidently attributed to the Hexaprotodon (Bois-
serie 2005), and in the Saotherium (Boisserie et al. 2003) 
and Archaeopotamus (Weston 2000, 2003). This charac-
ter can therefore be considered as a plesiomorphic fea-

ture within the Hippopotamidae and is thus not diagnostic 
at the genus level. The lower canine from Gravitelli dis-
plays longitudinal ridges and a groove on the lateral sur-
face as in Archaeopotamus harvardi (see Weston 2003). In 
Hexaprotodon sivalensis several specimens do not display 
the groove on the lateral side, but this character is variable, 
being documented in some fossil remains (De Visser 2008). 
However, a shallow groove on the lateral side of the lower 
canine is more or less developed in several hippopotamid 
species and usually well-expressed in later ontogenetic 
stages (Boisserie 2005). The enamel of Saotherium mingoz 
is slightly ridged or smooth and without a well-defined 
groove (Boisserie et al. 2003). P2 from Gravitelli is wide, 
mostly triangular in shape, with a main singular cusp as 

Fig. 6. Upper canine of various hippopotamids in cross section. A. Archa
eopotamus crusafonti (Aguirre, 1963), Arenas del Rey (Spain), late Mio -
cene (Aguirre 1963). B. Hexa pro todon? siculus (Hooijer, 1946), Gra vi telli 
(Sicily, Italy), late Miocene (Seguenza 1902; Hooijer 1946). C. Hexa
pro todon? sicu lus (Hooijer, 1946), Gravitelli (Sicily, Italy), late Miocene 
(Seguenza 1902; Hooijer 1946). D. Hexaprotodon garyam Boi sserie, Likius, 
Vignaud, and Brunet, 2005, Toros-Menalla (Chad), late Miocene (Boi sserie 
et al. 2005). E. Hexaprotodon sivalensis (Falconer and Cautley, 1836), 
Siwalik Hills (India/Pakistan), late Miocene–early Pliocene (Hooijer 1946). 
F. Hexa pro todon sivalensis (Falconer and Caut ley, 1836), Siwalik Hills 
(India/Pakistan), late Miocene–early Pliocene (Hooijer 1946). G. Subadult 
Archaeo potamus harvardi (Coryndon, 1977), Lothagam (Kenya), late Mio -
cene (Weston 2003). H. Adult Archaeo po tamus harvardi (Coryndon, 1977), 
Lothagam (Kenya), late Mio cene (Wes ton 2003). I. Choero psis liberi ensis 
(Morton, 1844), Leiden Museum collection (Hoo ijer 1946). L. Hexa pro
todon? protamphibius andrewsi (Aram bourg, 1947), Wadi- Natrum (Egypt), 
early Pliocene (Stro mer 1914). M. Hippo po ta mus amphibius Lin naeus, 
1758, Leiden Mu seum collection (after Hooi jer 1946). N–P. Sub adult 
Hexaprotodon amphi bius Linnaeus, 1758, Zaire, Holocene; origi nal data 
sampled by LP at the Royal Museum of Central Africa, Tervuren, Belgium. 
RMCA n. A6035M127 (N), RMCA n. A6035M194 (O), RMCA n. 
A6035M190 (P). Scale bars 10 mm. A, scale redrawn form Aguirre (1963); 
B,C, E, F, I, L, M, scales redrawn from Hooijer (1946); D, scale redrawn 
from  Boisserie et al. (2005); G, H, scale not provided in Weston (2003).

Fig. 5. Late Miocene hippopotamid Hexaprotodon? siculus (Hooijer, 1946) remains from Gravitelli, Sicily, Italy; original plate from Seguenza (1907: 
pl. 7). Left m2 and m3 in labial (1) and lingual (2) views, right m1 (3, labial view; 4, occlusal view); left p2r (r, refuse) (5, labial view; 6, occlusal view), 
right p3 (7, lingual view; 8, occlusal view), right p4 (9, labial view; 10, occlusal view), lower canine (11, lingual view; 12, dorsal view), and some incisor 
fragments (13–16, lateral view).

→
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in Hexaprotodon sivalensis, Archaeopotamus harvardi, 
Hexaprotodon garyam, and Saotherium mingoz (Hooijer 
1950; Boisserie et al. 2003, 2005; Weston 2003). The p2 
from Gravitelli is wider and longer than in He. sivalensis 
(Table 1). The distolingual cusp displayed by the studied p3 
also characterizes He. sivalensis, S. mingoz, A. harvardi, 
He.? crusafonti, and He. garyam (Hooijer 1950; Lacomba 
et al. 1986; Boisserie et al. 2003, 2005; Weston 2003); this 
tooth is distally wide as in A. harvardi and He.? crusafonti 
(Aguirre 1963; Lacomba et al. 1986; Weston 2000, 2003). 
The p3 in Hexaprotodon? hipponensis shows more tuber-
cles and a lingual cusp more developed than in He.? siculus 
(Gaudry 1876). The length of p3 from Gravitelli is similar 
to that of A. harvardi, whereas it is smaller in He. sival

ensis (Table 1). The fourth lower premolar in He.? siculus 
is distinctly wider in its distal part; this character is also 
shared by He.? crusafonti, He. garyam, and occasionally, 
A. harvardi (Lacomba et al. 1986; Weston 2003; Boisserie 
et al. 2005). Dimensionally, the p4 from Gravitelli is closer 
to A. harvardi and He. garyam, whereas the dimensions 
of He. sivalensis are considerably smaller (Table 1, Fig. 7). 
The lower premolars of He.? siculus are morphometrically 
closer to A. harvardi and He. garyam, whereas the di-
mensions of He. sivalensis are always smaller than in the 
Sicilian specimens. The grooves on M3 from Gravitelli 
are less developed than in He. sivalensis and He.? hippon
ensis (Hooijer 1946). The crown on M3 from Gravitelli is 
more brachyodont than in He. sivalensis. Low-crowned 

Table 1. Comparative dimensions of upper and lower teeth of Miocene hippopotamids (minimum–maximum dimension in mm; mean; number 
of specimens). Data for Hexaprotodon? siculus from Seguenza (1902, 1907), Hooijer (1946, 1950); Archaeopotamus crusafonti from Aguirre 
(1963); Archaeopotamus crusafonti from Alcalá et al. (1986); Hexaprotodon? sahabiensis from Gaziry (1987), Pavlakis (2008); Archaeopotamus 
harvardi from Coryndon (1977), Archaeopotamus lothagamensis from Weston (2000, 2003); Hexaprotodon garyam from Boisserie et al. (2005); 
Hexaprotodon sivalensis from De Visser (2008); Archaeopotamus qeshta from Boisserie et al. (2017). Values of Hexaprotodon? pantanelli were 
measured at MSNAF (n.2828). The second lower premolar reported of Hexaprotodon? pantanellii is partially broken and it was reported in Panta-
nelli (1879) as 32 mm but the specimen measured at MSNAF is 29.56 mm; this tooth was probably broken after Pantanelli (1879). Abbreviations: 
L, length, W, width.

Species/
tooth

He.? 
siculus

He.?  
pantanellii

A. crusa
fonti

He.?  
sahabiensis

He.?  
hipponensis

A.  
harvardi

A. lothaga
mensis

A.  
qeshta

He.  
garyam

He.  
siva lensis

p2 
L >41.7 >29.56–32(?) 41 31.3–41; 

36.27; 6
29.2–40.2; 

34.7; 2
29.8–47.1; 

36; 17
31–34; 
32.5; 2

W 27 19.69 ? 21.4–24.7; 
22.85; 5

18.2–19.7; 
18.95; 2

19–27.6; 
22.12; 17 19.5; 19.5; 2

p3 
L >40.6 37.5 35 36.5–45.1; 

40.04; 6
35.7–39.1; 

37.4; 2
31.7–48; 
39.42; 20

31.3–39; 
35.15; 2

W 26 21 22.5–26.6; 
24.62; 6

19.6–23.1; 
21.35; 2

18–32.9; 
24.17; 19 19.2

p4 
L 36 30–37;  

33.5; 2 36 36.4–41.6; 
38.66; 8

30.7–33.6; 
32.15; 2

33.9–34.5; 
34.2;2

33.4– 43.1; 
39.1; 19

29.3–35.9; 
32.25; 8

W 29 24–25.6; 
24.8;2 25 24.9–30.6; 

27.41; 8
20.5–23.8; 
22.15; 2

22.4–23.8; 
23.1; 2

21.7– 32.5; 
27.81; 18

20.6–22.4; 
22.33; 7

m1
L 40.5–41; 

40.75; 2
36–40.5; 
38.25; 2

36–36.42; 
36.21; 2

35.5–41; 
38.25; 8

36.5–40; 
38.25; 2

23–28; 25.5; 
20

31–41; 
36.67; 3

W 28–32; 
30; 2

25–26.5; 
25.75; 2

25.78–30; 
27.89; 2

26.1–35; 
31.34; 9

24–30; 
28; 2

25.2–25.7; 
25.45; 2

19–23; 21; 
20

24–33; 
29; 4

m2
L 46–50; 

48; 2 44.6 37–40.4; 
37.43; 3 39 41.2–51.3; 

47.44; 11
41.1–42.7; 
41.90; 2

41.5–44.8; 
43.15; 2

41.6–54; 
49.28; 31

43–52; 
48.17; 9

W 35–39; 
37; 2 33 28–29; 

28.5; 2 34 33–38.4; 
36.16; 10

27.8–34.0; 
30.90; 2

31.8–33.7; 
32.75; 2

30.8–45.2; 
37.53; 26

31–40; 
36.5; 10

m3
L 63 >53–55; 

54; 3 59 58.3–68; 
63.1; 16

49.8–51.1; 
50.45; 2

54.9–62.9; 
58.9; 2

59.1–70.7; 
63.26; 31

56–72; 
65.55; 12

W 35 28.2–>36.1; 
29.1; 3 33 32–40.2; 

35.9; 15
28.3–29.2; 
28.75; 2 31.5 31.9–45.2; 

38.12; 31
33–42; 

38.55 ;12

M1
L 40 34 35–46; 40.5; 

11
36–49; 42.5; 

21
31–46; 

41.86; 10

W 37 33 38–46; 
42; 11

31–43; 37; 
21

36–41; 
38.5; 10

M3 
L 44 39 44.0–51.7; 

47.17; 13
37.8–57.4; 
47.74; 49

36.8–51; 
47; 10

W 44 42 41.4–56.2; 
46.48; 13

40.8–52.2; 
46.54; 48

35.15–52; 
48.4; 10
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teeth are typical of African species such as A. harvardi and 
He. garyam, whereas Asian hippos display higher crowned 
teeth (Boisserie 2005). Low-crowned teeth are also typ-
ical of the late Miocene species He.? crusafonti (Aguirre 
1963; Lacomba et al. 1986). In general, the observed trend 
in the Hippopotamidae is towards higher crowned molars 
(Boisserie 2005). In the third lower molar of A. harvardi the 
cingulid is not continuous and may be separated from the 
mesial and distal cusps by a ridge (Weston 2003), as in the 
Sicilian species. In the Gravitelli hippopotamid, the cusps 
on the m3 are more slender and the hypoconulid is more de-
veloped than in He. sivalensis. The morphology of the third 
lower molar resembles that of He.? crusafonti in lingual 
and labial views. Dimensionally, the m3 from Gravitelli 
is close to A. harvardi, He. sivalensis, He.? sahabiensis, 
and He. garyam (Hooijer 1950; Gaziry 1987; Weston 2003; 
Boisserie et al. 2005; Table 1). The stop facet observed on 
the astragalus of the Sicilian species is also documented 
on some specimens from Lothagam, attributed to A. har
vardi (Weston 2003). The height difference between the 
articular surface for the cuboid and the articular surface 
for the navicular in A. harvardi is similar to that displayed 
by the Sicilian specimens, whereas in He. sivalensis the 
height difference is greater. A single astragalus attributed 
to Hexaprotodon? crusafonti was described by Alcalá 
(1994) from Las Casiones (Spain). Similarly, to the spec-
imens from Sicily, the height between the articulations of 
the navicular and cuboid is comparable. A single He. prota
mphibius andrewsi astragalus is figured by Stromer (1914). 
This bone is less quadrangular, smaller and more slender 
than in the Sicilian specimens and it possibly lacks the 
stop facet. In addition, the astragalus of He. protamphibius 
andrewsi displays a well-developed tuberosity below the 
medial ridge, similarly to He. sivalensis. The astragalus of 
the Sicilian species is morphologically more similar to that 
of Hippopotamus amphibius than to Choeropsis liberi ensis 

(Fig. 8). Some studies highlight that astragalus morphology 
in bovids is a useful tool for paleohabitat reconstructions 
(DeGusta and Vrba 2003 and references therein). A study 
based on hippopotamuses’ astragali has not yet been per-
formed, but it could probably test terrestrial versus aquatic 
adaptations in the different fossil hippopotamid species. 
The astragalus index ([max. width = 84 mm/max. length 
= 109 mm] × 100 = 77; measured by Seguenza 1902) in 
the Gravitelli hippopotamid is close to the values of He. 
protamphibius andrewsi, A. harvardi, He. sivalensis, and 
He. protamphibius (Stromer 1914; Hooijer 1946; Harrison 
1997). The radius of He. sivalensis displays a distal crest 
less directed antero-posteriorly than in the material from 
Gravitelli (Hooijer 1946). In addition, the articulation be-
tween cuneiform and unciform is less concave and the ar-
ticulation between unciform and lunar is narrower in He. 
sivalensis than in the Sicilian specimens (Hooijer 1946).

An overview of late Miocene–early Pliocene hippopota-
mids from the circum-Mediterranean area.—The mor-
phology of the specimens collected from Gravitelli and as-
signed as Hexaprotodon? siculus is similar to that of He.? 
crusafonti, Archaeopota mus harvardi, He. sivalensis, and 
He. garyam. The dimensions of the cranial remains from 
Gravitelli fall within the variability of A. harvardi and 
He. garyam. Hexaprotodon? siculus is also morphometri-
cally similar to He. sivalensis but the lower premolars in 
the former are always longer and larger than in the latter. 
Accordingly, and considering its hexaprotodont condition, 
we tentatively refer the Gravitelli hippopotamid to the genus 
Hexaprotodon in agreement with Boisserie (2005).

Due to the tetraprotodont condition and the clear mor-
phometrical differences with Hexaprotodon? siculus, the 
Spanish Miocene hippopotamid He.? crusafonti is considered 
as a valid species. Hexaprotodon? crusafonti was firstly de-
scribed from the upper Miocene deposit of Arenas del Rey 
by Aguirre (1963). This Spanish species was later identified 
at Venta del Moro (Aguirre et al. 1973, Morales 1984), El 
Arquillo (Crusafont et al. 1964; Alcalá and Montoya 1998), 
Las Casiones (Alcalá 1994) and La Portera (Lacomba et al. 

Fig. 7. Length-width diagram (in mm) of p4 in different hippopotamid spe-
cies. Measurements from the literature (see Table 1).

Fig. 8. Astragali of hippopotamids in plantar view. A. Choeropsis libe
ri ensis (Morton, 1844) (RMCA n. RG35716), Holocene, specimen from 
zoo, Recent. B. Hexa protodon? siculus (Hooijer, 1946) (Seguenza 1902: 
pl. 7: 9), late Mio cene, Gravitelli or Scirpi, Sicily, Italy. C. Hippopotamus 
amphibius Linnaeus, 1758 (RMCA n. RG508), Holocene, Zaire. Scale bar 
in B estimated according to the maximum height of the astragalus (97 mm) 
indicated by Seguenza (1902). Scale bars 50 mm.
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1986). Hexaprotodon? crusafonti was also collected from 
the lower Pliocene deposit of La Mosson, France (Faure and 
Méon 1984). The material from La Portera (Lacomba et al. 
1986) includes a left semi-complete hemimandible with the 
mandibular symphysis, two broken first incisors and two sec-
ond incisor alveoli, suggesting the tetraprotodont condition of 
this species. Two important features characterize this taxon: 
a premolar row longer than the molar row and a mandibular 
symphysis that is long and narrow. These characters are both 
diagnostic of the Archaeopotamus (Boisserie 2005). The tet-
raprotodont condition displayed by the Spanish species could 
suggest an evolutionary stage more advanced than the African 
coeval forms, such has A. harvardi, A. lothagamensis, and He. 
garyam. Hexaprotodon protamphibius collected from differ-
ent geological sequences from Shungura (Ethiopia) testifies 
to a well-defined evolutionary trend in hippopotamids: from 
an archaic hexaprotodont condition towards a more advanced 
tetraprotodont condition (Coryndon 1978). Hexaprotodon? 
crusafonti is therefore closer to Archaeopotamus than to spe-
cies confidently attributed to Hexaprotodon (as previously 
suggested by Weston 2000, 2003), and it could thus be more 
properly referred to as Archaeopotamus crusafonti. The 
re-attribution of these specimens to Archaeopotamus sug-
gests that this genus originally recorded in Africa (Kenya and 
possibly Tanzania) and Arabia (Abu Dhabi) was also present 
in Southern Europe (Harrison 1997; Weston 2003; Boisserie 
2005; Boisserie et al. 2017). The peri-Mediterranean area 
was intensively colonized by hippopotamids during the lat-
est Miocene. In addition to the Italian species (He.? siculus 
and He.? pantanellii) and the Spanish species (A. crusafonti), 
some other forms were collected from Libya (He.? sahabien
sis, Gaziry 1987), Algeria (He.? hipponensis, Gaudry 1876) 
and Egypt (He. protamphibius andrewsi; Andrews 1902; 
Stromer 1914; Arambourg 1947) (Fig. 1). Since these remains 
are scarce and mainly fragmentary, a proper and exhaustive 
study is problematic. Remains attributed to He.? pantanellii 
and ascribed to the late Miocene (late MN13) were collected 
during the 19th century from the Casino Basin, Siena, Italy 
(Pantanelli 1879; Joleaud 1920; Boisserie 2005; Gallai 2005). 
These remains include a mandibular symphysis fragment 
with four broken incisors, some isolated incisors, a broken 
second lower premolar, a second lower molar and a fragment 
of a lower canine. Unfortunately, the original second lower 
molar described and figured by Pantanelli (1879) was lost. 
The scarce and fragmentary record from Casino does not 
support the validity of He.? pantanellii as a separate species, 
and these specimens should be, more cautiously, assigned to 
Hippopotamidae indet. This taxon probably arrived through 
the Iberian Peninsula and colonized Tuscany during the 
Messinian (Martino et al. 2020). The remains from Gravitelli, 
along with some fragmentary elements from the Casino Basin 
in Tuscany (Martino et al. 2020), are the only evidence of the 
presence of hippopotamids in Italy during the late Miocene. 
Hippopotamid remains were also doubtfully reported from 
Cessaniti, Calabria (Ferretti et al. 2003; Marra et al. 2011, 
2017), and attributed to a time span between 8.1 and 7.2 Ma 

(Marra et al. 2017; Fig. 1). Recently, this scarce material, an 
incisor and a femur previously assigned to a hexaprotodon-
tid hippopotamid, has been attributed to an anthracotheriid 
(Marra 2019). Pending further evidence, the remains from 
Gravitelli indicate that around 6 Ma African hippopotamids 
dispersed in Southern Europe. Hexaprotodon? sahabiensis 
was collected from As Sahabi, Libya, a site dated around 6.5 
Ma (Bernor and Rook 2008). The teeth described by Gaziry 
(1987) show several archaic features, such as the sub-seleno-
dont or selenodont aspect of the molar cusps. Weston (2003) 
noticed that some features displayed by He.? sahabiensis, such 
as the premolar row as long as the molar row, upper incisors 
with a mesial-lingual groove and molars dimensions, are sim-
ilar to those of Archaeopotamus. A mandibular portion from 
Sahabi was later described by Pavlakis (2008). This fragment 
confirmed the hexaprotodont condition of the Sahabi spe-
cies. The sagittal cross section of the mandible of He.? sa
habiensis is peculiar among the Hippopotamidae (Boisserie 
2005; Pavlakis 2008) but the mandibular portion was prob-
ably deformed by taphonomic processes that affected the 
mandibular symphysis. Pavlakis (2008) highlighted a strong 
morphologic and morphometric affinity between He.? saha
biensis and A. lothagamensis. Following Pavlakis (2008), the 
relationship between these two species should be reinvesti-
gated. Hexaprotodon? hipponensis was collected from the 
lower Pliocene of Pont-de-Duvivier, Algeria (Gaudry 1876), 
and is represented by very scarce remains: four semi-com-
plete incisors, two broken incisors, two lower premolars, a 
broken molar and two canine fragments. The third premolar 
is characterized by an additional cusp and by tubercles that 
originated from the cingulid, which is highly crenulated. The 
incisors are long and straight. The wear surface is delimitated 
by a tracked margin, a characteristic that is typical of this 
species. Some other remains were later collected from Wadi 
Natrum, Egypt, and initially attributed to He.? hipponensis 
by Andrews (1902) and Stromer (1914). Arambourg (1947), 
in contrast with previous authors, noticed a closer affinity 
with He. protamphibius (Arambourg 1944) and attributed 
the lower Pliocene material from Egypt to the subspecies 
He. protamphibius andrewsi. Two upper molars were illus-
trated by Andrews (1902), in particular an unworn M3 and 
a M2 with a weak wear on the lingual cusps. These molars 
are both quadrangular with a crenulated high cingulum and 
striated enamel. In the transverse valleys of the M3 there are 
also several tubercles probably originating from the cingu-
lum (Andrews 1902). The remains from Egypt, subsequently 
partially described and figured by Stromer (1914), are quite 
abundant but they have not been revised recently and their 
location is unclear, preventing any useful considerations on 
these specimens.

To sum up, during the latest Miocene–early Pliocene, 
the circum-Mediterranean area was characterized by the 
presence of at least five different hippopotamid taxa: He.? 
siculus in Sicily (late Miocene), A. crusafonti in Spain (late 
Miocene) and in France (early Pliocene), He.? hipponen
sis in Algeria (early Pliocene), He.? sahabiensis in Libya 
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(late Miocene), and He. protamphibius andrewsi in Egypt 
(early Pliocene). The last three taxa need to be revised in 
detail, being based on fragmentary and poorly preserved re-
mains. Furthermore, He.? pantanellii cannot be considered 
as a valid species because the material collected from the 
Casino Basin is too scarce and fragmentary for a generic 
and specific determination and it should be assigned as 
Hippopotamidae indet.

Conclusions
The morphological and morphometric characters of the hip-
popotamid remains from the uppermost Miocene deposits 
of Gravitelli are difficult to assess because all the original 
material was lost in 1908 due to the catastrophic earth-
quake that destroyed the city of Messina. The specimens 
were described and partially figured by Seguenza (1902, 
1907). Seguenza (1902) also reported that some material 
(a maxillary fragment, a partial premolar, and a astraga-
lus) were collected from San Pier Niceto and Scirpi. This 
information indicates that during the late Miocene at least 
three different Sicilian localities were inhabited by hippo-
potamids. The hippopotamid specimens from Gravitelli are 
mainly represented by teeth and a few poorly preserved 
postcranial remains. Some characters of the teeth, such as 
the length of the lower premolars, the low-crowned molars 
with crenulated cingulids, the weak trefoil wear pattern and 
hexaprotodonty suggest that He.? siculus displays archaic 
features. The characters displayed by the Sicilian hippopot-
amid differ from those of other species collected from the 
peri-Mediterranean area. In particular, A. crusafonti is mor-
phometrically smaller than He.? siculus and is characterised 
by a tetraprotodont condition. Hexaprotodon? hipponensis 
has incisors characterised by a tracked margin and lower 
premolars with a well-developed additional cusp, whilst 
He.? sahabiensis has sub-selenodont or selenodont molar 
cusps. Hexaprotodon? siculus is morphologically closer to 
Archaeopotamus harvardi, Hexaprotodont sivalensis and 
He. garyam, and it is morphometrically similar to He. sival
ensis. Accordingly, we provisionally refer the Gravitelli hip-
popotamid to the genus Hexaprotodon. Hexaprotodon? sic
ulus arrived in Sicily during the Messinian, probably from 
the North African coast, but its ancestor is still unknown. 
The hippopotamids that colonized the Mediterranean area 
around the Mio-Pliocene transition were probably closely 
related, but the scant collected material, which is gener-
ally poorly figured and described, does not permit a de-
tailed study. Our analysis of the published figures and de-
scriptions reveals that some of them are probably related to 
Archaeopotamus, thus suggesting a dispersal of this genus 
from East Africa to North Africa, and later to Southern 
Europe. A re-analysis of all the late Miocene hippopotamid 
remains from the circum-Mediterranean area is necessary 
to shed light on the evolutionary history of these species as 
well as to resolve their phylogenetic relationships.
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Introduction
Xenarthra is a peculiar clade of placental mammals charac-
teristic for the Neotropical region (Gaudin and Croft 2015; 
Gibb et al. 2015; Delsuc et al. 2016), with a long fossil his-
tory since the early Eocene (Bergqvist et al. 2004; Lindsey 
et al. 2020). Their records are remarkably abundant in var-
ious Cenozoic sites mainly in South America (particularly 
in Argentina, see Scillato-Yané 1986), but also in Central 
America and North America (McDonald 2005; Brandoni 

et al. 2016; Gillette et al. 2016). Within Xenarthra, two 
large clades can be recognized, Cingulata and Pilosa, the 
latter containing the anteaters Vermilingua and the sloths 
Folivora (or Tardigrada or Phyllophaga, see Delsuc et al. 
2001; Lindsey et al. 2020).

Historically, Pilosa (especially Folivora) is much better 
known from several viewpoints, including ecology (e.g., 
Bargo et al. 2006), evolutionary history (Gaudin 2004), 
diet (Hofreiter et al. 2000), and habitat (Bargo et al. 2006) 
compared to the other large clade, Cingulata (except for 
the “armadillos” Dasypodidae) (Gaudin and Lyon 2017), 
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although Cingulata represents the most diversified clade 
among Xenarthra (Abba et al. 2012).

Cingulata (early Eocene–Recent) is morphologically 
characterized mainly by the presence of a cephalic shield, 
dorsal carapace, and caudal armor formed by hundreds of 
osteoderms that cover and protect the body (Gilette and 
Ray 1981; Gaudin and Wible 2006; Soibelzon et al. 2010). 
Six families are included in Cingulata: Chlamyphoridae, 
Dasypodidae, Pampatheriidae, Pachyarmatheriidae, Pelte-
philidae, and Glyptodontidae (Delsuc et al. 2016; Mitchell et 
al. 2016; Fernicola et al. 2018).

Within this diversity, glyptodonts (late Eocene–latest 
Pleistocene/earliest Holocene) are a clade composed of large 
to very large grazing armored herbivores, with body masses 
ranging between 100 kg to ca. 2000 kg (Vizcaíno et al. 
2011; Soibelzon et al. 2012; Quiñones et al. 2020). In a phy-
logenetic framewok, there is consensus that pampatheres 
(Pampatheriidae) is the sister group of glyptodonts (Gaudin 
and Wible 2006; Gaudin and Lyon 2017; Fernicola et al. 
2018; but see Delsuc et al. 2016; Mitchell et al. 2016 for an 
alternative view).

The early evolutionary history of glyptodonts, during 
the Paleogene, is poorly known, but the records increase 
markedly during the Neogene and Pleistocene (Gaudin and 
Croft 2015; Zurita et al. 2016), especially in southern South 
America (Zurita et al. 2016; Toriño and Perea 2018).

Though the diversity and phylogenetic relationships of 
glyptodonts are under study with promising results (see, 
among others, Fernicola 2008; Fernicola and Porpino 2012; 
Zurita et al. 2013; Gillette et al. 2016; Cuadrelli et al. 2019, 
2020), the subfamily Doedicurinae (late Neogene–late 
Pleistocene) remains one of the most enigmatic groups. It 
is mostly known by the Pleistocene species Doedicurus 
clavicaudatus (Owen, 1847), one of the largest and most bi-
zarre Quaternary forms, with some specimens having body 
masses of ca. 2000 kg (see Soibelzon et al. 2012). The most 
conspicuous characters of this clade include a caudal tube in 
which the distal part is dorso-ventrally compressed and lat-
erally expanded, with terminal rugose concave areas, prob-
ably for the insertion of corneous “spines” (see Lydekker 
1895: pl. 27). The fossil record (e.g., MLP 16-25) and recent 
biomechanical analyses show that this caudal tube would 
make a formidable weapon against predators or to be used 
in intraspecific combats (see Alexander et al. 1999; Blanco 
et al. 2009). Another intriguing character of Doedicurinae 
is the exposed surface of the osteoderms of the dorsal cara-
pace, where large foramina cross the entire thickness of the 
osteoderms, a unique feature among glyptodonts, and even 
among Cingulates (see Zurita et al. 2014, 2016), the most 
remarkable example being the late Pleistocene terminal 
species D. clavicaudatus. Finally, the geographic distribu-
tion along doedicurine evolutionary history is also peculiar, 
since a latitudinal retraction is especially evident in the 
Pleistocene genus Doedicurus Burmeister, 1874, with most 
records being restricted to southern South America (i.e., 

Argentina, Uruguay, and southernmost Brazil; Zurita et al. 
2009, 2014; Varela et al. 2018).

Although the anatomy of Doedicurus is relatively 
well known, almost nothing is known about the Neogene 
diver sity achieved by the Doedicurinae in southern South 
America, with a fossil record mostly limited to one dor-
sal carapace, several fragments of associated osteoderms, 
and some caudal tubes (see Ameghino 1887, 1889, 1920; 
Moreno 1888; Lydekker, 1895; Rovereto 1914; Castellanos 
1927, 1940; Cabrera 1944). In a historical framework, and 
despite a large number of very poorly characterized species, 
only the species currently named Eleutherocercus antiquus 
(Ameghino, 1887) is known by a relatively complete dor-
sal carapace associated with a caudal tube (MLP 16-25, 
holotype of E. copei (Moreno, 1888) (see Ameghino 1887, 
1889, 1920; Moreno 1888; Lydekker 1895) originating from 
the early Pliocene of the Atlantic coast of Argentina (sensu 
Tomassini et al. 2013). In this context, Zurita et al. (2014) 
first described and included in a phylogenetic framework 
the two only known late Neogene Doedicurinae skulls 
associated with some osteoderms of the dorsal carapace 
coming from the late Neogene–earliest Pleistocene of the 
Pampean region of Argentina (ca. 4.5–2.8 Ma). The results 
indicate that the group including the genera Doedicurus 
and Eleutherocercus Koken, 1888 (Doedicurinae) is mono-
phyletic, supported mainly by cranial and dorsal carapace 
synapomorphies (Zurita et al. 2014).

However, and despite the advance in the knowledge of 
these late Neogene Doedicurinae of the Pampean region 
of Argentina, other records of the subfamily from North-
western Argentina, where one of the most complete late 
Neogene continental sequences is exposed, are very scarce 
(see Quiñones et al. 2019). In fact, the last revision of glypto-
donts from this area was carried out by Cabrera (1944), and 
Doedicurinae were among the least addressed. According 
to this revision, only one species of Doedicurinae was rec-
ognized in the Neogene sequences, Eleutherocercus solidus 
(Rovereto, 1914), the type material (MACN 8335) being rep-
resented by osteoderms of the dorsal carapace, and coming 
from Santa María Valley (SMV).

During many years, the Santa María Valley was a 
valuable source of palaeontological data, and palaeonto-
logists studied the abundant fossil remains discovered 
there (e.g., Moreno and Mercerat 1891; Ameghino 1891; 
Lydekker 1895; Rovereto 1914, among others). On the other 
hand, the nearby outcrops of the Villavil–Quillay Basin 
(VQB; Catamarca Province, North-western Argentina; see 
Fig. 1A) have not been prospected until 1926, during the 
expedition led by Elmer S. Riggs of the Field Museum of 
Natural History, Chicago, and immediately followed by 
Ángel Cabrera and collaborators of the Museo de La Plata 
in 1927, 1929, and 1930 (see Bonini 2014). During Riggs’ 
field expedition, several remains of mammals including the 
most complete specimens of Glyptodontidae were obtained 
in the VQB, with precise data for their stratigraphic prov-
enance.
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Fig. 1. Geographic and geological maps of the 
Villavil–Quillay Basin, North-western Argentina 
showing location of studied localities in Cata marca 
Province (A) and exposed lithostratigra phic units 
in the Villavil–Quillay Basin (B). Abbreviations: 
CQR, Corral Quemado River; HR, Hualfín River; 
JR, Jarillal River; LR, Loconte River; PCQ, Puerta 
de Corral Quemado; SFN, San Fernando Norte; 
VvR, Villavil River.
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In this context, and as a result of fieldwork carried out in 
the upper Neogene from the Villavil–Quillay Basin, in addi-
tion to a careful revision of paleontological collections from 
the USA and Argentina, new and more complete specimens 
of Doedicurinae are described here, representing the most 
complete late Neogene glyptodonts ever known. This sam-
ple offers the opportunity to carry out a detailed morpholog-
ical and phylogenetic study of these enigmatic cingulates, 
as well as to perform a comparative analysis with the rela-
tively well known Doedicurinae from the Pampean region 
of Argentina, and to test their biostratigraphic importance.

The aims of this paper are: (i) to carry out a detailed 
description and comparison of new and more complete ma-
terials referred to E. solidus; (ii) to provide a taxonomic 
revision of this species and assess its biostratigraphic value; 
(iii) to test its relationships within Doedicurinae in a cladis-
tic framework; and (iv) to discuss some aspects concerning 
the evolutionary history of Doedicurinae in high and middle 
latitudes of South America.

Institutional abbreviations.—FMNH-P, Paleontological col-
lection, Field Museum of Natural History, Chicago, USA; 
MACN, Sección Paleontología Vertebrados, Museo Argen-
tino de Ciencias Naturales “Bernardino Rivadavia”, Buenos 
Aires, Argentina; MCH P, Sección Paleontología, Museo 
Arqueológico Condor Huasi, Belén, Catamarca, Argen-
tina; MLP, División Paleontología Vertebrados, Facul tad de 
Ciencias Naturales y Museo, Universidad Nacional de La 
Plata, Buenos Aires, Argentina; MMP, Museo Municipal de 
Ciencias Naturales “Lorenzo Scaglia”, Mar del Plata, Buenos 
Aires, Argentina; Xen, Collection “Cementos Avel laneda”, 
Olavarría, Buenos Aires, Argen tina.

Other abbreviations.—FAD, First Appearance Datum; 
Mf/mf, upper/lower molariforms; PCQ, Puerta de Corral 
Quemado; SFN, San Fernando Norte; VQB, Villavil–Quillay 
Basin.

Material and methods
The analysis is mainly based on specimens FMNH-P 14437 
and FMNH-P 14446, housed in the Paleontological collec-
tion of the Field Museum of Natural History, and MLP 29-
X-10-29, housed in the Vertebrate Paleontological collection 
of Museo de La Plata.

Systematics partially follow Hoffstetter (1958), Paula-
Couto (1979), McKenna and Bell (1997), and Fernicola (2008). 
All the values included in tables are expressed in millimeters, 
with an error range of 0.5 mm. The description and terminol-
ogy for osteoderms and molariforms follow Zurita (2007), 
Krmpotic et al. (2009), and González-Ruiz et al. (2015).

The description of the units of the Santa María Group 
exposed in the Villavil–Quillay Basin (VQB; i.e., Puerta de 
Corral Quemado and San Fernando Norte localities) was 
based on different stratigraphical and geochronological pro-

posals (Fig. 1B). Therefore, we perform here a theoretical 
model using this information, including stratigraphic, geo-
chronological, and biostratigraphic data of the specimens of 
Doedicurinae found in VQB, in order to provide the chrono-
logical context of the fossils studied here. The provenance 
of the fossils collected by the expedition of Riggs in 1926 
is provided in Marshall and Patterson (1981: appendix 5), 
while the correlation of the volcanic tuffaceous levels was 
made from the contributions of Latorre et al. (1997) and 
Bonini et al. (2017) (see Fig. 2).

In order to test the relationships of Eleutherocercus 
solidus within Doedicurinae, as well as the monophyly of 
Doedicurinae, we performed a cladistic analysis. The ma-
trix includes 23 taxa and 57 morphological characters (see 
SOM, Supplementary Online Material available at http://
app.pan.pl/SOM/app66-Nunez_etal_SOM.pdf). Most char-
acters are based on previous analyses (Fernicola 2008; 
Porpino et al. 2010; Zamorano and Brandoni 2013; Zurita et 
al. 2013, 2014, 2017; Cuadrelli et al. 2020), with the addition 
of six new characters. The characters include five characters 
from teeth, thirteen from the skull, two from the mandible, 
three from the appendicular skeleton, two from the cephalic 
shield, twenty one from the dorsal carapace, and eleven 
from the caudal armor. The new characters are: angle be-
tween naso- frontal and parietal regions located at orbital 
notch level (in lateral view) (char. 5); angle between poste-
rior margin of the orbital notch and the plane of the palate, 
near 90° (char. 7); small foramina with nearly homogenous 
distribution along the exposed surface of the osteoderms 
without ornamentation pattern (char. 34); posterior region 
of the dorsal carapace with a hypertrophied dome-shaped 
glandular structure (char. 38); transverse contour of the dis-
tal third of the caudal tube (char. 49); and ornamentation 
pattern of the dorsal osteoderms of the caudal tube (char. 
51). There are 43 binary characters and 14 non-binary. All 
the characters considered in this study were scored via di-
rect observation of the specimens and from photographs 
taken by the authors, and they were treated with the same 
weight (1.0). Character states that were not preserved were 
coded as “?”. The matrix was obtained with Mesquite 3.04 
(Maddison and Maddison 2018). The character-taxon ma-
trix was analyzed via “Implicit enumeration” using TNT 
(Goloboff et al. 2008), under the criterion of maximum 
parsimony. Clade support was assessed via Relative and 
Absolute Bremer support (retained trees suboptimal by 4 
steps; see Bremer 1994; Goloboff and Farris 2001); in addi-
tion to the Jackknife analysis, we used the option “Implicit 
enumeration” with 100 replicates.

In the phylogenetic analysis the in-group includes the 
following taxa: Eleutherocercus solidus, E. antiquus, and 
Doedicurus clavicaudatus. The remaining genera of Do-
edi curinae (Castellanosia Kraglievich, 1932, Coma pho
rus Ameghino, 1886, Daedicuroides Castellanos, 1941, 
Prodaedicurus Castellanos, 1927, Xiphuroides Castellanos, 
1927, and Plaxhaplous Ameghino, 1884) were excluded 
from this analysis due to the scarcity of characters present 
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in the type materials (mostly limited to very fragmentary 
osteoderms of the dorsal carapace and caudal tube) and 
their dubious specific validity. More specifically, a detailed 
taxonomic revision of these genera is needed before includ-
ing them in a phylogenetic analysis. The extant dasypodid 
Eu phractus sexcintus Linnaeus, 1758, and the pampathere 
Pampatherium humboldtii (Lund, 1839) were used to root 
the tree. In addition, the out-group is composed of Boreo
stemma venezolensis Simpson, 1947 (Boreostema acostae 
(Vil larroel, 1983), Glyptodon jatunkhirkhi Cuadrelli,  Zurita, 
Toriño,  Miño-Boi lini, Perea,  Luna, Gillette, and Medina, 
2020, Gly pto don munizi Ameghino, 1881, Glyptodon retic
ulatus Owen, 1845, Glyptotherium texanum Osborn, 1903, 
Glypto therium cylindricum (Brown, 1912) (Glyptodontinae), 
Pro palaehoplopho rus australis Ameghino, 1887, Eucine
pel tus petestatus Ame ghino, 1891, Cochlops muricatus 
Ame ghino, 1889 (“Pro palaehoplophorinae”), Plohophorus 
figu ratus Ame ghino, 1887, Pseudoplohophorus absolutus 
Perea, 2005 (“Ploho phorini”), Neosclerocalyptus ornatus 
(Owen, 1845), Glyptotherium paskoensis (Zurita, 2002) 
(Neo sclero calyp tini), Hoplophorus euphractus Lund, 1839, 
Pro panoch thus bullifer (Burmeister, 1874), Panochthus 
intermedius Lydek ker, 1895, and P. tuberculatus (Owen, 
1845) (Hoplophorini, Hoplophorinae).

Geological setting
The specimens described here come from late Neogene sed-
iments cropping out in Puerta de Corral Quemado (PCQ) 
(27°13’S/66°55’ W) and San Fernando Norte (SFN) (27°16’ 
S/66°54’ W) in the Villavil–Quillay Basin (VQB), Belén 
Department, Catamarca Province, north-western Argen-
tina. These localities are included in the geological prov-
ince known as north-western Pampean Ranges, and they are 
bounded to the NW by Sierra de Altohuasi and Culampajá, 
to the W by Cerro Durazno, to the SW by Sierra de Fiambalá, 
to the NE by Sierra de Hualfín, to the E by the Farallón 
Negro volcanic complex, and to the SE by the Cerro Pampa 
and Sierra de Belén (Fig. 1).

The glyptodonts studied here come from levels of the 
“Araucanense” and Corral Quemado horizons (sensu Riggs 
and Patterson 1939), cropping out in PCQ, which, with some 
differences at the boundary of units, were correlated with the 
Andalhuala and Corral Quemado formations, respectively 
(for more details about the correlations see Bossi et al. 1987; 
Bossi and Muruaga 2009; Bonini 2014; Esteban et al. 2014; 
Georgieff et al. 2017). Several authors reported radiomet-
ric datings obtained from the tuff levels interbedded in the 
Andalhuala Formation exposed in both localities (Marshall 
et al. 1979; Butler et al. 1984; Latorre et al. 1997; Sasso 1997; 
Bonini et al. 2017). These absolute ages enabled the correla-
tion of both localities and constrained chronologically the 
fossiliferous levels, which highlighted their biostratigraphic 
value, as was indicated by Nuñez-Blasco et al. (2020). The 
specimens studied here and collected in SFN were exhumed 

Fig. 2. Lithostratigraphic, chronological, and paleoenvironmental synthesis 
of San Fernando Norte and Puerta de Corral Quemado sections showing 
the stratigraphical and chronological distribution of Eleutherocercus solidus 
Rovereto, 1914 (modified from Georgieff et al. 2017; Bonini et al. 2020). 
Abbreviations: Ch. Fm., Chiquimil Formation; CQ. Fm., Corral Quemado 
Formation; Pun., Punaschotter.



S84 ACTA PALAEONTOLOGICA POLONICA 66 (SUPPLEMENT TO 3) 2021

from levels of the Andalhuala and Corral Quemado forma-
tions that span from ca. 4.8 to 3.6 Ma in this locality, accord-
ing to the absolute ages proposed by Bonini et al. (2017). On 
the other hand, those coming from PCQ were found in levels 
ranging from ca. 5.64 to 3.66 Ma, following the absolute ages 
proposed by Latorre et al. 1997 (Fig. 2).

Historical background
The species currently known as Eleutherocercus solidus 
was first recognized and described by Rovereto (1914) as 
Neuryurus solidus. The holotype (MACN 8335) consists 
of a small fragment of dorsal carapace, exhumed from 
the Andalhuala locality, Catamarca Province. Some years 
later, Castellanos (1927) included the species in the genus 
Eleutherocercus Koken 1888, proposing a new combina-
tion, Eleutherocercus solidus (Rovereto, 1914). In the same 
contribution, Castellanos (1927) included another spe-
cies in Eleutherocercus, namely E. tucumanus, originally 
Plaxhaplus tucumanus Castellanos, 1927, and designated 
as holotype the specimen MACN 2893, which consists of 
the distal part of a caudal tube, discovered in the vicinity 
of Tiopunco, Tucumán Province. Finally, Cabrera (1944) 
established Eleutherocercus tucumanus (Castellanos, 1927) 
as a junior synonym of Eleutherocercus solidus. Our ob-
servations are in agreement with the synonymy proposed 
by Cabrera (1944) since no significant differences are seen 
when comparing the caudal tubes of both species (see de-
scription and comparisons).

Systematic palaeontology
Xenarthra Cope, 1889
Cingulata Illiger, 1811
Glyptodontia Ameghino, 1889
Glyptodontoidea Gray 1869
Glyptodontidae Gray, 1869
Doedicurinae Trouessart, 1897
Genus Eleutherocercus Koken, 1888
Type species: Eleutherocercus setifer Koken, 1888; Messinian–Zan-
clean of Uruguay.

Emended diagnosis.—Medium sized glyptodont, and smaller 
compared to the giant Doedicurus clavicaudatus. Skull 
with the naso-frontal area ventrally inclined with respect 
to the parieto-occipital region, forming an angle of ca. 140° 
and showing some similitude with the genus Panochthus 
Burmeister, 1866. Orbital notch with vertical posterior mar-
gin, delimiting an angle with respect to the palatal plane of 
ca. 90°. Palate transversally expanded at the level of Mf1, 
but not as evident as in Doedicurus. Mf1 and mf1 sim-
ple and subcircular in outline, somewhat similar to those of 

Doedicurus; the remaining upper molariforms almost identi-
cal to Doedicurus. Dorsal carapace with the posterior region 
forming a “dome”, perhaps of glandular origin. Exposed 
surface of the osteoderms of the dorsal carapace rugose and 
uniformly perforated by numerous and small foramina, a 
few of them crossing the entire thickness of the osteoderms; 
in Doedicurus instead, the foramina are larger and mainly 
concentrated in the central area of the osteoderms, with most 
of them crossing the entire thickness. Caudal tube similar to 
Doedicurus, but with its distal part not as laterally expanded; 
dorsal area of the caudal tube with numerous small foramina 
(as in the dorsal carapace), but preserving in some restricted 
areas a “rosette” ornamentation pattern (i.e., a central figure 
surrounded by several small figures).

Eleutherocercus solidus (Rovereto, 1914)
1927 Eleutherocercus tucumanus; Castellanos 1927: 282.
Holotype: MACN 8335, fragment of carapace composed of three ana-
tomically connected osteoderms, and one isolated osteoderm.
Type locality: Andalhuala, Santa María Department, Catamarca Prov-
ince, Argentina.
Type horizon: “Araucanian”, late Neogene.

Material.—FMNH-P 14437, almost complete skull, mandi-
ble, carapace fragment (postero-dorsal region), complete 
caudal tube, left and right femora, left and right tibio-fib-
ula, from Puerta de Corral Quemado, Belén Department, 
Catamarca Province, Argentina, levels 23–28 (sensu Mar-
shall and Patterson 1981: appendix 5), Andalhuala For-
ma tion (sensu Bossi et al. 1987 ), ~5.64 Ma, Zanclean, 
early Pliocene; FMNH-P 14446, highly deformed dorso- 
ventral skull, carapace fragment (middle or cephalic re-
gion), left hemimandible, incomplete caudal tube, vertebra, 
foot bones, and scapula, from Puerta de Corral Quemado, 
Belén Depart ment, Catamarca Province, Argentina, level 
32 (sensu Marshall and Patterson 1981: appendix 5), Corral 
Quemado Formation (sensu Bossi et al. 1987), above ca. 
3.66 Ma, latest Zanclean–Piacenzian, Pliocene; FMNH-P 
14475, complete skull without molariforms, rib, fragment 
of humerus, vertebrae, and foot bones, from Puerta de 
Corral Quemado, Belén Department, Catamarca Province, 
Argentina, level 20 (sensu Marshall and Patterson 1981: ap-
pendix 5), Andalhuala Formation (sensu Esteban et al. 2014), 
Messinian, late Miocene; MLP 29-X-10-9, highly deformed 
skull, from Puerta de Corral Quemado, Belén Department, 
Catamarca Province, Argentina, unknown stratigraphic 
level, probably upper levels of Andalhuala Formation or 
lower levels of Corral Quemado Formation, Zanclean–
Piacenzian, Plio cene; MCH-P 188, small fragment of car-
apace, San Fernando Norte, Belén Department, Catamarca 
Province, Argentina, located between tuffs dated at ca. 
4.78–4.72 Ma, Andalhuala Formation, Zanclean, Pliocene; 
MCH-P 253, isolated osteoderm from San Fernando Norte, 
Belén Department, Cata marca Province, Argentina, 5 m be-
low the tuff dated at 3.66 Ma, Corral Quemado Formation, 
Zanclean, early Pliocene; MCH-P 325, small fragment of 
carapace, from San Fernando Norte (SE), Belén Department, 
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Catamarca Province, Argentina, found between tuffs dated 
at ca. 3.6 and ca. 4.72 Ma, Zanclean, early Pliocene; MLP 
29-X-10-21, caudal tube from Puerta de Corral Quemado 
(near the road to Loconte), Department of Belén, Catamarca 
Province, Argentina, unknown stratigraphic level, near the 
limit between Andalhuala and Corral Quemado formations, 
Pliocene; MACN 2893, medial-distal portion of caudal tube, 
holotype of Eleuthero cercus tucumanus (Castellanos, 1927), 
from Tiopunco, Depar ment of Tafi del Valle, Tucumán 
Province, Argentina, unknown stratigraphic level.
Emended diagnosis.—Glyptodont similar in size to E. an
tiquus (Table 1). Skull with an evident convex surface de-
limiting the rostral and parieto-occipital areas, more devel-
oped than in E. antiquus. Nasal openings sub-rectangular 
in contour, and somewhat different from the more curved 
lateral margins of E. antiquus and Doedicurus. In dorsal 
view, rostral area more elongated and subrectangular, dif-
ferent from the more subtriangular rostral area observed in 
E. antiquus and Doedicurus. Zygomatic arches with a great 
antero-posterior diameter. In lateral view, posterior margin 
of the orbital notch with an angle of ca. 90° to the palatal 
plane. In occlusal view, widening of the palate at the level 
of the Mf1 less developed compared to E. antiquus and 

Doedicurus. Very high horizontal ramus, almost identical 
to that of Doedicurus. Exposed surface of the osteoderms of 
the dorsal carapace very similar to E. antiquus and very dif-
ferent from Doedicurus. Caudal tube similar to E. antiquus 
in general morphology and preserving in some restricted 
areas a “rosette” ornamentation pattern, different from the 
completely perforated surface observed in Doedicurus.
Description.—Skull and dentition: The skull FMNH-P 14437 
is almost complete and is the best preserved skull of Neogene 
doedicurine, since the two other coming from the upper 
Neogene of the Atlantic coast in the Pampean region do not 
preserve most of the parieto-occipital region (see Zurita et al. 
2014) and since no cranial remains belonging to Doedicurinae 
are known outside Argentina.

In lateral view (Fig. 3A1), it can be observed that the 
dorsal profile of the skull resembles mainly that of cf. 
Eleutherocercus antiquus (MMP 4860) and, to a lesser ex-
tent, that of Doedicurus (MACN 2762, MMP 4251, MLP 
16-24) (Zurita et al. 2014). The naso-frontal area is ventrally 
inclined to the parieto-occipital region, forming an angle of 
ca. 140°. This particular morphology is similar to that of the 
Panochthus, but in E. solidus this character appears behind 
the orbital notch, while in Panochthus it is just at the level 

Fig. 3. Skull of doedicurine glyptodont Eleutherocercus solidus (Rovereto, 1914), FMNH-P 14437, from upper Miocene–Pliocene, Puerta de Corral 
Quemado, Andalhuala Formation, levels 23–28, Argentina; in left lateral (A1) and frontal (A2) views; drawing of detail of orbit notch (A3).

Table 1. Skull linear measurements (in mm) of Eleutherocercus solidus (FMNH-P 14437) and cf. Eleutherocercus antiquus (MMP 4860).

FMNH-P 14437 MMP 4860
Total length 285 230.74
Maximum transverse diameter between zygomatic arches 218 235.18
Height of narial aperture 55.27 71.70
Transverse diameter of narial aperture 71.46 98.82
Transverse diameter of post-orbital region 115.49 108.14
Length of the tooth series 182 144.44 (M1–M6)
Length of the palate 221 157.28
Transverse diameter of the palate at the level of Mf1 47 115.20
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of the orbital notch. As in cf. E. antiquus, a conspicuous 
convex surface separates both regions of the skull, a poten-
tial synapomorphy for the genus. In turn, the orbital notch 
is slightly sub-elliptical, with the main axis dorso-ventrally 
oriented, but less developed compared to cf. E. antiquus and 
some specimens of Doedicurus (MMP 4251). In fact, the 
morphology of the orbital notch seems to be more similar 
between cf. E. antiquus and Doedicurus, compared to E. 
solidus. However, this morphology is different from that of 
Glyptodon and Glyptotherium, in which the orbital notch is 
more circular in outline. The ventral margin of the orbital 
notch shows a bony crest, very similar to that in cf. E. an
tiquus and Doedicurus but less developed than in E. solidus. 
In turn, the posterior margin of the orbital notch is remark-
ably vertical, drawing an angle with respect to the palatal 
plane of ca. 90°, as in cf. E. antiquus and Doedicurus. The 
descending process of the maxillae is more dorso-ventrally 
elongated than in cf. E. antiquus and much more elongated 
compared to Doedicurus, curving towards the posterior re-
gion of the skull, which is especially evident in the ventral 
third of this process. The transverse diameter of the zygo-
matic arch is constant from the region behind the orbital 
notch to the contact with the temporal bone, but the curved 
end is less developed than in Doedicurus. The zygomatic 
arch, remarkably antero-posteriorly developed, is very dif-
ferent from that of cf. E. antiquus and Doedicurus, in which 
it is clearly less antero-posteriorly developed but dorso-ven-
trally higher. The dorsal margin is straight and ventrally 
inclined towards the orbital notch, unlike cf. E. antiquus in 
which this dorsal margin delimits a more concave surface. 
In general, this results in a very different morphology for 
both species (i.e., E. solidus and E. antiquus).

In frontal view (Fig. 3A2), the nasal openings are sub- 
rectangular, as in D. clavicaudatus (MLP 16-24), but differ-
ent from cf. E. antiquus and Doedicurus sp. (MACN 2762), 
in which the lateral margins are somewhat convex, as in 
Plohophorus figuratus and Eosclerocalyptus tapinocepha
lus (Cabrera, 1939). In general morphology, the outline of 
the nasal openings is very different from Glyptodon (G. re
ticulatus and G. munizi), which shows a clear and inverted 
subtriangular outline (see Cuadrelli et al. 2019). In turn, 
the frontal bone shows a great vertical development, similar 
to cf. E. antiquus, and very different from D. clavicauda
tus, Plohophorus figuratus, and G. munizi, in which it is 
clearly less developed. As observed in lateral view, the ven-
tral margin of the orbital notch has a bony crest, similar in 
morphology to that of Doedicurus and much less developed 
compared to cf. E. antiquus. The infraorbitary foramina are 
sub-circular, and in the same relative position as in cf. E. 
antiquus and Doedicurus. In G. munizi and G. reticulatus, 
these foramina are circular, and developing a ventral channel 
(see Zurita et al. 2013; Cuadrelli et al. 2019) not present in 
Doedicurinae. The descending processes of the maxillae are 
in this frontal view very particular and different from those 
of cf. E. antiquus and Doedicurus. In E. solidus, this struc-
ture is much more massive, with a great transverse diameter 

(especially in its ventral half), also resembling D. clavicau
datus. In Glyptodon, these processes have a similar trans-
verse diameter, but in their ventral-most part, they become 
clearly pointed (see Cuadrelli et al. 2019, 2020).

In dorsal view (Fig. 4A1), the general morphology of the 
skull is similar to that of cf. E. antiquus. It is also some-
what similar to D. clavicaudatus. but some differences can 
be noted. In E. solidus, the rostral area ahead of the or-
bital notches is more antero-posteriorly elongated than in 
cf. E. antiquus and Doedicurus, delimiting a sub-rectan-
gular contour. On the contrary, in D. clavicaudatus and 
Doedicurus sp., the rostral area is more sub-triangular, as in 
Panochthus tuberculatus and Plohophorus figuratus. As in 
cf. E. antiquus and Doedicurus, the orbital notches are pos-
teriorly closed by a well-developed post-orbital bar. In E. sol
idus, this post- orbital bar draws an angle of ca. 90° with the 
sagittal plane of the skull, while in the species of Doedicurus 
this angle ranges between 40–50°. The zygomatic arches of 
E. solidus are straight in their antero-posterior length, while 
in Doedicurus they are more laterally expanded, making a 
semicircle. The parietal and frontal bones are remarkably 
wide, especially between the orbital notches and the pos-
terior-most region of the zygomatic arches. The maximum 
diameter of the fronto-parietal region coincides with the 
post-orbital bar. In cf. E. antiquus this morphology is similar, 
although this lateral expansion is not so evident compared to 
E. solidus. On the contrary, in other taxa such us D. clavi
caudatus, Doedicurus sp., G. munizi, Panochthus tubercu
latus, and Plohophorus figuratus, there is a well-developed 
post-orbital narrowing, weekly developed in E. solidus.

In occlusal view (Fig. 4A3, A4), some of the most re-
markable characters for E. solidus involve the morphology 
of the molariforms, the difference in size and shape between 
the Mf1 and the rest of the tooth series, together with the 
expansion of the palate at the level of Mf1. This set of char-
acters is also seen in cf. E. antiquus, D. clavicaudatus, and 
Doedicurus sp., constituting potential synapomorphies for 
Doedicurinae (see Zurita et al. 2014). Mf1 are not lobed, as 
in Doedicurus and cf. E. antiquus. However, in E. solidus 
and Doedicurus it has a circular or sub-circular cross sec-
tion, unlike cf. E. antiquus, in which Mf1 is more elliptical. 
Although there is a clear widening of the palate at the level 
of Mf1, this seems to be less obvious than in cf. E. antiquus 
and species of Doedicurus. The pattern of Mf2 tends to 
trilobation, while Mf3 is clearly trilobated. This feature 
is close to the morphology seen in Doedicurus, in which 
Mf2 already shows a high degree of lobulation, unlike in 
cf. E. antiquus where Mf2 is bilobated. The Mf3 of cf. 
E. antiquus and species of Doedicurus are similar, but in 
E. solidus and cf. E. antiquus the anterior margin of the first 
lobe is more rounded. In E. solidus, from Mf4 onwards, the 
trilobation is very marked and there are no significant dif-
ferences between the other molariforms in the series, except 
that the anterior margin of the first lobe tends to be convex 
in Mf3–Mf4, flat in Mf5, and concave in the last three mo-
lariforms (Mf6–Mf8). In comparative terms, the Mf4–Mf6 
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of cf. E. antiquus, D. clavicaudatus, and Doedicurus sp. are 
very similar to each other, showing a concavity in the labial 
half of the posterior margin of the third lobe, a small detail 
also seen in other species of more distantly related genera, 
such as Plohophorus and Glyptodon. This character is also 
present in E. solidus, but beginning at the level of Mf5 in-
stead of Mf4. In E. solidus, the minimum width of the palate 
is observed at the Mf3 and Mf4 level, while this narrowing 
is observed at the Mf4 and Mf5 level in cf. E. antiquus, 
and at the Mf4 level in Doedicurus. In cf. E. antiquus and 
Doedicurus, two large foramina with an anterior canal are 
present on the palate at the Mf3–Mf4 border, unlike in E. 
solidus in which those could not be detected. Likewise, in 
E. solidus the main axis of Mf1–Mf4 is parallel to the lon-
gitudinal axis of the tooth series, whereas in cf. E. antiquus 
only the main axis of Mf2 is parallel to the longitudinal 
axis, and in Doedicurus sp. only in the last molariforms 
of the series (Mf6–Mf8) are parallel. In other groups, such 
as Plohophorus and Glyptodon, this character is observed 
from Mf4–Mf8. It is worth noting that the skull MLP 29-

X-10-9 presents supernumerary teeth, thus having a total of 
nine molariforms due to the duplication of Mf8. This feature 
was already described on this specimen by Cabrera (1944), 
making the first record of hyperdontia in Eleutherocercus 
and the second record for Glyptodontidae (see González-
Ruiz et al. 2015).

In occipital view (Fig. 4A2), the specimen FMNH-P 
14437 is slightly deformed due to compaction, mainly af-
fecting the maxillary bone. The dorsal outline of the supra-
occipital is rounded and convex, similar to cf. E. antiquus, 
and a marked sagittal crest extends to the nuchal crest. In 
D. clavicaudatus and Doedicurus sp. the dorsal profile of 
the supraoccipital is slightly quadrangular and concave, 
and the sagittal crest cannot be seen in this view. In G. re
ticulatus the dorsal profile of the supraoccipital is convex 
and continues laterally with the nuchal crest. In E. solidus, 
the foramen magnum is sub-elliptical, with its main axis 
transversally oriented. In D. clavicaudatus and Doedicurus 
sp. it is circular, while in G. reticulatus it is distinctly rhom-
boidal.

Fig. 4. Skull of doedicurine glyptodont Eleutherocercus solidus (Rovereto, 1914), FMNH-P 14437, from the late Miocene–early Pliocene of Argentina, 
Puerta de Corral Quemado, Andalhuala Formation, levels 23–28, Argentina; in dorsal (A1) and occipital (A2), and (A3) occlusal views; drawing of detail 
of the first five molariforms (A4). In white teeth the occlusal surface is covered by sediment.
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Mandible: The material includes FMNH-P 14437 (Fig. 5), 
represented by a complete and very well-preserved mandible, 
in addition to another hemi-mandible (FMNH-P 14446). The 
general morphology is almost identical to that of Doedicurus, 
although both taxa are temporally separated by more than 
4 My. This highlights the conservative dentary morphol-
ogy observed in this lineage, coinciding with the obser-
vations carried out in other glyptodont clades, such as the 
Neosclerocalyptini Neosclerocalyptus (see Quiñones et al. 
2020).

In lateral view (Fig. 5A1), the mandible is very robust, 
at the level of both the ascending and horizontal rami, as 
in Doedicurus. The ventral margin of the horizontal ra-
mus is notably concave, much more than that of Glyptodon, 
Panochthus, and Neosclerocalyptus, reaching its maximum 
height at the level of the mf4 and mf5. The angle between 

the symphysial region and the middle and posterior border 
of the mandibular body is ca. 140°, as in Doedicurus, some-
what different from Glyptodon, in which this angle reaches 
150°. Like the mandibular body, the ascending ramus is very 
robust, with a great antero-posterior diameter, which rep-
resents the total length of the tooth series from mf1 to mf6, 
as in Doedicurus. As in Doedicurus, Neosclerocalyptus, 
and Glyptodon, the ascending ramus is inclined forwards, 
drawing an angle of 65° between its anterior margin and the 
alveolar margin; this anterior margin is at the level of mf5, 
as in the genera Doedicurus and Glyptodon, and different 
from Neosclerocalyptus, in which it is located at the level of 
mf6. The sigmoid notch is very developed and similar to the 
notch in Doedicurus, while the posteroventral margin of the 
ascending ramus shows a very conspicuous angular process 
at the level of the posterior margin of the third lobe of mf8. 
In turn, the posterior margin of the ascending ramus is con-
cave, especially in its dorsal-most third, as in Doedicurus, 
but different from Neosclerocalyptus, Panochthus, and 
Glyptodon, which show a straighter edge.

In occlusal view (Fig. 5A2), the pre-dental region of the 
symphysis is 76 mm long proximo-distally, widening in the 
most distal portion, where two large mental foramina are 
seen on the ventral side. The mandibular symphysis ends at 
the level of the second lobe of mf4, as in Neosclerocalyptus, 
Glyptodon, and Panochthus.

Molariforms: (Fig. 5A2). The mf1 is sub-circular in sec-
tion, and the smallest compared to the rest of the molari-
forms (mf2–mf8). In Doedicurus sp. and cf. E. antiquus 
this molariform is subcircular to subtriangular and similarly 
smaller than other molariforms. The mf2 of E. solidus is 
elliptical in outline, with irregular edges, lacking a defined 
pattern, so that no clear tendency towards bilobulation or 
trilobulation is observed. On the contrary, in Doedicurus 
sp., mf2 is completely trilobulated. This particular morphol-
ogy observed in the mf1, mf2 of Doedicurinae markedly 
contrasts with that of Glyptodon, in which a very conspic-
uous trilobulation is seen from the mf1 (this character be-
ing a synapomorphy of the genus; see Zurita et al. 2013; 
Cuadrelli et al. 2020), together with a limited variation of 
size along the molariform series. The mf3 shows some ten-
dency towards trilobulation, but not as marked as in the rest 
of the posterior molariforms. The mf4–mf8 are completely 
trilobulated, as in cf. E. antiquus; in addition, the general 
morphology of the last molariforms of E. antiquus and E. 
solidus is very similar to those of D. clavicaudatus and 
Doedicurus sp.

Osteoderms: Associated with the material described 
above, some fragments of dorsal carapace were found. This 
allows for careful comparisons with the holotype of E. sol
idus (MACN 8335; see Fig. 6A) and, consequently, to refer 
the specimens here analyzed to this species, greatly improv-
ing its morphological characterization. Other remains were 
found in nearby localities, but mostly corresponding to iso-
lated osteoderms and small fragments of carapace (MCH-P 
188, 253, and 325; Fig. 6D).

Fig. 5. Mandible of doedicurine glyptodont Eleutherocercus solidus (Rove-
reto, 1914), FMNH-P 14437, from, upper Miocene–Pliocene, Puerta de 
Corral Quemado, Andalhuala Formation, levels 23–28, Argentina; in left 
lateral external (A1), and occlusal (A2) views.
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The fragment of dorsal carapace of FMNH-P 14446 
(Fig. 6B) is composed of 11 associated osteoderms, of which 
six are complete. The osteoderms are hexagonal and prob-
ably correspond to the middle or cephalic part of the cara-
pace, as observed in other glyptodonts. The exposed surface 
is rugose and has several small foramina irregularly dis-
tributed. Most of these foramina do not penetrate the entire 
thickness of the osteoderms, as in cf. E. antiquus (see Zurita 
et al. 2014) and the type material of E. solidus. This clearly 
differs from the morphology observed in Doedicurus, in 
which the osteoderms are much thicker, and the foramina 
tend to be, in small number, located in the middle region 
of the osteoderm, piercing its entire thickness. The other 
fragment (FMNH-P 14437; see Fig. 6C) belongs to the pos-
tero-dorsal region. The high degree of fusion between os-
teoderms prevents from inferring their exact number in this 
fragment. As in FMNH-P 14446 and the holotype of E. 
solidus, the exposed surface shows several small foram-
ina irregularly distributed (see Rovereto 1914). The most 

marginal osteoderms are extremely irregular in shape and 
have an anomalous fibrous texture. On the left lateral half 
of this fragment, part of an irregular dome-like structure 
can be seen. The high degree of fusion indicates that this is 
the anterior region of the “dome”. This particular structure 
(of glandular origin?) has been reported by other authors 
as characterizing the genus Eleutherocercus (see Moreno 
1888; Lydekker 1895; Ameghino 1920; Chimento et al. 
2010). We therefore suggest, agreeing with the proposal of 
Chimento et al. (2010), that it could represent part of a glan-
dular system located at the level of the posterior part of the 
pelvic girdle. Supporting this hypothesis, several specimens 
of the Glyptodontinae Glyptodon show very large foramina 
at the intersection between the annular and radial sulci, in 
the same region of the dorsal carapace (see Zurita et al. 2016; 
Cuadrelli et al. 2019).

Caudal tube:  FMNH-P 14437 includes an almost com-
plete caudal tube, but its exposed surface is not well pre-
served, precluding the observation of the ornamentation 

Fig. 6. Osteoderms of doedicurine glyptodont Eleutherocercus solidus (Rovereto, 1914) from Pliocene of Argentina. A. MACN 8335 (holotype), small 
carapace fragment, from Andalhuala, “Araucanian” (late Neogene). B. FMNH-P 14446, carapace fragment (middle or cephalic region), from Puerta de 
Corral Quemado, Corral Quemado Formation, level 32. C. FMNH-P 14437, carapace fragment (the arrow is pointing the postero-dorsal region showing 
the modified osteoderms that constitute the “dome” structure), from Puerta de Corral Quemado, Andalhuala Formation, levels 23–28. D. MCH-P 188, 
small fragment of carapace, from San Fernando Norte, Andalhuala Formation. 
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pattern. However, its general morphology can be inferred. 
Although its transverse diameter is quite similar along its 
antero-posterior length, the caudal tube is slightly more lat-
erally expanded at the proximal end, whereas the distal- most 

part is clearly rounded and blunt. In lateral view, the caudal 
tube shows a greater dorso-ventral diameter (ca. 30%) in its 
proximal part, being more flattened towards the distal end. 
MLP 29-X-10-21 (Fig. 7A) and MACN 2893 (holotype of 

Fig. 7. Caudal tubes of doedicurine glyptodont Eleutherocercus solidus (Rovereto, 1914), from upper Miocene–Pliocene of Argentina. A. MLP 29-X-10-21, 
from Puerta de Corral Quemado (near the road to Loconte), unknown stratigraphic level; in lateral (A1) and dorsal (A2) views; drawing of detail of dorsal 
osteoderm (A3). B. MACN 2893 (holotype of E. tucumanus Castellanos) from Tiopunco, unknown stratigraphic level; in lateral (B1) and dorsal (B2) views; 
drawing of detail of dorsal osteoderm (B3).
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E. tucumanus, Fig. 7B) preserve the exposed surface, with 
a clear ornamentation pattern. In dorsal view, the orna-
mentation displays a “rosette” pattern. In each osteoderm 
the central figure is slightly concave, surrounded by 7–8 
smaller and angular peripheral figures. The principal sulcus 
surrounding the central figure bears several small foramina. 
In some specimens (e.g., MLP 29-X-10-21) the foramina 
are more developed in the proximal half of the caudal tube, 
while in others (e.g., MACN 2893) they are present along the 
antero-posterior diameter, but this could be probably due to 
taphonomic factors. On the lateral sides, near both margins, 
there is a row of large figures with a very rugose surface, 
which become more numerous towards the distal end of the 
tube. In lateral view, six or seven lateral figures are present, 
increasing in size towards the distal end, as in Panochthus 
and Doedicurus. Unlike in Panochthus, in Eleutherocercus 
(as well as in Doedicurus) the surface of these figures is con-
cave, very rugose and striated. Instead, in Panochthus and 
Hoplophorus these figures display a “spine-like” morphol-
ogy. In E. solidus, lateral figures are separated from each 
other by a single row of foramina, but the proximal ones also 
show some peripheral figures. On the distal end of MACN 
2893, there are two large figures on each margin, one being 
more dorsal and the other being more ventral and somewhat 
larger. The contact area between both figures (dorsal and 
ventral) coincides with the midline of the lateral sides of the 
tube. Despite some similarities with Doedicurus, the mor-
phology of the caudal tube of Eleutherocercus shows some 
differences. In Doedicurus, the distal end of the caudal tube 
is very laterally expanded, similar to a club. The rosette 
ornamentation pattern of Eleutherocercus is not observed 
in Doedicurus; in the latter, the surface is smooth with 
numerous foramina similar in morphology to those of the 
dorsal carapace.

However, the most evident differences between the gen-
era Doedicurus and Eleutherocercus are observed at the 
distal end of the caudal tube, specifically in the location 
and number of the large rugose figures. In Eleutherocercus 
these figures are numerous, ranging 10–14 depending on the 
specimen. From the most distal end of the tube to a proximal 
position they are located as follows: four at the most distal 
end, grouped into two pairs, one pair placed in the dorsal 
surface, and the other two in the ventral surface, the latter 
being a larger pair; in the dorsal area of the distal end there 
is a total of up to five figures, grouped into a distal row of 
three and another more proximal composed of two figures. 
In turn, the ventral area shows the same ornamentation 
pattern to that observed in the dorsal surface. On the other 
hand, in Doedicururs these figures are reduced in number 
to only 8. From the most distal end of the tube to a proximal 
position they are located as follows: a pair of symmetrical 
figures at the most distal end of the caudal tube; four im-
mediately behind, in a more proximal position and grouped 
in two pairs, one pair in a dorsal position and the other in a 
ventral position; and finally two more symmetrical figures 
in a mid-lateral position, the latter being the largest.

Phylogenetic affinities of 
Eleutherocercus solidus
The cladistic analysis resulted in one most parsimonious 
tree (MPT) (RI = 0.91 and CI = 0.79; length = 97 steps), see 
Fig. 8.

Two major radiations are observed in the topology. In 
the first one, supported by synapomorphies 20:0 and 40:0, 
Propalaehoplophorus australis is the most basal taxon. 
However, “Propalaehoplophorinae” is not a monophyletic 
group, since the three species generally placed in that group (P. 
australis, Eucinepeltus petestatus, and Cochlops muricatus) 
branch sequentially, with Cochlops muricatus being recov-
ered as the sister group of the remaining diversity, recognized 
as valid in this analysis (Plohophorini, Neosclerocalyptini 
+ Hoplophorini [Hoplophorinae] and Doedicurinae sensu 
Zurita et al. 2014; synapomorphy 48:2 and the ambiguous 
synapomorphies 24:1; 42:0; 52:1). This is in agreement with 
the topologies reported by Zurita et al. (2013, 2014), Quiñones 
et al. (2020), and Cuadrelli et al. (2020).

The clade formed by Pseudoplohophorus absolutus and 
Plohophorus figuratus (ambiguous synapomorphy 29:1) is 
recovered as the sister group of the remaining members of this 
radiation (Doedicurinae and Hoplophorinae [Hoplophorini 
+ Neosclerocalyptini] sensu Zurita et al. 2014; synapomor-
phy 17:2). In turn, the subfamily Doedicurinae appears as 
a well supported clade, condition based on several cranial 
and postcranial characters (synapomorphies 7:1; 12:1; 16:1; 
26:0; 27:2; 30:2; 35:3; 50:2; 54:1 and ambiguous synapomor-
phies 11:1; 42:3; 49:1). It includes the genera Doedicurus and 
Eleutherocercus, and shows a similar topology to that ob-
tained by Zurita et al. (2014). Within Doedicurinae, the ge-
nus Eleutherocercus includes the two species (E. antiquus 
+ E. solidus) and several cranial and postcranial charac-
ters support its condition of natural group (synapomorphies 
34:1; 38:1; 56:1 and ambiguous synapomorphies 4:0; 45:0). 
On the other hand, within Hoplophorinae sensu Zurita et al. 
2014 (synapomorphies 2;1 14:1; 21:1) a sister group relation-
ship between the tribes Neosclerocalyptini (N. ornatus + N. 
paskoensis; synapomorphies 3:1; 9:3; 37:0) and Hoplophorini 
(synapomorphies 8:1; 41:1; 53:1 and ambiguous synapo-
morphy 49:1) is recovered, with the genus Hoplophorus 
as sister taxon of Propanochthus + Panochthus (26:3; 33:1; 
51:2 and ambiguous synapomorphy 29:1). The position of 
Propanochthus bullifer as sister group of Panochthus spp. 
suggests that the former may be interpreted as belonging to 
the latter genus.

The second radiation of Glyptodontidae is that of 
Glyptodontinae (synapomorphies 17:3; 22:0; 40:1 and am-
biguous synapomorphy 15:0). This subfamily includes the 
tribes Boreostemmini (sensu Cuadrelli 2020), represented 
by Boreostemma (synapomorphies 43:1 and the ambigu-
ous synapomorphy 31:1) and Glyptodontini (sensu Cuadrelli 
2020; synapomorphies 0:1; 6:1; 9:1; 23:0; 26:1; 28:1; 42:2 and 
the ambiguous synapomorphy 24:1). In turn, Glyptodontini 
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Fig. 8. Phylogeny of Glyptodontidae based on TNT parsimony analysis of 57 osteological characters from 23 taxa (tree length 97 steps; Consistency 
Index 0.79; Retention Index 0.91). The numbers above each node represent Jackknife values; numbers under each node show relative Bremer support 
(right) and absolute Bremer support (left). Node A: Glyptodontinae (taxa in white correspond to Glyptotheriini; taxa in blue correspond to Glyptodontini); 
Node B: Doedicurinae (taxa in red); Node C: Hoplophorinae (taxa in yellow correspond to Neosclerocalyptini; taxa in green correspond to Hoplophorini). 
Chronostratigraphic calibration of the phylogenetic relationships of Neogene Glyptodontidae is compared to benthic foraminifera δ18O values from 
Zachos et al. (2001) to visualize the evolution of the Doedicurinae clade in the context of paleoenvironment and climate changes throughout the Neogene 
in north-western Argentina. Abbreviations: LOW, Late Oligocene Warming; MMCO, Middle Miocene Climatic Optimun; LMC, Late Miocene Cooling; 
PCO, Pliocene Climatic Optimun; Exp. C4 plants, expansion of C4 plants; VQB, Villavil-Quillay Basin.
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is divided into two subtribes, Glyptodontina (synapomor-
phies 1:1; 10:1; 14:0; 32:1; 55:0) that gathers species of the 
Glyptodon, and Glyptotheriina (synapomorphies 35:1; 36:1; 
55:1) including species of the Glyptotherium.

Discussion
Glyptodonts constitute one of the most spectacular cingu-
late radiations in America (Zurita et al. 2016), and their 
evolutionary history appears to be mostly related to the 
appearance and development of open biomes since the late 
Eocene–Oligocene (Carlini et al. 2010; Mitchell et al. 2016; 
Zachos et al. 2001, 2008; Fig. 8). The biomechanical evi-
dence interpreted glyptodonts as grazers, although some 
kind of niche partitioning was suggested by some authors 
(Vizcaíno et al. 2012).

Although the Paleogene evidence is still very scarce and 
mostly limited to osteoderms of the dorsal carapace, an inter-
esting diversification is observed, represented by two morpho-
types, one included in the subfamily “Propalaehoplophorinae” 
and the other in the poorly known “Glyptatelinae”. This early 
diversification could be related to the progressive aridization 
and development of open areas since the latest Eocene–early 
Oligocene, and is mostly restricted to the Patagonian region 
of South America (Cuadrelli et al. 2020).

Since the early–middle Miocene (ca. 19–17 Ma) a 
marked increase in the records of glyptodonts is observed, 
with the first well-documented Neogene radiation repre-
sented by the “Propalaeoplophorinae” and the enigmatic 
Parapropalaehoplohorus septentrionalis in southern South 
America (Croft et al. 2007; Vizcaíno et al. 2010; González 
Ruiz et al. 2020). This evolutionary process may have co-
incided, at least in part, with the Middle Miocene Climatic 
Optimum (MMCO) (Zachos et al. 2001; Croft et al. 2016).

From an evolutionary standpoint, the “Propalaehoplo-
phorinae” (i.e., Propalaehoplophorus, Eucinepeltus, and 
Cochlops) are the most basal taxa of a large southern South 
American radiation that includes most of the known diversity 
of glyptodonts, the other large radiation being represented 
by the Glyptodontinae (Carlini et al. 2008; Zurita et al. 2013; 
Cuadrelli et al. 2020). In this framework, this first large 
southern lineage that begins with Propalaehoplophorus 
australis, underwent, according to the fossil record, a diver-
sification process since the late Miocene–earliest Pliocene, 
with the first record of several lineages, some of them with 
long biochrons that reached the latest Pleistocene (Zurita 
et al. 2016). Interestingly, this major diversification seems 
to have mainly occurred in high latitudes instead of trop-
ical and intertropical regions of South America, where 
the diversification was mostly limited to the subfamily 
Glyptodontinae during the Miocene and Pliocene (Zurita et 
al. 2013; Cuadrelli et al. 2020).

In this context, in our phylogenetic analysis, Doedicurinae 
appears as a well supported clade, including until now the 
genera Eleutherocercus and Doedicurus as sister groups. 

In turn, Doedicurinae is included in a large southern South 
American clade, which is in agreement with several previ-
ous analyses (see Zurita et al. 2013; Cuadrelli et al. 2020; but 
see Fernicola 2008; Fernicola and Porpino 2012 for another 
interpretation). As occurs with most of the taxa composing 
this large clade, the evolutionary history of Doedicurinae 
was restricted to high and middle latitudes.

From a chronostratigraphic view point, the records of 
E. solidus come from the Corral Quemado and Andalhuala 
formations, specifically, the stratigraphic levels chronolog-
ically located in a latest Messinian to Piacenzian interval 
(ca. 6–3 Ma, latest Miocene–Pliocene). FMNH-P 14475 is 
considered here as the First Appearance Datum (FAD) of 
Eleutherocercus solidus in VQB, recorded in level 20 (sensu 
Stahlecker in Marshall and Patterson 1981: appendix 5), 
which is located in the stratigraphic section 1100–1200 m 
at ca. 6 Ma (see Fig. 2). This inferred interval is similar to 
the one postulated for the geological units in the Pampean 
region of Argentina where remains of E. antiquus (Monte 
Hermoso Formation) and cf. E. antiquus (Chapadmalal 
and El Polvorin formations) are recorded, which span ca. 
5.2–2.8 Ma (Zanclean to Piacenzian) (Zárate et al. 2007; 
Beilinson et al. 2017; Quiñones et al. 2020). This implies that 
both species of the genus partially overlap in time (Pliocene), 
but in different regions of southern South America (Zurita 
2007; Cione et al. 2000).

During the late Miocene–early Pliocene, a series of paleo-
environmental changes have been documented in the fossil-
iferous sediments of northwestern Argentina. These changes 
have been related to floristic (i.e., C3/C4 ratio), tectonic (i.e., 
rising of mountain ranges), and climatic events (i.e., general-
ized aridification, seasonality) (Hynek et al. 2012; Georgieff 
et al. 2017; Armella and Bonini 2020), which probably af-
fected the development and evolution of herbivorous faunas 
(Cerling et al. 1998; MacFadden et al. 1999; MacFadden 
2005). The FAD of E. solidus in VQB is synchronous to 
large eolian deposits representing arid conditions, which are 
identified in different locations along the basin (see Muruaga 
2001; Hynek et al. 2012; Esteban et al. 2014; Georgieff et al. 
2017). Likewise, these deposits coincide with the period in 
which C4 becomes an important component in the diet of 
large herbivores (Hynek 2011), before becoming dominant 
after 4 Ma (Latorre et al. 1997). As stated above, the gen-
eral morphology of the mandible and teeth of E. solidus is 
almost identical to that of Doedicurus, which has the highest 
hypsodonty index among glyptodonts (Vizcaíno et al. 2011). 
These anatomical features can be interpreted as a way of 
increasing the mechanical capacity in relation to accidental 
consumption of abrasive particles (i.e., sand, dust, volcanic 
glass) adhering to the surface of plants (Janis 1988; Candela 
and Bonini 2017) or the ingestion of large amounts of food 
with low nutritive value (Vizcaíno et al. 2011; see Fig. 9).

The high frequency of records suggests that Doedi-
curinae were dominant elements in the late Neogene pa-
laeofauna in both the Pampean and northwestern regions. 
However, preliminary studies of the El Polvorín Formation 
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(Pliocene–earliest Pleistocene) reveal a decrease in the fre-
quency of records of Doedicurinae towards the Pleistocene 
(Quiñones et al. 2020). In this framework, and taking into 
account that most of the glyptodonts present a rich fossil 
record in South America (see Zurita et al. 2009), we sug-
gest that this very low frequency of records of Pleistocene 
Doedicurinae in most of South America (perhaps except 
for some areas of Uruguay) is reflecting a genuine process 
in which Pleistocene Doedicurinae were very reduced in 
the number of specimens compared to the other genera 
(ie., Glyptodon, Panochthus, and Neosclerocalyptus). It is 
interesting to note that it is quite common to find some as-
sociated specimens of Pleistocene glyptodonts in southern 
South America, suggesting some kind of gregarious habit. 
However, this was not reported for Doedicurus since all 
the records correspond to single specimens. Although more 
evidence is necessary, this could suggest that Doedicurus 
developed solitary habits.

Outside Argentina, Neogene Doedicurinae is also re-
corded in the Pliocene of Inchasi, Bolivia (ca. 3.3–4 Ma; see 
MacFadden et al. 1993; Cione and Tonni 1996), and Uruguay 
(Koken 1888; Toriño and Perea 2008), at high and middle 
latitudes. Doedicurinae (together with Glyptodontinae) were 
some of the most frequently recorded glyptodonts in the 
Pliocene sequences of Inchasi, Bolivia (AEZ, personal obser-
vations). The northernmost record of a Doedicurinae comes 
from the Pliocene of Ayo Ayo, near La Paz (Bolivia), at a lat-
itude of ca. 16°30 .́ Based on the high frequency of Neogene 
records of Doedicurinae in Uruguay, some authors recog-
nized several endemic taxa, among them Prodaedicurus 
and Castellanosia (Toriño and Perea 2008). However, it 
cannot be ruled out that some (if not all) could belong to 
the same taxon. More complete remains are needed to test 
this taxonomic hypothesis. Indeed, unlike north-western and 
Pampean regions of Argentina, where Doedicurinae is repre-

sented by several relatively complete specimens, the remains 
from Bolivia and Uruguay are mostly represented by osteo-
derms of the dorsal carapace and some caudal tubes, a situa-
tion that hinders their taxonomic identification. No remains 
of Doedicurinae are known from the Pleistocene of Bolivia 
and Peru. However, it seems that during the late Neogene 
(latest Miocene–Pliocene) Doedicurinae reached a wide lat-
itudinal distribution from ca. 16°30´ (La Paz, Bolivia) to ca. 
38°58´ (Monte Hermoso, Argentina), being a frequent com-
ponent within glyptodont assemblages.

During the Pleistocene (ca. 2.6–0.011 Ma), Doedicurinae 
underwent a marked latitudinal retraction as the Doedicurus 
is geographically restricted to the Pampean region of Argen-
tina (Ameghino 1889; Carlini and Scillato-Yané 1999), 
Uruguay (Ubilla et al. 2004; Zurita et al. 2009) and south-
ernmost Brazil (Oliveira 1992; Pereira et al. 2012). In this 
scenario, the paleontological evidence agrees with the geo-
graphic distribution predicted by Varela et al. (2018; species 
distribution models).

It is worth noting that the largest (Doedicurus) and the 
smallest (Neosclerocalyptus) glyptodonts were the most lati-
tudinally restricted during the Pleistocene, with Doedicurus 
being the most geographically constrained (Zurita et al. 
2009; Quiñones et al. 2020). This progressive latitudinal 
retraction of Doedicurinae since the Pleistocene is quite 
intriguing because it is exactly opposite to that of the other 
Pleistocene lineages (e.g., Glyptodon and Panochthus) of 
South American glyptodonts. In the latter, an increase in 
body mass is related to an increase in the latitudinal dis-
tribution (see Cuarelli et al. 2020), as is currently observed 
in some African megamammals (i.e., Hippopotamus am
phibius) that have a body mass similar to that inferred for 
Doedicurus (ca. two tons; Soibelzon et al. 2012; Vizcaíno 
et al. 2011). The co-ocurrence of Doedicurus and at least 
three other genera of glyptodonts (i.e., Neosclerocalyptus, 

Fig. 9. Hypothetical life reconstruction of the extinct Eleutherocercus solidus (Rovereto, 1914), based on the new specimens described here. Credit: Pedro 
Cuaranta.
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Panochthus, and Glyptodon) in the Pampean region of 
Argentina, Uruguay, and southern Brazil, suggests niche 
partitioning, in agreement with evidence from stable isotope 
analyses (see Domingo et al. 2012; Melo-Franca et al. 2015) 
and biomechanical studies (see Vizcaíno et al. 2011; Pomi 
2008). According to Cione et al. (2015), the hypothetically 
low primary productivity of these glacial ecosystems could 
have led to a lower number of individuals for each species, 
also stimulating a partition of resources as a key strategy to 
survive in these areas, especially during glacial stages (see 
Domingo et al. 2020).

Accordingly, our observations reveal that the frequ-
ency of records of Doedicurus is one of the lowest within 
Pleistocene glyptodont diversity in southern South America. 
Therefore, it is possible that the number of individuals of 
Doedicurus living in the same area at the same time was 
low, as suggested by the fossil record.

This geographic retraction, which probably started in 
the latest Neogene or early Pleistocene, could be related to 
the progressive cooling and aridization observed since the 
Pliocene, which intensified during the Pleistocene in south-
ern South America. Despite this phenomenon, Doedicurus 
is one of the last survivors of the South American Pleistocene 
megafauna, as it is recorded until the latest Pleistocene in 
the Pampean region, a pattern that suggests that this area 
acted as a refuge for the last member of the megafauna be-
fore its extinction (see Politis et al. 2019).

Conclusions
(i) Eleutherocercus solidus is the only well characterized 
Doedicurinae in North-western Argentina, with a biochron 
that spans from the latest Miocene to Pliocene; (ii) the man-
dibular and dental morphology of E. solidus (almost iden-
tical to Doedicurus, the most hypsodont glyptodont ever 
known) reveals that the temporal distribution of this species 
coincides with a spread of C4 plants in northwestern of 
Argentina; (iii) the other species of the genus, E. antiquus, 
shows a similar temporal distribution (Pliocene), but living 
in a different biogeographical area (i.e., the Pampean region 
of Argentina); (iv) the Eleutherocercus is a well supported 
clade, sister group of the giant late Pleistocene Doedicurus 
clavicaudatus; (v) Eleutherocercus spp. + Doedicurus con-
stitutes the subfamily Doedicurinae, which in turn forms 
part of a large southern South American glyptodont radia-
tion starting, at least, in the early Miocene, in the Patagonian 
region of Argentina; (vi) contrary to what was observed 
for the diversity of the other Pleistocene glyptodonts (i.e., 
Neosclerocalyptus, Panochthus, and Glyptodon), Doedi-
curinae underwent a latitudinal retraction ending with the 
giant Doedicurus being limited to the Pampean region of 
Argentina, Uruguay, and southernmost Brazil during the 
late Pleistocene; (vii) the hypothetic relationship between 
body mass (with some specimens of Doedicurus achieving 
ca. two tons) and latitudinal retraction suggests that the 

cyclic climate changes during the Pleistocene could have 
played an active role in the final steps of the evolutionary 
history of glyptodonts in South America.
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New hadrosaurid postcranial material is reported, collected near Presa San Antonio, Parras de la Fuente municipality, 
Coahuila, Mexico, in a sedimentary sequence belonging to the upper Campanian of the Cerro del Pueblo Formation, in 
the Parras Basin. The skeletal remains include partial elements from the pelvic girdle (left ilium, right pubis, ischium, 
and incomplete sacrum), a distal end of a left femur, almost complete right and left tibiae, right metatarsals II and IV, 
cervical and caudal vertebrae. Also, partially complete forelimb elements are present, which are still under preparation. 
The pubis shows characters of the Lambeosaurinae morphotypes, but the lack of cranial elements does not allow us to 
directly differentiate this specimen from the already described hadrosaurid taxa from the studied area, such as Velafrons 
coahuilensis, Latirhinus uitstlani, and Kritosaurus navajovius. This specimen, referred as Lambeosaurinae indet., adds 
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Introduction
Hadrosaurids are a very distinctive and common group of 
ornithopod dinosaurs in Late Cretaceous ecosystems. Their 
stratigraphic range begins in the late Santonian and ends 
together with the other non-avian dinosaurs at the K/Pg ex-
tinction event at the end of the Maastrichtian. They also have 
a wide geographical distribution, as specimens of this clade 
have been found on all continents except Oceania (Horner 
et al. 2004; Lund and Gates 2006; Prieto-Márquez 2010a; 
Longrich et al. 2021). These ornithopods differ from the 
other groups of dinosaurs due to the adaptations of the nasal 
region, where the bones have been modified in specialized 
structures such as cranial crests (e.g., Lull and Wright 1942; 
Ostrom 1961b). Furthermore, they present a complex dental 
arrangement made up of different series of rows of teeth and 
keratinous bills that allowed them a more efficient herbiv-

orous diet (Morris 1970; Nabavizadeh 2014; Nabavizadeh 
and Weishampel 2016). Most of the diagnostic elements for 
this family are found in the cranial region (Prieto-Márquez 
2010b), from which large number of species has been dif-
ferentiated. However, the pectoral and pelvic girdles also 
provide a wide range of taxonomic information that does not 
always receives the proper importance (Brett-Surman 1989; 
Campione 2014).

In Mexico, the Hadrosauridae presents the widest re-
cord of any group of dinosaurs, with most of the reports 
coming from the northern region (Ramírez-Velasco et al. 
2014; Rivera-Sylva and Carpenter 2014; Ramírez-Velasco 
and Hernández-Rivera 2015). Despite this, the study of 
Mexican specimens has been relatively scarce due to 
the fragmentary condition of most of the specimens, al-
though the number of hadrosaurid studies in Mexico has 
recently increased (Kirkland et al. 2006; Serrano-Brañas 
et al. 2006; Ramírez-Velasco et al. 2014; Serrano-Brañas 
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and Espinosa-Chávez 2017; Rivera-Sylva et al. 2019a; 
Rybakiewicz et al. 2019).

The Cerro del Pueblo Formation is one of the most stud-
ied geological formations in Mexico with a very diverse 
faunal record, composed mainly of dinosaurs and other rep-
tiles (Wolleben 1977; Rodriguez-de la Rosa and Cevallos-
Ferriz 1998; Kirkland et al. 2000; Cifuentes-Ruiz et al. 
2006; Rivera-Sylva and Espinosa-Chávez 2006; Loewen et 
al. 2010; Brinkman 2014; Rivera-Sylva et al. 2018, 2019b; 
Serrano-Brañas et al. 2020), flora (Rodriguez-de la Rosa 
and Cevallos-Ferriz 1994; Estrada-Ruiz and Cevallos-
Ferriz 2007; Estrada-Ruiz et al. 2009; Cevallos-Ferriz and 
Vázquez-Rueda 2016), and trace fossils (Rodriguez-de la 
Rosa and Cevallos-Ferriz 1998; Rodríguez-de la Rosa 2007; 
Rivera-Sylva et al. 2017; Serrano-Brañas et al. 2018a, b, 
2019). Three hadrosaurid taxa are known so far from this 
formation: Kritosaurus navajovius Brown, 1910 (Kirkland 
et al. 2006; Prieto-Márquez 2014b), Latirhinus uitstlani 
Prieto-Márquez and Serrano Brañas, 2012 (Prieto-Márquez 
and Serrano Brañas 2012) and Velafrons coahuilensis Gates, 
Sampson, Delgado de Jesús, Zanno, Eberth, Hernandez-
Rivera, Aguillón-Martínez, and Kirkland, 2007 (Gates et 

al. 2007). The latter species was described based on cranial 
elements only, despite the fact that there are a number of 
preserved postcranial elements.

We describe a new hadrosaurid specimen consisting only 
of postcranial material from the Cerro del Pueblo Formation 
collected in Parras de la Fuente municipality, Coahuila, 
Mexico. The study of these materials would allow for better 
overview of the faunal diversity within the fossil ecosys-
tems of the Upper Cretaceous in Mexico and provide a more 
robust anatomical knowledge of the species of the region.

Institutional abbreviations.—AEHM, Amur Natural His-
tory Museum of the Far Eastern Institute of Mineral Resour-
ces, FEB RAS, Blagoveshchensk, Russia; CPC, Colección 
Paleo biológica de Coahuila, Museo del Desierto, Saltillo, 
Mexico; FCBUANL, Colección Paleobiológica, Facultad 
de Cien cias Biológicas, Universidad Autónoma de Nuevo 
León, San Nicolás de los Garza, Mexico; GMH, Geological 
Museum of Heilongjiang, Harbin, China; IGM, Museo de 
Paleontología, Instituto de Geología, Universidad Nacional 
Autónoma de México, Mexico City, Mexico; LACM, Natu ral 
History Mu seum of Los Angeles County, Los Angeles, USA.

Fig. 1. Map showing location of the Coahuila state (A) and FCBUANL locality (B) where studied fossils were found. Detailed map indicating the principal 
localities of Cerro del Pueblo Formation (C), FCBUANL_2711 locality represented by red star.
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Material and methods
The specimen FCBUANL_2711 was collected by a team 
of the Laboratorio de Paleobiología, FCB UANL, during 
1992 near the Ejido Presa San Antonio, located in the 
Parras de la Fuente municipality, Coahuila state, northeast-
ern Mexico (Fig. 1). The specimen was deposited in the 
Colección Paleobiológica of the UANL Facultad de Ciencias 
Biológicas. The preparation process has been slow due to 
space restrictions. Mechanical techniques have been used 
for this purpose with tools as electric engravers and brushes. 
The present material was photographed with a Canon EOS 
Rebels XT camera and Canon 28 mm lens and Canon 
PowerShot SX280 HS.

Systematic palaeontology
Dinosauria Owen, 1842
Ornithischia Seeley, 1887
Ornithopoda Marsh, 1881
Hadrosauridae Cope, 1870
Lambeosaurinae Parks, 1923
Lambeosaurinae indet.
Material.—FCBUANL_2711, left ilium, right pubis, right 
ischium, partial sacrum, distal end of left femur, right 
and left tibiae, II and IV right metatarsals, one cervical 
and 21 caudal vertebrae (Fig. 2); from Near Ejido Presa 
San Antonio, Parras de la Fuente municipality, Coahuila, 
Mexico. The material was recovered from a thick lodo-
lite layer dominated by the gastropod Tympanotonus no-
dosa with thin sandstone intercalations, at Cerro del Pueblo 
Formation, upper Campanian.

Description.—Ilium: Only the left ilium is preserved, miss-
ing the posterior region, including the supracetabular crest. 
The length of the preserved portion is 780 mm (Fig. 3A1). 
The preacetabular process is thick and shows a deep pro-
jection close to the anterior end, extruding posteriorly in 
the direction of the tip. The lateral surface is flattened and 
in dorsal view it shows a slight concavity with respect to 
the lateral plane (Fig. 3A2). This process is 597 mm in 
length and shows a minimal degree of ventral deflection 

Fig. 2. Skeletal composition of the FCBUANL_2711. The silhouette was obtained from phylopic.org vectorized by T. Michael Keesey from the work of 
Dmitry Bogdanov.

Table 1. Measurements (in mm) of the caudal vertebrae centra of Lam-
beosaurinae indet. FCBUANL_2711. Element numbers are tentative 
and do not consider the missing vertebrae.

Element Height Width Length 
1 172 194 83
2 182 179 98
3 187 166 91
4 177 176 93
5 178 157 91
6 174 142 85
7 165 152 82
8 155 144 95
9 152 120 98
10 141 135 92
11 147 120 92
12 123 129 96
13 119 114 101
14 113 84 79
15 91 83 84
16 81 85 88
17 96 90 88
18 ? 80 91
19 51 63 55
20 54 66 52
21 47 50 58
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(164°). The ratio between the length of the preacetabular 
process and the length of the acetabulum is 3.14. Although 
the length measurements seem to indicate that this process 
has a considerable elongation compared to the ilium, it is not 
possible to confirm this assumption this without knowing 
the proportions of the postacetabular process.

Pubis: The pubis (Fig. 3B) has a wide and short pubic 
blade. The dorsal margin starts to project notably dorsally 
at the beginning of the prepubic process, while the ventral 
margin does the same in the ventral direction. Due to the 

absence of the dorsal and ventral margins of the distal por-
tion of the prepubic process, the shape of this region cannot 
be determined. However, this process is hypothesized to be 
short, based on its distal margin. The iliac peduncle is mas-
sive and wide, with a triangular section and mediodorsally 
expanded in the distal region. The distal end of the ischiadic 
peduncle is absent, and the proximal region shows a pro-
tuberance at the base. The distal region of the postpubic 
process is not preserved and the base is slightly ventrally 
projected. The acetabular margin is concave and an angle 

Fig. 4. Vertebrae of Lambeosaurinae indet.(FCBUANL_2711) from Ejido Presa San Antonio, Coahuila, Mexico, upper Campanian. A. Cervical vertebrae, 
in cranial (A1), lateral (A2), and caudal (A3) views. B. Middle caudal vertebra, in lateral (B1) and cranial (B2) views. C. Proximal caudal vertebra, in cranial 
(C1) and lateral (C2) views. D. Sacrum in ventral view. E. Distal caudal vertebra in cranial (E2) and lateral (E2) views. F. Caudal vertebrae in lateral view.

Fig. 3. Lambeosaurinae indet., pelvic gridle elements of FCBUANL_2711, from Ejido Presa San Antonio, Coahuila, Mexico, upper Campanian. A. Left 
ilium in lateral (A1) and dorsal (A2) views. B. Right pubis in lateral view. C. Right ischium in lateral view.
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of 134° is observed between the portion of the margin that 
corresponds to the iliac peduncle and the margin of the is-
chial peduncle, giving the appearance of an abrupt change 
of direction in the margin.

Ischium: Only the proximal region of the right ischium 
is present, and it is poorly preserved (Fig. 3C). The iliac 
peduncle is strongly dorsally projected, giving a longer ap-
pearance in comparison with the pubic peduncle, which is 
eroded. The dorsal and ventral margins of the iliac peduncle 
are convergent. The dorsal one is nearly straight from the 
base to the tip of the iliac peduncle, and the vertex between 
dorsal and articular margin is slightly dorsally projected. 
Only the base of the obturator process is preserved, and it 
is strongly eroded. The ischiadic shaft shows a clockwise 
torsional deformation at the base.

Cervical vertebra: Only one cervical vertebra was col-
lected (Fig. 4A). It presents a markedly opisthocoelus con-
dition with a length close to 110 mm. The centrum is wider 
than high, and the neural canal is wide. There is no neural 
arch associated with this vertebra and both transverse pro-
cesses are short and centrally located.

Sacrum: The sacrum (Fig. 4D) is preserved as a single 
fragmented block composed of 3 sacral vertebrae. It has an 
approximate length of 350 mm. The last centrum is as tall 
as wide. Dorsally, it has a neural arch and associated spines. 
The ventral side is heavily eroded.

Caudal vertebrae: 21 elements are preserved, eight prox-
imal, five middle and eight distal caudal vertebrae (Fig. 4B, 
C, E, F). Table 1 lists the measurements of the caudal ver-
tebrae. The proximal caudal vertebrae (Fig. 4C) have am-
phicoelus centra, rectangular to pentagonal in anterior view, 
being taller than wide and compressed craniocaudally. The 
neural canal is relatively narrow. Vascular foramina are 
present in the lateral sides of the centra. In the first ver-
tebra the transverse processes on the centrum are eroded 
and missing, whereas the following vertebrae present them 
on the upper lateral part. Also, the articular surfaces of 

the chevrons are absent on the first vertebra, but they are 
present on the following elements. The neural arches and 
spines are present however they are still under preparation. 
The middle caudal vertebrae (Fig. 4B) are smaller than the 
proximal caudal vertebrae and hexagonal in anterior view. 
The articular surfaces of the chevrons are slightly projected 

Fig. 6. Metatarsals of  Lambeosaurinae indet. (FCBUANL_2711) from Ejido Presa San Antonio, Coahuila, Mexico, upper Campanian. A. Metatarsus II, in 
dorsal (A1) and lateral (A2) views. B. Metatarsus IV, in dorsal (B1) and lateral (B2) views.

Fig. 5. Hindlimb elements of Lambeosaurinae indet. (FCBUANL_2711) 
from Ejido Presa San Antonio, Coahuila, Mexico, upper Campanian. 
A. Distal end of the left femur, in caudal (A1) and lateral (A2) views. 
B. Left tibia in lateral view. C. Right tibia in lateral view.
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ventrally. The centra are less compressed than the proxi-
mal vertebrae, maintaining the amphicoelus centra and the 
narrow neural canal. The distal caudal vertebrae (Fig. 4E) 
have the smallest centra with cubic proportions. They lack 
the transverse processes, and the articular surfaces of the 
chevrons are completely reduced.

Femur: Only the distal end of the left femur is preserved 
(Fig. 5A2). The cranial portion is absent, the outer condyle 
is smaller and more lateromedially compressed than the 
inner condyle. The latter is more caudally projected, the in-
tercondylar groove is narrow distally, widening proximally 
(Fig. 5A1).

Tibiae: Both tibiae are present (Fig. 5B, C). However, the 
left one is missing the distal end and the shaft is transversely 
fragmented multiple times (Fig. 5B). The right tibia is com-
plete (Fig. 5C), with minor eroded areas and a total length 
of about 1300 mm. Both tibiae have a wide craniocaudal ex-
pansion at their proximal ends and the inner condyle is larger 
than the lateral condyle, forming a well-defined intercon-
dylar groove. The cnemial crests are eroded on both tibiae. 
The central shaft of the tibia is sub-cylindrical and very thin 
compared to the width of the proximal end. In the right tibia 
the lateral malleolus is smaller than the medial malleolus.

Metatarsals: The right metatarsal IV (Fig. 6B) mea-
sures about 330 mm in length. Near mid-length, the bone is 
strongly deflected laterally. The proximal surface is mark-
edly concave. The distal surface is heavily eroded on the 
sides. The right metatarsal II (Fig. 6A) is much better pre-
served than the previous one, with a length of approximately 
340 mm. The proximal surface is flat, unlike metatarsal IV, 
and expanded dorsoplantarly. A medial tuberosity is located 
above the distal end of metatarsal II, where the bone curves 
medially.

Discussion
Comparisons with Latirhinus and Velafrons.—Latirhinus 
uitstlani Prieto-Márquez and Serrano Brañas, 2012 is the 
only species described so far with postcranial material from 
the Cerro del Pueblo Formation (Prieto-Márquez and Serrano 
Brañas 2012). The ilium of FCBUANL_2711 (Fig. 7A) dif-
fers markedly from L. uitstlani IGM 6583 (Fig. 7B) by pre-
senting a sigmoidal curvature in the ventral margin of the 
preacetabular process, which narrows anteriorly. The distal 

Fig. 8. Ilium of hadrosaurid dinosaur Velafrons coahuilensis Gates, Sampson, Delgado de Jesús, Zanno, Eberth, Hernandez-Rivera, Aguillón-Martínez, 
and Kirkland, 2007 (CPC 59) from Rincón Colorado, Coahuila, Mexico, upper Campanian; in lateral (A1) and dorsal (A2) views.

Fig. 7. Comparision of ilia of hadrosaurids from Cerro del Pueblo For-
mation. A. Lambeosaurinae indet., FCBUANL_2711. B. Lati rhinus uitst-
lani (Prieto-Márquez and Serrano Brañas 2012). C. Vela frons coahuilensis, 
CPC 59 (Gates et al. 2007). Scale bars 100 mm.
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end of the iliac peduncle of one of the ischias is also assigned 
to IGM 6583, but due to its fragmentary condition, a direct 
comparison is not possible.

The holotype of the hadrosaurid Velafrons coahuilensis 
(CPC 59) includes the right ilium, left pubis and both ischia, 
but these elements were never described. The ilium of CPC 59 
(Fig. 7C) has a total length of 690 mm and shows a wide 
and straight preacetabular process in lateral view (Fig. 8A1), 
whereas in dorsal view this process is strongly craniolater-
ally curved (Fig. 8A2). The preacetabular notch is wide and 
the ischiadic peduncle is not strongly projected cranially. In 
contrast, the preacetabular process of FCBUANL_2711 is 
concave in dorsal view with respect to the lateral axis but 
it does not present a deformation as marked as in CPC 59. 
Furthermore, the preacetabular notch is narrower, highlight-
ing the cranial projection of the pubic peduncle, which is 
more robust than in CPC 59. The ilium of FCBUANL_2711, 
despite being incomplete, is longer than the ilium of CPC 59, 
which has been previously regarded as a juvenile specimen 
(Gates et al. 2007). Both specimens show a ventral deflec-
tion of the preacetabular process greater than 150°, 153° in 
CPC 59 and 164° in FCBUANL_2711. According to Brett-
Surman and Wagner (2007), this character is highly variable, 
even between the two ilia of the same individual, therefore 
a difference of 10° of ventral deflection is not sufficient for 
the differentiation of FCBUANL_2711 from V. coahuilen-
sis. The designation of FCBUANL_2711 as an adult speci-
men of V. coahuilensis is possible, however Prieto-Márquez 
(2014a) indicates that in Edmontosaurus annectens Marsh, 
1892, there is an ontogenetic change in the ventral deflection 
of the preacetabular process of the ilium. In juveniles it is 
slightly deflected (157° to 165°) whereas adults shows a more 
pronounced deflection (138° to 147°) (Prieto-Marquez 2014a). 
A more detailed study of this character in other species is 
necessary to determine whether ontogenetic variation of the 
deflection of this process is generalized among hadrosaurids, 
or if it is only present in E. annectens.

The left pubis of CPC 59 (Fig. 9B) shows the common 
morphology of lamebosaurines, presenting a high iliac pe-
duncle with triangular cross-section and a short prepubic 
constriction. The prepubic process is incompletely pre-
served. The margins of the prepubic constriction are diver-
gent, and the dorsal margin arises dorsally without reaching 
the level of the proximal end of the iliac peduncle. The pubis 
of FCBUANL_2711 and that of CPC 59 are similar, differ-
ing in the more robust iliac peduncle in the former and the 
slightly narrower prepubic constriction in CPC 59.

CPC 59 preserves both complete ischia (Fig. 9A, C), char-
acterized by the “thumb-like” shape of the dorsal and artic-
ular margin of the iliac peduncle. The distal end of the is-
chiadic shaft ends in the typical lambeosaurine “foot” shape, 
but it lacks the “heel”, a feature also absent in species of 
Corythosaurus and Lambeosaurus (Brett-Surmann 1989). 
The ischium is the least well preserved element of the three 
pelvic bones of FCBUANL_2711, showing the “thumb like” 
iliac peduncle as well, although erosion reduces the visibility 
of this character. Both the pubic peduncle, the obturator pro-
cess, and the notch are not well preserved, preventing a more 
extensive comparison with the material assigned to Velafrons. 
The absence of the distal end of the ischial shaft precludes a 
more accurate assignment of this material to Lambeosaurinae, 
as well as its differentiation from V. coahuilensis.

Comparisons with other hadrosaurids.—The angle of 
ventral deflection of the ilium greater than 150°, present in 
FCBUANL_2711 and Velafrons coahuilensis, is also pres-
ent in the material tentatively referred to the Asian hadro-
saurine Kundurosaurus nagornyi Godefroit, Bolotsky, and 
Lauters, 2012b, AENM 2/922-7L (Godefroit et al. 2012b), 
relegated as a junior synonym of Kerberosaurus mana kini 
Bolotsky and Godefroit, 2004, by Xing et al. (2014), in the 
south American hadrosaurine Bonapartesaurus rionegren-
sis Cruzado-Caballero and Powell, 2017 (Cruzado-Caballero 
and Powell 2017), and the Asian lambeosaurine Sahaliyania 
elunchunorum Godefroit, Shulin, Tingxiang, and Lauters, 

Fig. 9. Pelvic gridle elements of hadrosaurid dinosaur Velafrons coahuilensis Gates, Sampson, Delgado de Jesús, Zanno, Eberth, Hernandez-Rivera, 
Aguillón-Martínez, and Kirkland, 2007 (CPC 59) from Rincón Colorado, Coahuila, Mexico, upper Campanian. A. Left ischium in lateral view. B. Left 
pubis in lateral view, shading indicates the reconstructed area. C. Right ischium in lateral view.
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2008 (Godefroit et al. 2008). The ilium of FCBUANL_2711 
differs from K. manakini by having a wide preacetabular 
process, a notable characteristic in lambeo saurines (Brett-
Surman 1989). The preacetabular process of the ilium also 
shows a ventral projection close to the cranial end where it 
narrows distally, as in other lambeosaurine specimens like 
FMNH P27393 Parasaurolophus cyrtocristatus Ostrom, 
1961a (Ostrom 1961a), LACM 20874 Magnapaulia laticau-
dus Morris, 1981 (Prieto-Márquez et al. 2012) and AEHM 
2/846 Olorotitan arharensis Godefroit, Bolotsky, and Ali-
fanov, 2003 (Godefroit et al. 2012a). The ilium shows a 
simi lar morphology to the GMH W103 an ilium referred to 
S. elunchunorum (Godefroit et al. 2008), but the preacetab-
ular notch of FCBUANL_2711 is narrower than in GMH 
W103. The absence of the supracetabular crest and postace-
tabular process prevents a more extensive comparison, since 
in these regions possess important diagnostic characters for 
the clade (Prieto-Márquez 2010b).

The pubis of FCBUANL_2711 resembles the V morpho-
type proposed by Brett-Surmann (1989) which corresponds 
to the Parasaurolophini clade, while differs from the mor-
photypes of the Hadrosaurinae by having a short and wide 
prepubic constriction. Despite the incomplete condition, 
the prepubic process is similar to the morphology of the 
Hypacrosaurus stebingeri Horner and Currie, 1994, pubis 
(see Guenther 2009: fig. 10c). The material referred to S. 
elunchunorum includes a left pubis (GMH W179) that dif-
fers from FCBUANL_2711 in having an almost straight 
ventral margin of the prepubic process, resulting in a more 
elongated appearance of the bone, similar to the V morpho-
type of Brett-Surmann (1989). The pubis of GMH W179 
bears a robust iliac peduncle, although to a lesser extent than 
in FCBUANL_2711. The incomplete condition of the prepu-
bic process complicates a better systematic resolution, but 
the recognized features suggest lambeosaurine affinities.

Conclusions
The hadrosaurid specimen described in this paper shows 
lambeosaurine affinities, therefore distinct from Krito saurus 
navajovius and Latirhinus uitstlani, both present in the Cerro 
del Pueblo Formation. The differentiation from to Velafrons 
coahuilensis is not clear; because FCBUANL_2711 is a large 
individual, it is possible that it is a fully developed adult indi-
vidual of this species, but an osteohistological analysis would 
be necessary to confirm this. The lack of cranial elements 
in FCBUANL_2711 prevents the assignment of the speci-
men to V. coahuilensis or to a different species. Therefore, 
this specimen is referred only as Lambeosaurinae indet. 
Paleontological studies of this clade, along with other groups 
of dinosaurs, have increased in recent years in Mexico, but 
several other materials need to be studied from other geolog-
ical formations of Campanian–Maastrichtian Mexico. This 
will allow a better understanding of the terrestrial environ-
ments during these ages in southern Laramidia.
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First Miocene megafossil of arrowhead, alismataceous 
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The first pre-Quaternary representative of Alismataceae from South America is reported based on achenes of Sagittaria 
montevidensis from the Palo Pintado Formation (upper Miocene) in the south of Salta Province, Argentina. Achenes 
are laterally compressed, have a lateral beak and a single recurved seed inside them. The fruits were found both in the 
base (10 Ma) and the top of the formation (~5 Ma), suggesting similar environmental conditions during this time period. 
A cursory review of the Alismataceae family in the fossil record, with a special interest in those South American reports 
is given. During the Oligocene–Miocene Sagittaria may have arrived from tropical Africa to South America and thence 
to North America.
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Introduction
The monocot family Alismataceae sensu lato (including 
Limnocharitaceae Takhtajan ex Cronquist, 1981) contains 
about 12 genera and approximately 100 species (Dahlgren 
1980; APG III 2009; Chen et al. 2012). The family has a 
cosmopolitan distribution (Haynes and Holm-Nielsen 1994; 
Costa and Forni-Martins 2003; Soltis et al. 2005; Lehtonen 
2009) and includes aquatic or semi-aquatic herbs with erect 
or floating leaves (Haynes and Holm-Nielsen 1994). Fossils 
of this family have been reported from the Lower and Upper 
Cretaceous and the Paleocene in North America, Europe, 
Siberia, and Africa (Berry 1925; Brown 1962; Golovneva 
1997; Riley and Stockey 2004; Coiffard and Mohr 2018), but 
researchers disagree about whether all these fossil reports 
actually represent Alismataceae (Chandler 1963; Haggard 
and Tiffney 1997; Haynes and Les 2004; Chen et al. 2012).

The alismataceous genus Sagittaria has been considered 
to include up to 139 named species, but only about 20 of 

them are currently considered as legitimate (www.tropicos.
org; Zepeda and Lot 2005). Species of Sagittaria, commonly 
named arrowheads, are mostly distributed in America, from 
Canada to Argentina and Chile, although four species are 
reported in Europe, Asia, and Oceania (Haynes and Holm-
Nielsen 1994; Adair et al. 2012). Three species of Sagittaria 
are recorded from Argentina (Rataj 1970, 1972; Matias and 
Irgang 2006). The fruits of Sagittaria consist of aggregates 
of achenes. These achenes are laterally compressed (flat-
tened) and have different shapes, from sub-circular to lan-
ceolate and oblanceolate. Among the most striking morpho-
logical characters, a lateral beak (persistent style) stands out, 
which has different degrees of development, and a strongly 
recurved seed. Chen (1989) suggested that Sagittaria orig-
inated in tropical wetlands and lake areas of Africa, during 
the Late Cretaceous. Then, it might have dispersed to 
South America and subsequently to North America (Chen 
et al. 2012). Data concerning the biogeographic history of 
Alismataceae family in South America are still scarce.

Recently, Neogene impressions of Sagittaria fruits 
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(described in this paper) were found in the Palo Pintado 
Formation from northwestern Argentina. This formation 
has been studied since the 1980-ies and nowadays discov-
eries still occur. Deposits of the Palo Pintado Formation 
indicate water bodies of low energy, as a wandering fluvial 
system that in rainfall periods overflowed from the chan-
nel, generating lagoons and swamps during late Miocene to 
Pliocene (Herbst et al. 1987; Galli et al. 2011).

In order to contribute to the history of the Alismataceae 
in Argentina and South America, in this paper the following 
objectives are proposed: (i) to describe the first record of 
Sagittaria from the Palo Pintado Formation; (ii) to perform 
a review of the Alismataceae in South America; (iii) and as-
sociate these data with stratigraphic, sedimentological and 
paleontological features.

Institutional abbreviations.—CTES-PB, Colección Pale on-
to lógica de la UNNE Dr. Rafael Herbst, Paleontological 
Collection of the Universidad Nacional del Nordeste, 
Corrientes, Argentina.

Geological setting
The study area is located in the Eastern Cordillera, from 
25°30’ S to 66°15’ W and 25°45’ S to 66°00’ W, approxi-
mately 200 km south of the city of Salta in northwestern 
Argentina (Fig. 1). Cenozoic sedimentary strata crop out in 
the Calchaquí Valleys as part of the regional Andean fore-
land basin that extended into the Eastern Cordillera.

The Payogastilla Group (Díaz and Malizzia 1983) in 
the Calchaquí Valleys is composed of continental depo-
sits, including in ascending order formations Los Colorados 
(middle Eocene to Oligocene), Angastaco (middle to upper 
Miocene), Palo Pintado (upper Miocene) and San Felipe 
(Pliocene to lower Pleistocene). The Palo Pintado Formation 
is ~800 m thick and contains a tuff that has been dated at 
10.29 ± 0.11 Ma (K/Ar) by Galli et al. (2008). Near the top 
is another pyroclastic unit that was dated at 5.27 ± 0.28 
Ma (206Pb/238U) by Coutand et al. (2006) and at 5.98 ± 
0.32 Ma by Bywater-Reyes et al. (2010). The unit com-

Fig. 1. A, B. Map showing location of the study area within Argentina. C. Geological map with indicated fossil localities of Quebrada El Estanque and 
Quebrada Salta.
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prises thickening and coarsening-upward cycles, including 
matrix-supported conglomerate, fine to medium sandstone, 
and fine-grained sublithic sandstone that end in levels of 
green, brown and gray siltstone. These deposits consist of 
a transitional style between low- and high-sinuosity rivers 
that form wandering sand-gravel fluvial systems with small 
lakes. The geometry and the fluvial architectural character-
istics are a direct consequence of allogenic controls, such as 
tectonic activity, under constant climatic conditions (Galli 
et al. 2011; Galli and Reynolds 2012). The sedimentological 
and paleontological evidence indicates that the sediments 
were deposited while the region was suffering changes re-
garding the hydric regimen, from a wet phase (late Miocene) 
to a drier one (Pliocene), due mainly to the formation of an 
intermountain basin (Angastaco Basin) that was bordered to 
the west by the Sierra de Quilmes and to the east by the up-
rising of the Sierras Los Colorados and León Muerto (Starck 
and Anzótegui 2001; Bywater-Reyes et al. 2010; Rohrmann 
et al. 2016; Robledo et al. 2020b).

During the late Miocene, the uplift of the basin caused 
an increase in the sedimentary accommodation/deposition 
(A/D) rate and was also associated with a change in the pe-
trologic composition of the deposits (Galli et al. 2011, 2017). 
The resulting orographic barriers produced a warmer and 
wetter climate (Starck and Anzótegui 2001). The deposits of 
the San Felipe Formation at the top of the Payogastilla Group 
are more than 600 m thick in the southeastern Calchaquí 
Valley and are affected by numerous faults and folds. The 
transition between the Palo Pintado Formation and the San 
Felipe Formation is sharp and unconformable; it contains 
considerable clast-supported conglomerate with overlapping 
clasts and a lower proportion of sandstone and siltstone, 
which are interpreted as a gravel-braided fluvial system 
(Galli and Reynolds 2012). Different analyses of deposits of 
Palo Pintado Formation, like the presence of clay minerals 
in the floodplain sub-environment, or the presence of illite, 
smectite and kaolinite indicate generation by hydrolysis in 
a temperate-humid climate (Galli et al. 2011); stable isotope 
data from pedogenic carbonates demonstrated relatively more 
humid conditions between 10 to 6 Ma (Bywater-Reyes et al. 
2010). Paleomagnetism studies in Palo Pintado Formation 
deposits indicate that at approximately 6.6 Ma there is an in-
crease in the rate of sedimentation of 0.11–0.66 mm/y which 
is associated with a higher percentage of Salta Group clasts. 
Paleocurrents from the south to the southeast indicate the 
tectonic reactivation of the deposition area from the Sierra 
León Muerto and its continuation to the north as the Sierra 
Los Colorados (Galli et al. 2014). Isotope analysis of δDg 
recorded in volcanic glass reveal that between -6.5 to 5.3 
Ma, values from the Angastaco Basin decrease by -23 ± 6‰ 
(absolute δDg = -95‰), which is interpreted to be the result 
of surface uplift in this area, with altitude and aridization in 
a paleoenvironment like the present-day (Pingel et al. 2016).

In the global context, the ancestor assemblage floras of 
the current communities already were established and di-
versifying during the Miocene (Bell et al. 2010). This event 

Fig. 2. Stratigraphic correlation of the Quebrada Salta and Quebrada El 
Estanque localities (Palo Pintado Formation, upper Miocene). 1, clay; 2, 
limolite; 3, fine sandstone; 4, middle sandstone; 5, coarse sandstone; 6, 
fine conglomerate; 7, middle conglomerate; 8, coarse conglomerate; 9, ash.
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is also observed in South American paleofloras (Barreda et 
al. 2007). In turn, the Miocene is a critical moment during 
which the great spread of the savannas took place (Quade et 
al. 1989; Cerling et al. 1997; Osborne 2008).

In addition to the Sagittaria fossils described below, var-
ious other vegetal remains were found at the Quebrada Salta 
and Quebrada El Estanque localities, which developed in an 
environment with fresh or brackish permanent water. These 
fossils include algae, ferns, monocots, and dicots (Herbst et al. 

1987; Anzótegui and Horn 2011; Horn et al. 2011; Anzótegui 
et al. 2015). The taxa identified reflect that at least four pa-
leoenvironments have been developed in these localities: 
aquatic, marsh, riparian and open terrestrial. The fossil fauna 
recorded here, at the moment corresponds to fragments of a 
turtle shell, a mandible of Caiman latirostris Daudin, 1802 
(Bona et al. 2014; Bona and Barrios 2015), a tail tube and 
osteoderms of two glyptodons, Pampatheriidae osteoderms, 
fish scales, molluscs (Herbst et al. 2000), and insect wings.

Material and methods
Two sedimentological profiles from the north and south 
locations of the Palo Pintado Formation in the study area 
were analyzed at a scale of 1: 500 (i) Quebrada El Estanque 
and (ii) Quebrada Salta (Figs. 1, 2), from Salta Province, 
Argentina. The samples described here were collected from 
these outcrops of the Palo Pintado Formation. The fos-
sils are deposited at the Colecciones Paleontológicas “Dr. 
Rafael Herbst”, of the Universidad Nacional del Nordeste, 
Corrientes Province, Argentina (CTES-PB 12911–12917). 
The fruits analyzed here are formally considered as achenes, 
because those are dry fruits with a single seed inside, which 
does not adhere to the pericarp (Fig. 3). The specimens 
are well preserved, some samples containing organic re-
mains, although others are incomplete, lacking the bases or 
the beaks. The fossil fruits were compared with herbarium 
(CTES-IBONE), field samples, and literature. The fossils 
were examined with a Nikon binocular stereomicroscope, 
model SMZ-445, and photographed with a Nikon mounted 
camera (model 590U). All measurements were digitally per-
formed with the software Micrometrics. Photographs were 
processed with the software Corel Draw. The systematics 
in paper are according to APG IV 2016 (Byng et al. 2016).

Systematic paleobotany
Division: Angiospermae Linnaeus, 1753
Class: Monocotyledoneae De Candolle, 1817
Order Alismatales Brown ex von Berchtold and 
Presl, 1820
Family Alismataceae Ventenat, 1799
Genus Sagittaria Linnaeus, 1753
Type species: Sagittaria sagittifolia Linnaeus, 1753; Recent, Eurasia.

Sagittaria montevidensis Chamisso and 
Schlectendal, 1827
Fig. 4A–G.

Material.—CTES-PB 12911–12917 (Fig. 4A–C, E–G) from 
Miocene of Quebrada Salta and Quebrada El Estanque out-
crops, Palo Pintado Formation, Salta Province, Argentina. 
All specimens correspond to achenes.

Fig. 3. Fossil and extant fruits of alismataceous plant Sagittaria montevi-
densis Chamisso and Schlectendal, 1827. A. CTES-PB 12911, Quebrada El 
Estanque (Palo Pintado Formation), upper Miocene, fossil fruit (A1), explan-
atory drawing (A2), dotted lines (v) represent veins present in the fossil fruit 
(a, angle formed by the beak and the ventral face); B. Recent fruit where the 
veins (v) are present, but with a slight development. The Recent material is 
deposited in the CTES herbarium (Corrientes City), as Sagittaria montevi-
densis Chamisso and Schlectendal, 1827 subsp. montevidensis.
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Description.—The studied material consists solely of fruits 
preserved as impressions from 1.75 mm (CTES-PB 12915) to 
2.58 mm (CTES-PB 12917) in length and 0.75 mm (CTES-PB 
12911) to 1.29 mm (CTES-PB 12916) in width. These fos-
sils have a well-developed wing or keel on the dorsal face. 
All achenes bear an ascending beak ranging from 0.87 mm 
(CTES-PB 12914) to 1.40 mm (CTES-PB 12913, 12916). The 
angle formed by the beak and the ventral face ranges be-

tween 85° (CTES-PB 12916) and 153° (CTES-PB 12911). 
The curved seeds are preserved inside the achenes in most 
specimens. These seeds are 0.87 mm (CTES-PB 12914) to 
1.40 mm (CTES-PB 12913, 12916) in length and 0.56 mm 
(CTES-PB 12911) to 0.85 mm (CTES-PB 12917) in width. 
Several specimens even preserve organic remains from the 
seeds (CTES-PB 12913–12916). All measurements are listed 
in Table 1.

Fig. 4. Achenes of alismataceous plant Sagittaria montevidensis Chamisso and Schlectendal, 1827, from the Palo Pintado Formation, Quebrada El 
Estanque and Quebrada Salta localities, upper Miocene. A. Complete achene where the recurved seed and several veins are visible, CTES-PB 12911. 
B. Specimen showing the well-developed beak, almost in straight angle with the ventral face, CTES-PB 12916.C. Complete achene with organic remains, 
CTES-PB 12914. D. Fragment of achene where the beak and bottom are lacking, CTES-PB 12917. E. Complete fruit showing several veins, CTES-PB 
12912. F. Incomplete achene where the bottom and beak are lacking, but the seed preserves some organic remains, CTES-PB 12913. G. Specimen show-
ing the well-preserved seed inside the achene, CTES-PB 12915. Scale bars 1mm.
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Remarks.—According to Keener (2005), the molecular data 
suggest Sagittaria montevidensis is most closely related to S. 
intermedia Micheli, 1881, and S. calycina (Engelmann, 1867) 
Bogin, 1955. Based on morphological similarities, Keener 
(2005) also suggests Sagittaria sprucei Micheli, 1881, as 
a close species. Fruits of these species are different from 
those of S. montevidensis. S. calycina (Fig. 5A) has achenes 
with broadly developed dorsal wings, the beak turned into 
a spine and the seed is slightly longer than S. montevidensis 
(Fig. 5N). The achenes in S. intermedia (Fig. 5G) have faces 
tuberculate and the beak is shorter (0.2 mm), while S. mon-
tevidensis has achenes tuberculate and the beak can reach 
1 mm in length. The fruits of S. sprucei (Fig. 5U) can be two 
times longer (6.0 mm) than S. montevidensis (3.0 mm), and 
almost three times wider (4.0 mm in S. sprucei and 1.5 mm 
in S. montevidensis). Seeds in S. sprucei are slightly smaller 
(0.9 mm), the beak is two times shorter (0.3–0.5 mm) and 
the angle formed by the beak and the ventral face is almost 
horizontal (172°), while the seeds in S. montevidensis reach 
2 mm, the beak up to 1 mm and the angle is 142°.

Five plesiomorphic species of Sagittaria are currently 
distributed in South America, S. guayanensis Kunth, 1816, S. 
intermedia, S. montevidensis, S. planitiana Agostini, 1970, 
and S. rhombifolia Chamisso, 1835 (Keener 2005; Chen et al. 
2012). Three of them are reported from Argentina (S. guay-
anensis, S. montevidensis, and S. rhombifolia) (Rataj 1970). 
S. guayanensis (Fig. 5F) achenes have similar to those in 
S. montevidensis, but the first presents ribs bearing spiny 
ridges, both at the dorsal as the ventral faces, while the 
achenes of S. montevidensis have a smooth surface. In turn, 
S. rhombifolia (Fig. 5R) has ovobate achenes without orna-
ments (smooth surface), but these are from two to four times 
longer (5–8 mm in length) than achenes of S. montevidensis. 
Other species of Sagittaria also have some differences, like 
an absent or slightly developed beak, as observed in S. longi-
loba Engelmann, 1895 (Fig. 5L) and S. planitiana (Fig. 5O). 
Several species are considerably bigger than S. monteviden-
sis, such as S. lancifolia Linnaeus, 1758 (Fig. 5I), S. latifolia 
Willdenow, 1805 (Fig. 5J), and S. trifolia Linnaeus, 1753 
(Fig. 5X). Furthermore, S. lancifolia has fruits bearing con-
spicuous glands. S. secundifolia Kral, 1982 (Fig. 5T) pres-
ents robust and ornamented ribs. In addition, the beak in 
this species turned into a spine. More differences regarding 
measurements, development of beak and ornaments between 

S. montevidensis and other species of Sagittaria are listed 
in Table 2 and Fig. 5. Wang et al. (2010) reported another 
three species of Sagittaria, these are S. natans, S. pymaea, 
and S. tengtsungensis. The first is a synonym of S. subulata 
(Haynes and Holm-Nielsen 1994) (Fig. 5V), the remaining 
two were not illustrated in Fig. 5 because pictures or schemas 
of these species were not found.

Some species of Echinodorus (Alismataceae) have 
similar achenes to those in Sagittaria, but their fruits are 
mainly terete (cylindrical), rather than flat. The achenes 
of Echinodorus berteroi (Spreng, 1825) Fassett, 1955 and 
E. paniculatus Micheli, 1881, are similar in shape (Lehtonen 
2009), although these are almost straight from the base to 
the beak, whereas in Sagittaria montevidensis, the beak 
and the ventral face form an angle that can even reach 90°. 
Moreover, the achenes of E. berteroi and E. paniculatus 
are proportionally bigger than the achenes of Sagittaria 
montevidensis, also they present well-developed ribs that 
in some cases are dichotomized (E. paniculatus), while S. 
montevidensis is not ribbed.
Stratigraphic and geographic range.—Miocene of Argen-
tina and Recent from North and South America.

Discussion
The fossil record of Alismataceae.—The fossil fruits of 
Sagittaria montevidensis are the first Neogene report of 
Alismataceae from South America. In one previous work, 
pollen grains corresponding with Alismataceae were re-
ported from Paso Otero locality (late Pleistocene–Holocene), 
in the Pampean region of Argentina (Gutiérrez et al. 2011). 
The specimens were dated between 9900–7700 BP, although 
the authors only mentioned the finding of Alismataceae pol-
len and do not provide descriptions or illustrations permit-
ting the comparison with other palynological records.

After an analysis of the current distribution of its Recent 
species Chen (1989) suggested Late Cretaceous age for the 
origin of Sagittaria. Later Chen et al. (2012) interpreted 
late Eocene and the Miocene time of origination from DNA 
analysis. This suggestion is consistent with the oldest re-
cords of Sagittaria accepted by Haggard and Tiffney (1997) 
who rejected the age proposed by Chen (1989). Furthermore, 
Chen et al. (2012) suggested an African origin of Sagittaria 

Table 1. Characters and measurements (in mm) of all specimens analyzed in this work. “–”, the structure was not observable; (f), the structure 
was fragmented.

CTES-PB Length Width Angle Beak Seed-length Seed-width
12911 2.12 0.75 152.8° 0.64 0.95 0.56
12912 2.00 1.01 135.8° 0.37 – –
12913 1.86 (f) 1.07 123.1° 0.48 1.40 0.76
12914 1.84 (f) 0.97 132.5° 0.25 (f) 0.87 0.59
12915 1.75 0.96 140.0° 0.36 1.11 0.57
12916 1.97 1.29 84.8° 0.66 1.40 0.80
12917 2.58 1.20 142.1° 0.21 1.11 0.85
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Fig. 5. Illustrations of species detailed in Table 2. A. Sagittaria montevidensis ssp. calycina (Ricketson 2018) (S. calycina following Keener 2005). 
B. Sagittaria cristata (Wooten 1973). C. Sagittaria demersa (Smith 1895). D. Sagittaria fasciculata (Wooten 1973). E. Sagittaria graminea ssp. gram-
inea (Haynes and Holm-Nielsen 1994). F. Sagittaria guayanensis (Rataj 1970). G. Sagittaria intermedia (Haynes and Holm-Nielsen 1994). H. Sagittaria 
isoetiformis (Wooten 1973). I. Sagittaria lancifolia (Matias and Irgang 2006). J. Sagittaria latifolia (Haynes and Holm-Nielsen 1994). K. Sagittaria 
lichuanensis (Wang et al. 2010). L. Sagittaria longiloba (Haynes and Holm-Nielsen 1994). M. Sagittaria macrophylla (Haynes and Holm-Nielsen 1994). 
N. Sagittaria montevidensis ssp. montevidensis (Rataj 1978). O. Sagittaria planitiana (Matias and Irgang 2006). P. Sagittaria platyphylla (Den Hartog 
1957). Q. Sagittaria potamogetonifolia (Wang et al. 2010). R. Sagittaria rhombifolia (Matias and Irgang 2006). S. Sagittaria rigida (Wooten 1973). 
T. Sagittaria secundifolia (Kral 1982). U. Sagittaria sprucei (Haynes and Holm-Nielsen 1994). V. Sagittaria subulate (Haynes and Holm-Nielsen 1994). 
W. Sagittaria teres (Wooten 1973). X. Sagittaria sagittifolia ssp. S. leucopetala (Den Hartog 1957) (S. trifolia following Lim 2015).
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and four potential dispersion routes during the Oligocene–
Miocene: (i) the first route suggests that Sagittaria has mi-
grated from tropical Africa to South America and later to 
North America; (ii) the second one proposes an initial dis-
persal to Europe, followed by dispersal to North America, 
and then to South America. The remaining routes hypothe-
size the arrival in (iii) Madagascar and (iv) Asia. Considering 
the great dispersal capacity of Sagittaria, including possible 
large distances by water in streams and rivers, both by asex-
ual (tubers) as sexual reproduction (achenes) (Gordon 1996; 
Zhang et al. 2010), and since in the late Oligocene–late 
Miocene range, about 20 million years have elapsed, we 
consider that both routes (i) and (ii) would explain the pres-
ence of Sagittaria montevidensis in South America during 
the late Miocene. The first route seems more plausible, be-
cause besides of Sagittaria montevidensis, other four plesio-
morphic species have a current South American distribution 
(S. guayanensis, S. intermedia, S. planitiana, and S. rhom-
bifolia) (Keener 2005; Chen et al. 2012).

In addition to the South American occurrences reported 
herein, a large number of fossil records of Alismataceae 
from the Cretaceous and Cenozoic times have been re-

ported in the Northern Hemisphere (Berry 1925; Teixeira 
1948; Brown 1962; Doyle 1973; Muller 1981; Cevallos-
Ferriz and Ramírez 1998; Retallack 2004). Before the year 
2000, most of the authors agreed that the oldest remains of 
Alismataceae were the genera Alisma and Caldesia, from 
the Oligocene of Europe and early Miocene of the United 
States respectively (Daghlian 1981; Friis 1985; Haggard and 
Tiffney 1997). Recently, other authors proposed again that 
the Alismataceae have originated at the end of Mesozoic, 
most likely around the mid-Cretaceous (Chen et al. 2012; 
Smith 2013; Coiffard and Mohr 2018). Among the reports 
that undoubtedly correspond to Alismataceae, Riley and 
Stockey (2004) described the species Cardstonia tolmanii 
Riley and Stockey, 2004, from St. Mary River Formation 
(Campanian–Maastrichtian of Canada). Originally the spe-
cies was included in Limnocharitaceae, but this  family was 
later included into Alismataceae (APG III 2009; Chen et al. 
2012). Furthermore, Smith (2013) suggested that Hae man-
tophyllum Budantsev, 1983, a genus from Creta ceous of 
Russia (Golovneva 1997), correspond to the Alis ma taceae 
family. More recently, Coiffard and Mohr (2018) described 
an Alismataceae (Alismataceae gen. et sp. indet.), which 

Table 2. Comparative chart (measurements in mm) of current Sagittaria fruits. Data obtained from: Smith (1895); Den Hartog (1957); Godfrey 
and Adams (1964); Rataj (1970, 1978); Wooten (1973); Kral (1982); Haynes and Holm-Nielsen (1994); Zepeda and Lot (1999); Matias and Ir-
gang (2006); Moreira and Bove (2010); Wang et al. (2010); Matias and Sousa (2011); Lim (2015); Hall and Gil (2016); Canalli and Bove (2017); 
Ricketson (2018). *, authors differ in this character; –, the dimension could not to be established.

Species Length Width Angle 
(in °)

Seed 
length

Seed 
width Beak Presence/development of keels and/or 

ornaments
Illustration 
on Fig. 5

S. calycina 2.6 1.9 118 2.4 0.7 0.9 dorsal wing broadly developed A
S. cristata 2.1 1.2 120 1.4 0.5 0.6 crenate wings B
S. demersa 1.5–2.0 1.0 135–178 1.0 0.6 1.1 without keel C
S. fasciculata 2.1 1.3 116 1.0 0.6 0.6 dorsal wing broadly developed D
S. graminea ssp. graminea 1.5–2.8 1.1–1.5 115 1.1 0.5 0.2 without keel; 1–2 conspicuous glands E
S. guayanensis 1.5–2.7 1.2–2.0 155 1.7 1.0 0.2–0.5 keeled; margins echinate F
S. intermedia 1.5–2.2 1.0–1.4 111 1.1 0.6 0.2 without keel, face tuberculate G
S. isoetiformis 1.5 1.1 120 0.9 0.5 0.3 keeled; horizontal beak H
S. lancifolia 1.2–2.5 0.7–1.1 139–145 0.6–1.6 0.1–0.5 0.3–0.7 keeled I
S. latifolia 2.5–3.5 1.9–2.0 108–131 2.0 0.9 1.0–2.0 without keel J
S. lichuanensis 0.8–1.0 0.4–0.6 130 0.6 0.3 0.1 narrowly winged K
S. longiloba 1.2–2.5 0.8–1.6 148 1.0 0.7 0.1–0.6 keeled L
S. macrophylla 3.1–3.5 1.8–2.4 122–132 1.8–1.9 0.9 0.6–1.2 without keel M
S. montevidensis 2.0–3.0 1.0–1.5 142 1.1–2.0 0.69 0.3–1.0 without keel; smooth surface N
S. planitiana 1.5–2.4 1.0–1.44 142–144 1.5 0.6 0.1–0.3 keeled* O
S. platyphylla 1.2–2.2 0.8–1.3 118–158 0.8–1.4 0.4–0.7 0.3–0.6 without keel; 2-ribbed P
S. potamogetonifolia 5.0–7.0 4.5–6.0 105 3.0 1.5 0.5 dorsal wing undulated Q
S. rhombifolia 4.0–7.0 2.0–3.0 130–135 4.9 1.5 0.7–1.2 keeled R
S. rigida 2.4 1.5 165 1.6 0.7 1.0 horizontal beak S
S. secundifolia 2.1 1.1 172 1.5 0.6 0.3 beak turned in a spur; margins crested T
S. sprucei 2.1–6.0 0.9–4.0 172 0.9 0.4 0.3–0.5 without keel U
S. subulata 1.4–2.0 0.9–1.5 143 0.8 0.6 0.2–0.4 keeled, crenate wings V

S. teres 2.4 1.7 173 – – 0.4 keeled; horizontal beak; irregularly 
crenate dorsal wing W

S. trifolia 3.0–5.0 1.5–3.0 150 1.5 0.6 0.5 dorsal wing broadly developed X
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corresponds to an almost complete leaf from the Upper 
Cretaceous of Egypt and firstly assigned to Echino dorus cf. 
cordifolius by Kahlert et al. (2009).

The fossil record of Sagittaria in the late Miocene con-
text.—The Sagittaria fossils studied here were recovered 
from late Miocene units ranging from approximately 
10–5 Ma. According to Herbert et al. (2016) between 
7–5.4 Ma, both hemispheres were affected by a drought, 
an increase in seasonality, and a restructuring of terres-
trial plant and animal communities. These events were es-
pecially observed in the subtropical areas, but they were 
typically attributed to regional tectonic forces (Herbert et 
al. 2016). During the Neogene, the uplift of the Andes 
Mountains occurred in discrete periods, progressing from 
south to north and from west to east (Amarilla et al. 2015). 
The region experienced a deformation and compartmental-
ization of the basin, which extended during the Pliocene. 
These processes modified the environment, from a humid 
foreland to an elevated and hydrologically restricted semi-
arid intermontane basins (Pingel et al. 2016). The Andes 
Mountains became the sole barrier to atmospheric circu-
lation in the Southern Hemisphere (Amarilla et al. 2015). 
However, the fossil assemblages and the sedimentological 
evidence from the Palo Pintado Formation are not consistent 
with dry environments. During the deposition of this for-
mation, a warm climate with seasonal rainfall is observed 
without significant climatic changes. Bywater-Reyes et al. 
(2010) suggested relatively more humid conditions between 
10 to 6 Ma, although with seasonal conditions (Galli et al. 
2011; Anzótegui et al. 2019). Changes to more arid envi-
ronments started about 5 Ma until reaching the current 
conditions to 1 Ma ago (Pingel et al. 2016). Other Neogene 
locations close to the studied sites, such as the Quebrada 
del Toro locality (Miocene–Pliocene; Salta Province), also 
reflect similar conditions, with the presence of plant re-
mains associated with marshy environments (Robledo et al. 
2020a). This evidence suggests that the changes to a drier 
environment in the Palo Pintado Formation would have 
been gradual.

The achenes of Sagittaria montevidensis were found 
in different sections of two outcrops of the Palo Pintado 
Formation (see Fig. 2). The Quebrada El Estanque local-
ity yielded a smaller number of Sagittaria fruits but they 
were the most complete fossils. In turn, the Quebrada Salta 
locality yielded a greater number of Sagittaria monteviden-
sis impressions, including both complete and incomplete 
fruits. In both localities, these fossils are related to the 
marsh and lacustrine environments and they would have 
developed under a warm and humid climate with dry sea-
sonality suggested for the Palo Pintado Formation (Galli et 
al. 2011). These conditions are some of the characteristic 
environments where Sagittaria currently develops. The ar-
rowheads like Sagittaria montevidensis are rooted aquatic 
plants that grow in freshwater and slow current wetlands 
(i.e., swamps and marshes), wet or flooded soils, alongside 

streams or in drainage channels (Costa and Forni-Martins 
2003; Haynes and Les 2004; Lehtonen 2009, 2018). Their 
presence in the outcrops studied would suggest these types 
of environments during the Neogene in the study area. 
Additionally, Demetrio et al. (2014) suggested that this spe-
cies could morphologically modify its corm as an adaptive 
response to environmental stress, as flood periods or dry 
seasons, both events proposed for Palo Pintado Formation. 
Sagittaria montevidensis coexisted with other aquatic or 
marsh plants (for example, Cabomba, Salvinia, Azolla, 
Mayaca, and Equisetum), previously recorded from sedi-
ments of the Palo Pintado Fm., attesting to the great diver-
sity of aquatic plants preserved in these wetland deposits 
(Anzótegui et al. 2017, 2019).

Conclusions
The Miocene Alismataceae record introduced here is the 
first Neogene fossil belonging to this family in South 
America and the most well substantiated fossil record of 
Sagittaria found of the continent.

The finding of Sagittaria in these Neogene sediments 
supports the possibility of a migratory route from Africa to 
South America and thence to North America.

This record constitutes another evidence that the envi-
ronment during the deposition of the Palo Pintado Formation 
was warm and humid, in the interval of 10–5 Ma. During 
the late Miocene these Sagittaria would have inhabited a 
fluvial paleoenvironment in a warm climate with seasonal 
rainfall and without significant climatic changes, very dif-
ferent from the current dry conditions of the place, where it 
is now part of the South American Arid Diagonal.
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Stable isotope analysis is pivotal for investigating the paleodiet and paleoecology of past mammals. In this paper, we 
analyzedthirtyfossilenamelsamplesbelongingtothefamiliesSuidae,Rhinocerotidae,andDeinotheriidaeforδ13Cenamel 
and δ18Oenamel composition to investigate paleodiet and paleoecology of middle Miocene mammals of the Siwalik 
sub-GroupofPakistan.Thethreemammaliangroups,whencombinedtogether,yieldedanaverageδ13Cenamel value of 
-12.2 ± 2‰, indicating a pure to nearly pure C3diet.Suidsshowslightlyhigherδ13Cenamel values of -11.2 ± 1.4‰ when 
compared to rhinocerotids and deinotheres (-12.3 ± 0.8‰ and -12.5 ± 1.3‰, respectively), which could be explained 
byselectiveforagingonnewleafshootsorfeedingfromopenspaces.Alternatively,thedifferencesinδ13Cenamel could 
be due to different digestive physiologies and different enamel-diet enrichment factors. Members of all three families 
showedsignificantdifferencesinδ18Oenamelvalues,wheresuidsyieldedhigherδ18O values of -8.2 ± 1.2‰ compared 
to rhinocerotids and deinotheres (-11.4 ± 1.8‰ and -10.4 ± 1.7‰, respectively). Based upon these results, we assume 
that these mammals inhabited subtropical forests similar that of mid-Miocene of the Siwalik Group, India and Nepal. 
The modern analogues of such vegetation system are present in East and South of Myanmar, Nepal, and Malaya where 
precipitation is enough to support evergreen C3 forests. By contrast, today’s floodplain environments in Pakistan are 
dominated by C4 grasses, and C3 vegetation is only present in non-floodplain settings.
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Introduction
The temporal and spatial records of climate archived in thick 
Neogene and Quaternary continental deposits in northern 
Pakistan provide an exceptional opportunity to explore the 
patterns of evolution and adaptation of mammals over the 
time span of million years (Badgley et al. 2008; Morgan 
et al. 2009; Patnaik et al. 2019). Stable isotope (SI) analy-
sis of carbon and oxygen of enamel from mammals, both 
expressedin thefamiliardelta(δ)notationinpermil(‰)
according to V-PDB (Vienna Pee Dee Belemnite) standards, 
allowustoreconstruct thepastdiets(δ13Cdiets) and paleo-

environmentalmeteoricwater (δ18Omw), which in turn re-
flect paleovegetation and paleoclimate during the Neogene 
and Quaternary (Quade et al. 1992, 1995a, b; Cerling et al. 
1997a, 2015; White et al. 2009; Sanyal et al. 2005, 2010; Uno 
et al. 2011; Ben-David and Flaherty 2012; Khan et al. 2020; 
Waseem et al. 2020a). The Siwalik sub-Group of northern 
Pakistan contains a high-resolution fossil record spanning 
the Neogene time period (Quade et al. 1989; Barry et al. 
2002, 2013; Dennell et al. 2006; Flynn et al. 2016; Fig. 1). 
Morgan et al. (1994), Uno et al. (2011), and Hynek et al. 
(2012) interpreted elevated δ13C values in fossil herbivore 
enamel(δ13Cenamel) to reflect a component of C4 vegetation 
in the mid-Miocene (~11–10 Ma) across several continents. 
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However, the major C4 radiation in the Siwalik sub-Group 
has been documented to occur after ~10 Ma (Barry et al. 
1982, 2002; Quade et al. 1995a, b; Morgan et al. 2009). In 
this study, we explore the isotopic composition of enamel 
from three families of large herbivores to reconstruct paleo-
environments and check for evidence of C4 dietary intake 
in the middle Miocene (14.2–11.2 Ma) of the Siwalik sub-
Group of Pakistan. Enamel was selected for the analysis 
due to its high resistance to diagenesis and large crystal 
size and low porosity, which makes it the best material for 
paleodietary reconstruction in ancient ecosystems (Quade 
et al. 1992; Kohn et al. 1996, 2002; Kohn and Cerling 2002).

There are three metabolic pathways through which car-
bon is incorporated in the plants. Trees, nearly all shrubs, 
forbs, ferns, sedges, and most non-tropical or high altitude 

grasses utilize the C3 pathway of photosynthesis in which 
δ13Cdiet ranges from -34 to -22‰ (Koch 1998; Pérez-Crespo 
et al. 2017), and average around -28.2 ± 6‰ under the pres-
entδ13CCO2 = -8‰, or -6.7‰, pre-industrially (Kohn 2010). 
The C4 pathway is found in most of the warm region-grasses 
andsomesedgeswitharangeofδ13Cdiet values from -14 to 
-10‰ (Cerling 1999). The abundance of C3/C4 vegetation 
in an ecosystem is governed by many factors, including 
the mean annual temperature (MAT), mean annual pre-
cipitation (MAP), and partial pressure of carbon dioxide in 
the atmosphere (pCO2) (Kohn 2010; Waseem et al. 2020b). 
The comparatively cooler areas (MAT <25°C) with pre-
cipitation higher than 1–2 m/year show a dominance of C3 
vegetation while warmer areas (MAT >25°C) with drier 
conditions (MAP <1–2 m/year) show a dominance of C4 

Fig. 1. Map of the Siwaliks indicating the middle Miocene localities from where fossil material for this study was recovered. A. Geomagnetic polarity 
time scale (Gradstein et al. 2012). B. Map of the Siwalik sub-Group of Pakistan along with the localities and studied area. C. Overview of Chinji-Nagri 
section. D. Overview of Dhok Bun Ameer Khatoon (DBAK) section.
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grasses (Nelson 2007). Furthermore, the C4 pathway can 
work efficiently under lower pCO2 and lower humidity lev-
els compared to C3 pathway (Medrano and Flexas 2000; 
Bellasio et al. 2018) due to the fact that carbon is fixed 
twice in C4 pathway as compared to C3 pathway (Kohn and 
Cerling 2002).The δ13C values of plants are governed by 
other factors such as low light intensity, saline soil, water 
availability, and local microhabitat conditions (Ehleringer et 
al. 1987; Codron et al. 2005; Bibi 2007).

These averages and ranges in δ13C value for modern 
plants were ~1.3‰ higher during the middle Miocene in 
fossil C3 and C4 plants, due largely to the effect of fossil fuel 
burningindecreasingδ13CCO2 of the atmosphere (see Tipple 
etal.2010).Thus,weusetheδ13CCO2 (-5.2‰) as in Tipple et 
al. (2010) for pre-10 Ma time span. The third photosynthetic 
pathway, crassulacean acid metabolism (CAM), is found in 
succulent plants which are mostly present in deserts or epi-
phytic plants in closed forests (Passey et al. 2005; Andrade 
et al. 2007) and were probably negligible in the Siwaliks.

Upon feeding on plants, the carbon is incorporated in the 
herbivores tooth enamel during the period of tooth forma-
tion. When carbon isotopes are incorporated in the enamel 
of herbivores, δ13Cenamel values are fractionated by an en-
richment factor (eenamel-diet):

eenamel-diet = (aenamel-diet - 1) × 1000       (1)
where: 

a enamel-diet = (denamel + 1000)/(ddiet + 1000)

Thus, middle Miocene animals consuming C3 vegetation 
outsideof rainforestsanddesertswithδ13Cdiet values from 
-28.1to-23.1‰shouldshowδ13Cenamel values ranging from 
about -14 to -9‰, whereas middle Miocene animals feeding 
on C4vegetationshouldshowδ13Cenamel values ranging from 
~-2 to ~+2‰. The values between ~-9 to ~-2‰ are considered 
to reflect mixed feeding on C3/C4 vegetation (MacFadden 
andCerling1996).Inthisstudy,weassumethatδ13Cenamel 
values ≤-16.1‰denote browsing under closed-canopy for-
ests, -16 to -14‰ for sub-canopy browsing, -14 to -12‰ for 
browsing in forests, and -12 to -8‰ for browsing in wood-
lands (Cerling and Harris 1999; Domingo et al. 2012). The 
δ13Cenamel between -8 to -3‰ will be considered as mixed 
feeding on C3/C4 vegetation while values >-2‰ can be in-
terpreted as grazing on dominantly C4 grasses (Cerling et 
al. 1997a, b, 2004; Kohn 2010). However, eenamel-diet does 
not solely depend upon one factor. Tejada-Lara et al. (2018) 
argue that a single value of eenamel-diet of ~14.1‰ does not 
account for all the mammals from monkeys to elephants by 
overlooking the other metabolic and physiological effect on 
carbon fractionation. For example, different mammals show 
different eenamel-diet depending on body mass and digestive 
physiology (Tejada-Lara et al. 2018). Combining all factors, 
we assume an average eenamel-diet of ~+14.1‰ for large-bodied 
rhinocerotids and deinotheres and ~+13.1‰ for suids accord-
ing to Codron et al. (2011) and Tejada-Lara et al. (2018).

Oxygen enters an animal’s body in three main ways: 
(i) from drinking water, (ii) water derived from food, and 

(iii) inhalation, and leaves the body through sweat, exhala-
tion, and urination (Sponheimer and Lee-Thorp 1999; Koch 
2007; Sánchez 2005; Blumenthal et al. 2017, 2018). Of these 
sources, the majority of oxygen isotopes incorporated into 
enamelarefromdrinkingwateranddiet,andδ18O values of 
localmeteoricwater(δ18Omw) are affected by environmental 
temperature, amount of precipitation, latitude, and altitude 
(Dansgaard 1964). The general trend of δ18Oenamel values 
is set by the ecology as the animals living under closed 
habitat and in humid conditions (forests) tend to show lower 
δ18Oenamel values compared to the animals living in open and 
arid (savannah or grasslands) areas (Feranec and MacFadden 
2006). Levin et al. (2006) categorized the animals under two 
broad categories on the basis of their physiology and beha-
vior. Evaporation sensitive (ES) taxa tend to obtain most of 
their water from their diet (leafy plants) and generally are 
ruminants(δ18O values of their enamel is correlated to the 
evaporation of leaf water), whereas evaporation insensitive 
(EI) taxa are mostly non-ruminants that depend on surface 
water for theirbodywater requirements (δ18Oenamel is cor-
related to local drinking water sources). In this study, all the 
families sampled can be categorized as EI taxa on the basis 
of the physiology of the modern analogues, providing better 
insightsintotheδ18O value of palaeo-precipitation (Levin et 
al. 2006; Blumenthal et al. 2017; Faith 2018).

The fossil fauna of Chinji Formation includes Rhino-
cerotidae, Suidae, Tragulidae, Bovidae, Giraffidae, Deino-
theriidae, Gomphotheriidae, and other taxa including Homi-
nidae, Rodentia, and Carnivora (Pilgrim 1937; Khan et al. 
2013; Barry et al. 2013; Flynn et al. 2016). We focus here on 
the paleodiets, paleoenvironments, and niche partitioning 
among Rhinocerotidae, Suidae, and Deinotheriidae from the 
middle Miocene of northern Pakistan. We selected these 
three EI taxa over non-EI taxa as δ18Oenamel value of EI 
taxa is correlated to their water source (Faith 2011, 2018). 
Furthermore, we selected one specialized browser (deino-
theres), one taxon (i.e., Hyotherium pilgrimi) which disap-
peared from the Siwalik record during the late Miocene, and 
one taxon (rhinocerotid, Chilotherium intermedium) which 
shifted towards a C4 diet during the late Miocene (Badgley et 
al. 2008; Morgan et al. 2009) to evaluate whether these taxa 
ate C3 or C4 plants during the middle Miocene time span in 
the Siwalik sub-Group of Pakistan.

The rhinocerotid, Chilotherium intermedium, was wide-
spread in the Siwalik sub-Group of India and Pakistan, and 
existed up to the late Miocene (~7 Ma) in China. This species 
is characterized by low-crowned cheek teeth (brachydonty) 
with thin enamel folding and less complexity, indicating a 
diet composed of soft and less-gritty vegetation, preferably 
leaves of plants and trees (Khan 2009). C. intermedium was 
comparatively smaller (height 1.5 m and weight 1–2 tons) 
than modern black rhinos (Diceros bicornis) (height up to 
1.8 m and weight up to 2.2 tons) (Decher 1999; Deng 2005).

Deinotherium pentapotamiae and D. indicum (Deino-
theriidae) (body weight up to 11 tons and height up to 5 m, 
Larramendi 2016) was widespread in the Siwalik Group 
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and contemporaneous African sites for most of the middle 
Miocene, and it persisted as late as ~9 Ma in the Indian 
sub-continental region (Sarwar 1977). Two hooked shaped 
lower tusks were present in the species of Deinotherium 
with a flat skull, unlike other proboscideans, along with 
low-crowned teeth, indicating a browsing diet (Sarwar 1977; 
Shoshani and Tassy 2005).

Hyotherium pilgrimi (Suidae) was a species with buno-
dont (rounded cusps) and brachyodont cheek teeth which ex-
isted during the middle Miocene time span in the Siwaliks. 
It had a range of body weight from 150–200 kg and height 
up to 1.1 m (Sorkin 2008). The mesowear and morphologi-
cal studies (low hypsodonty index of 1.1, simple bunodont 
dentition with thick enamel) show that this species browsed 
on leaves and fruits (Barry et al. 2002; Tariq 2010; Aslam 
2018). In general, all the middle Miocene mammals of the 
Siwalik sub-Group of Pakistan show morphological char-
acters indicating browsing diets in forests and woodland 
settings, like their Indian counterparts (Patnaik et al. 2019).

Institutional abbreviations.—EB, Environmental Biology 
Laboratory, Institute of Zoology, University of the Punjab, 
Lahore, Pakistan.

Other abbreviations.—CAM, crassulacean acid meta bo lism; 
EI, evaporation insensitive; ES, evaporation sensitive; MAP, 
mean annual precipitation; MAT, mean annual temperature; 
SI, stable isotopes; V-PDB, Vienna Pee Dee Belemnite.

Geological setting
The middle Miocene is represented by the Chinji Formation 
in the Siwalik sub-Group of Pakistan (Fig. 1), which spans 
14.2–11.2 Ma (Barry et al. 2002). The thickness and near-con-
tinuous deposition of the strata have permitted the develop-
ment of a robust chronostratigraphic framework for the Chinji 
Formation on the basis of paleomagnetic dating. The samples 
for this study were collected from the Chinji-Nagri and Dhok 
Bun Ameer Khatoon sections (Fig. 1). The Chinji-Nagri 
section (Fig. 1B, C) is present in Chakwal District, Punjab 
(32°39´N, 72°22´E), whereas the Dhok Bun Ameer Khatoon 
section (DBAK) (Fig. 1B, D) is located 50 km north of Chinji 
Village (32°47´N, 72°55´E). The boundary between Chinji 
and Nagri formations can be placed at 11.2 Ma (Fig. 1A), 
between magnetic zones C5r.3r and C5n.3n (Johnson et al. 
1982, calibrated according to Gradstein et al. 2012). The 
lower boundary of the Chinji Formation with the underlying 
Kamlial Formation (Fig. 1A) can be placed between C5ACr 
and C5ADn at 14.2 Ma (Channell et al. 2013). Siltstone 
and sandstone deposited in an overall fluvial environment 
dominate the general lithology of the Siwalik sub-Group 
sediments. Most of the samples come from reddish to gray 
mudstone (Fig. 1C, D) marginal to large-river paleochannels. 
The ages are assigned as the mid points following Barry et 
al. (2002).

Material and methods
For SI analysis, thirty samples from three mammalian 
families were selected across the middle Miocene of the 
Siwalik sub-Group of Pakistan. The samples were identified 
to the species level and further processed for SI analysis. 
Statistical analysis was conducted using Statistical Package 
for Social Studies (SPSS) version 20.0.

For the extraction of enamel, a rotary dental drill with 
carbide burrs was used. Around 15–20 mg of enamel was 
extracted from each tooth (only molars and premolars were 
included). Enamel was extracted along one single transect 
from cervix to crown apex (longitudinal) from buccal sur-
face of upper teeth and lingual surface of lower teeth.

Powdered enamel was further pre-treated with 10 ml of 
2% NaOCl for one hour to remove organic matter and the 
solution was decanted and rinsed with distilled water three 
times. The samples were than treated with 10 ml of 0.1% 
acetic acid for 1 hour to remove exogenous carbonates and 
rinsed with water (Nelson 2007). Samples were then oven 
dried before isotope analysis (Koch et al. 1997).

δ18Oenamel and δ13Cenamel values were measured at the 
Uni versity of Arizona, USA, using an automated carbonate 
preparation device (KIEL-III) coupled to a gas-ratio mass 
spectrometer (Finnigan MAT 252). Powdered samples were 
reacted with dehydrated phosphoric acid under vacuum at 
70°C. The isotope ratio measurement is calibrated based on 
repeated measurements of NBS-19 and NBS-18, and preci-
sionis0.11‰forδ18O(V-PDB)and0.08‰forδ13C (V-PDB).

Results
Stable Carbon Isotopes.—Theaverageδ13Cenamel across all 
the families was found to be -12.2 ± 2.2‰. The Suidae, 
Rhinocerotidae, and Deinotheriidae returned average val-
ues of δ13Cenamel of -11.2 ± 1.4‰ (n = 10), -12.3 ± 0.8‰ 
(n = 10), and -12.5 ± 1.3‰ (n = 10), respectively (Table 1). 
Normality tests indicate that data were normally distrib-
uted. One-way ANOVA along with the post-hoc (Tukey’s 
HSD) test show no significant differences in δ13C values 
between Rhinocerotidae and Deinotheriidae (p = 0.061), 
whereas Suidae showed significant differences compared to 
Deinotheriidae (p = 0.039) and Rhinocerotidae (p = 0.041).

Stable Oxygen Isotopes.—The average δ18Oenamel (V-PDB) 
across all the families was -9.9 ± 3‰, wherein Suidae, 
Rhinocerotidae, and Deinotheriidae yiel ded average values 
forδ18Oenamel of -8.2 ± 1.2‰ (n = 10), -11.4 ± 1.8‰ (n = 10), 
and -10.4 ± 1.7‰ (n = 10), respectively (Table 1). The data 
were normally distributed. One-way ANOVA along with 
post-hoctestindicatedthattheδ18Oenamel of suids is signifi-
cantlydifferentfromtheδ18Oenamel of rhinos and deinotheres 
(p = 0.041) (Table 1, Fig. 2).
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Discussion
The average δ13Cenamel value of middle Miocene mammals 
(-12.2 ± 2‰) in our data overall indicates a diet composed of 
C3 vegetation, which was likely present in the form of forests 
and woodlands (Kohn and Cerling 2002; Kohn 2010). Patnaik 
etal.(2019)reporttherangeofδ13Cenamel for large herbivores 
from -13.9 to -11.6‰ for middle Miocene Siwalik sub-Group 

of India, whichmatches our results. The lowest δ13Cenamel 
value in our results (-13.9‰) was recorded at ~13 Ma interval, 
whereas the highest value (-9.6‰) was recorded at ~12 Ma 
(Fig. 2, Table 1). This shows that the lower Chinji Formation 
was dominated by C3 vegetation, likely present in the form 
of forestland, whereas the upper Chinji was dominated by C3 
open woodlands (Kohn and Cerling 2002; Kohn 2010). Thus, 
vegetation and habitat appear to have changed towards more 

Fig.2.δ13Cenamelandδ18Oenamel of all results on three herbivore families from the Chinji Formation. A.δ13Cenamel values versus age (Ma) showing close 
and forest ecology of middle Miocene. B.δ18Oenamel values versus age (Ma) indicating the moisture conditions in middle Miocene. C. The niche partition-
inginδ18Oenamelversusδ13Cenamel space among the suids, rhinocerotids, and deinotheres.
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open ecological settings in the upper Chinji Formation. The 
shifttoopenwoodlandisalsoapparentinthesuidδ13Cenamel 
results, which return an estimate for suid diet of -22.7‰, 
assuming eenamel-diet = +13.1‰. (Kohn 2010; Cerling et al. 
2015; Table 1). Moreover, the possibility of consumption of C3 
grasses cannot be ruled out as extant suids in eastern Africa 
also consume C3 grasses but show a low-crowned dental mor-
phology (Harris and Cerling 2002; Souron 2017).

These findings are supported by evidence presented in 
QuadeandCerling(1995),whoreportedδ13Cpaleosol carbonate 
values from Kamlial and Chinji formations ranging from 
-12.9 to -9.5‰, indicating a forestland and woodland envi-
ronment. Further afield, Quade et al. (1995b) from Pasalar, 
Turkey, and Uno et al. (2016) from eastern Africa report 
the δ13C values from paleosol and ungulate enamel, re-
spectively. Both studies report a dominance of C3 vegeta-
tion with very little or no C4 vegetation during the middle 
Miocene time span.

Thehigherδ13Cenamel values in suids compared to rhinoce-
rotids and deinotheres indicate that this family preferred more 

open areas for their feeding or browsed on a leafy vegetation. 
Tariq (2010) reports a frugivorous component to diets in suids 
on the basis of mesowear analysis. The mesowear analysis 
coupled with the morphological features of suid teeth (buno-
dont teeth with thick enamel) is in agreement with the hy-
pothesis,baseduponourδ13Cenamel data, that suids of middle 
Miocene utilized C3 plants in open habitats, including fruits, 
as their dietary resource and inhabited relatively more open 
areas (Tariq 2010; Aslam 2018; Waseem et al. 2020b).

On the basis of average δ13Cenamel and δ18Oenamel val-
ues, we may hypothesize that middle Miocene climate was 
sub-humid and animals drank from shaded water holes or 
rivers (Sanyal et al. 2010; Tada et al. 2016). If we use the 
equation forMAP calculation on the basis of δ13Cdiet fol-
lowing Kohn (2010), we can say that in middle Miocene of 
the Siwalik sub-Group of Pakistan MAP was lower than 
~700 mm/year (see Kohn 2010: fig. 3). The average value 
of δ18Oenamel (-9.9 ± 3‰) of all non-ruminant taxa is low, 
indicating sub-humid conditions (Fig. 2B) during the middle 
Miocene time span in the Siwalik sub-Group of Pakistan, 

Table1.δ13Cenamelandδ18Oenamel values for thirty enamel samples of fossil mammals from the middle Miocene Siwaliks of Pakistan. The ages 
of the samples have been calibrated according to Gradstein et al. (2012). Abbreviations: l, left; M/m, upper/lower molar; PM, upper premolar; 
r, right; V-PDB, Vienna Pee Dee Belemnite.

Sample ID Family Species Horizon Type of 
tooth Age (Ma) δ13Cenamel 

V-PDB (‰)
δ18Oenamel 

V-PDB (‰)
EB 470 Suidae Hyotherium pilgrimi upper Chinji lM2 12.0 -10.3 -7.1
EB 471 Suidae Hyotherium pilgrimi upper Chinji lM2 12.2 -9.6 -7.0
EB 472 Suidae Hyotherium pilgrimi upper Chinji rP3 11.5 -11.1 -8.6
EB 473 Suidae Hyotherium pilgrimi upper Chinji rm3 11.5 -12.1 -9.6
EB 474 Suidae Hyotherium pilgrimi upper Chinji rm2 12 -12.25 -8.7
EB 475 Suidae Hyotherium pilgrimi upper Chinji rM2 11.5 -11.8 -10.1
EB 476 Suidae Hyotherium pilgrimi upper Chinji rM2 11.5 -10.4 -7.8
EB 477 Suidae Hyotherium pilgrimi upper Chinji rM2 11.5 -12.45 -7.9
EB 478 Suidae Hyotherium pilgrimi upper Chinji lM3 12.0 -11.2 -7.9
EB 479 Suidae Hyotherium pilgrimi upper Chinji lM3 12.0 -10.9 -6.9
EB 480 Rhinocerotidae Chilotherium intermedium lower Chinji lm2 13.6 -12.5 -11.3
EB 481 Rhinocerotidae Chilotherium intermedium lower Chinji lM3 13.6 -12.2 -11.5
EB 482 Rhinocerotidae Chilotherium intermedium lower Chinji lM3 12.6 -12.2 -12.7
EB 483 Rhinocerotidae Chilotherium intermedium upper Chinji P4 11.6 -12.0 -9.6
EB 484 Rhinocerotidae Chilotherium intermedium lower Chinji lM3 13.6 -12.5 -11.3
EB 485 Rhinocerotidae Chilotherium intermedium lower Chinji rm2 13.8 -12.45 -11.9
EB 486 Rhinocerotidae Chilotherium intermedium lower Chinji rM2 13.0 -11.9 -11.3
EB 487 Rhinocerotidae Chilotherium intermedium lower Chinji lM2 12.8 -13.2 -11.5
EB 488 Rhinocerotidae Chilotherium intermedium lower Chinji lM2 12.8 -11.6 -10.65
EB 489 Rhinocerotidae Chilotherium intermedium lower Chinji rm3 12.8 -12.3 -12.1
EB 490 Deinotheriidae Deinotherium pentapotamiae upper Chinji M2 11.6 -11.8 -9.1
EB 491 Deinotheriidae Deinotherium pentapotamiae upper Chinji M3 11.6 -12.3 -10.45
EB 492 Deinotheriidae Deinotherium indicum lower Chinji lm1 12.8 -13.8 -10.9
EB 493 Deinotheriidae Deinotherium indicum lower Chinji lm2 12.8 -11.5 -10.5
EB 494 Deinotheriidae Deinotherium indicum lower Chinji rM3 13.6 -13.2 -11.9
EB 495 Deinotheriidae Deinotherium indicum lower Chinji rm3 13.6 -13.4 -10.7
EB 496 Deinotheriidae Deinotherium pentapotamiae upper Chinji lm3 12.0 -11.3 -9.4
EB 497 Deinotheriidae Deinotherium pentapotamiae upper Chinji lm3 11.6 -10.9 -8.6
EB 498 Deinotheriidae Deinotherium indicum lower Chinji lm3 13.8 -13.25 -10.7
EB 499 Deinotheriidae Deinotherium pentapotamiae lower Chinji lm3 13 -12.3 -10.5
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which is consistent with Indian contemporaneous sites 
(Patnaiketal.2019).Thelowδ18Oenamel values also probably 
indicate that in the middle Miocene, animals drank from 
relatively unevaporated water holes or rivers.

Theδ18Oenamel andδ13Cenamel values increase gradually 
from ~14 Ma to ~11 Ma (Fig. 2A, B), culminating in more 
open environments supporting a woodland or perhaps mi-
nor C4 vegetation (0–18% cover). However, the Hyotherium 
pilgrimisamplesshowhigherδ13Cenamel values in our data 
which may also imply that this response may be species 
specific. Even if we consider the values as species specific, 
the open ecology towards the end of middle Miocene is 
still supported as we consider that the studied suid species 
occupied more open areas similar to the late Miocene suids. 
However, suids in the late Miocene showed feeding in both 
open and closed environments (Nelson 2005, 2007).

Niche partitioning among  
middle Miocene mammals
The studied middle Miocene mammals show some degree of 
niche partitioning (Fig. 3). The deinotheres and rhinocerotids 
from middle Miocene of Indian Siwaliks show an average 

δ13Cenamel values of -12.5‰ and -12.8‰, respectively, very 
close to the ranges in our results for these taxa (Patnaik et 
al. 2019), pointing to overall similar ecological and die tary 
preferences.The suids (average δ13Cenamel = -11.2 ± 1.4‰) 
inhabited a woodland/forestland setting where they fed on 
C3 vegetation consisting of plants, including fruits. They 
may have drunk from less shaded water holes as represented 
bytheirelevatedδ18Oenamel values (-8.1‰) compared to the 
other middle Miocene taxa (Fig. 2B, C). The rhinocerotids 
and deinotheres show similarly low (p >0.05) δ13C values 
(-12.2‰ and -12.4‰, respectively), indicating that both fam-
ilies inhabited a forestland setting and browsed from un-
derstory vegetation (Fig. 2A, C), as reported by Patnaik et 
al. (2019) for contemporaneous Indian sites. However, the 
δ18Oenamel values significantly differ between these two fam-
ilies (-11.3 ± 1.8‰ and -10.4 ± 1.7‰; Fig. 2B). Heissig (1972, 
2003) reports that middle Miocene rhinocerotids of Pakistan 
preferred a habitat close to water bodies and Biasatti et al. 
(2018) report the same behavior for middle Miocene rhinoc-
erotids of China. Thus, we may assume that middle Miocene 
rhinocerotids lived in habitats close to water, resulting in 
thelowestδ18Oenamel values among all the middle Miocene 
taxa analyzed in this study. Deinotheres preferred a forested 
habitat where they had access to water but they did not live 

Fig. 3. Reconstruction of the middle Miocene ecology of the Siwaliks and relative habitat partitioning among three mammalian families based on the 
stable isotope data of carbon and oxygen. Deinotheres (A), rhinocerotids (B), and suids (C).
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very close to the water bodies like rhinocerotids as indicated 
bytheδ18Oenamel values (Fig. 3).

Conclusions
We analyzed thirty specimens belonging to three families 
of middle Miocene Siwalik sub-Group of Pakistan. On the 
basis of our results, we conclude that these middle Miocene 
species inhabited dense forests and woodlands where they fed 
on the C3 vegetation and drank from shaded water resources 
like ponds or rivers which were frequently refilled by precip-
itation (Fig. 3). We did not find clear evidence of significant 
C4vegetationintheirdiet.Theδ18Oenamel results reveal that 
the environment was more humid at ~14 Ma and became less 
humid towards the upper Chinji Formation (12–11.2 Ma). In 
general, the middle Miocene Siwaliks of Pakistan were domi-
nated by forests and woodlands with precipitation supporting 
a more evergreen ecology as in the middle Miocene of east-
ern Africa, India, and Nepal and present-day vegetation of 
Myanmar (Quade et al. 1995a, b; Uno et al. 2016).
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