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Abstract

In this paper, we study the postcranial morphology (humerus, ulna, innominate, femur, tibia, astragalus, navicular, and
metatarsal III) of Neoepiblema, a giant Late Miocene South American rodent, searching for evidence about its paleobiology
based on unpublished specimens from Solimdes Formation (Upper Miocene, Brazil). The study includes a morphofunctional
analysis of the postcranial bones and a comparison with extant and extinct rodents, especially Phoberomys. The morphofunc-
tional analysis of the postcranial bones suggests that Neoepiblema (as well as Phoberomys) would have a crouched forelimb
that was not fully extended, with powerful pectoral and triceps musculature, and able to produce movements of pronation/
supination and possibly with a hand able to grasp. The combination of characters of the innominate bone, femur, and tibia
indicates a predominance of parasagittal movements and a thigh with powerful musculature used during propulsion. In sum,
the analyzed postcranial features are consistent with the limb morphology of ambulatory rodents, but with faculty to dig
or swim. The sedimentary evidence of the localities in which fossils of neoepiblemids have been found suggests that these
rodents lived in wet and water-related environments (near swamps, lakes, and/or rivers).
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Introduction
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Neoepiblemids are caviomorph rodents (South American
hystricognath rodents; see Vucetich et al. 2015, for a review
on the caviomorph fossil record) represented by only four
genera, but with a wide range of body sizes. This lineage
represents a group more closely related to extant Chinchilli-
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dae than to other caviomorph clades (Kerber et al. 2017a, b;
Rasia and Candela 2018, 2019; Kerber and Sanchez-Villagra
2019; Busker et al. 2020; Rasia et al. 2021) (Fig. 1). They are
unequivocally recorded from the Early Miocene to the
Pliocene of South America (see Discussion) and are rep-
resented by Perimys Ameghino, 1887 (including several
species) (Early Miocene), Doryperimys olsacheri Kra-
marz et al., 2015 (Early Miocene), Neoepiblema horridula
(Ameghino, 1886) (Late Miocene), Neoepiblema acreen-
sis Bocquentin-Villanueva et al., 1990 (Late Miocene),
Phoberomys burmeisteri Kraglievich, 1926 (Late Miocene),
and Phoberomys pattersoni Mones, 1980 (Late Miocene)
(Kraglievich 1926, 1940; Bondesio et al. 1975; Carrillo and
Séanchez-Villagra 2015; Kerber et al. 2017a, b; 2019a, b;
Rasia and Candela 2018, 2019).

@ Springer


http://orcid.org/0000-0001-8139-1493
http://orcid.org/0000-0002-9407-7097
http://orcid.org/0000-0002-2779-6120
http://orcid.org/0000-0001-8091-7932
http://orcid.org/0000-0001-7069-996X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10914-021-09567-4&domain=pdf

Journal of Mammalian Evolution (2022) 29:207-235

208

(]

©

-]

=

E

o

£

(=)

. [}
©

®

Chinchilloidea =
%]

£

&

o

(]

©

b=

E

2

2

Qo

[

o

(9]

=z

Neoepiblema

Fig. 1 Simplified cladogram of Chinchilloidea showing the phyloge-
netic relationships of Neoepiblema and extant chinchilloids. Based
on Kerber et al. (2017a, 2019a), Kerber and Sanchez-Villagra (2019),
Rasia and Candela (2018, 2019), Rasia et al. (2021). Illustration of
rodents by Marcio L. Castro

Although our knowledge of the anatomy of the
members of this group has been increasing in recent
years, it is still far from ideal, making it challenging to
understand their phylogenetic relationships as well as
their paleobiology. Most information about neoepiblemids
is based on the morphology of the skull and cheek teeth.
Among the aforementioned species, there is information
about the postcranial morphology only of P.
burmeisteri, P. pattersoni, and Perimys (see below). A
few bones (femur, tibia, and astragalus) from the Ituzaingé
Formation, Argentina, were described by the Argentinean
paleontologist Lucas Kraglievich. These bones were
assigned to Phoberomys burmeisteri, the giant Miocene
Argentinean form (Kraglievich 1932). Subsequently,
a femur assigned to P. burmeisteri from Jurua River,
Solimdes Formation, Brazil, was described by Paula
Couto (1978). Kerber et al. (2017a) argued that, at present,
there is no specimen of Phoberomys from Brazil that can
be identified confidently at a specific level. Hence, that
femur is now assigned to Phoberomys sp. instead. In the early
2000s, an almost complete but poorly preserved skeleton
of Phoberomys pattersoni was found in the Urumaco
Formation of Venezuela, including postcranial remains
associated with the skull (Sdnchez—Villagra et al. 2003;
Horovitz et al. 2006; see also Geiger et al. 2013). More
recently, Mufioz et al. (2019) described the forelimb bones
of Perimys from the Santa Cruz Formation, Argentina.

@ Springer

The analysis of postcranial features can furnish
phylogenetic information (Horovitz et al. 2006; Weisbecker
and Schimid 2006) and data for interpretation of the
locomotor habits of extinct mammals, contributing to the
understanding of their paleobiology (Van Valkenburgh
1987). Although extant caviomorphs have diverse locomotor
habits, and recent approaches have provided an important
characterization of ecomorphological patterns that can be
applied to the reconstruction of the habits of extinct species
(e.g., Elissamburu and Vizcaino 2004; Morgan and Verzi
2006; Weisbecker and Schimid 2006; Rocha-Barbosa
et al. 2007; Samuels and Van Valkenburgh 2008; Morgan
2009; Garcia—Esponda and Candela 2010, 2016; Wilson
and Geiger 2015; Ginot et al. 2016; Candela et al. 2017,
Garcia-Esponda et al. 2021), few studies have focused on
making inferences about the locomotor habits and other
paleobiological aspects of extinct South American rodents
(e.g., Biknevicius 1993; Biknevicius et al. 1993; Candela
and Picasso 2008; Candela et al. 2012, 2018; Geiger et al.
2013; Wilson and Geiger 2015; Muiioz et al. 2019).

In recent contributions, the morphology of the skull and
teeth and their implications for taxonomy, phylogeny, and
paleobiology of Brazilian Late Miocene neoepiblemids have
been studied (Kerber et al. 2017a, b; 2019a, b; Ferreira et al.
2020). Inferences, mainly based on the paleobiogeographic
and sedimentary patterns of the neoepiblemid fossils, but
also based on osteological traits, have suggested that they
probably inhabited water-related environments, like swamps,
lakes, or rivers, being possibly semiaquatic or using these
places to forage (Sanchez-Villagra et al. 2003; Vucetich et al.
2010; Nasif et al. 2013; Wilson and Geiger 2015; Kerber
et al. 2017b). In this paper, we analyze the morphology of
postcranial bones of Neoepiblema (with an emphasis on N.
acreensis, the best-sampled neoepiblemid from Brazil). We
discuss their morphofunctional implications and body mass
estimates, furnishing paleobiological evidence about these
rodents.

Material and Methods
Methodology

The anatomical description of the postcranial bones is based
on the better-preserved specimens. The materials analyzed
here are assigned to two species: N. acreensis and N. hor-
ridula. The osteology of both species is similar, differing
mainly in the larger size and robustness of N. acreensis. The
specimens were found in the fossiliferous sites Niter6i, Patos
(Acre River), and Talisma (Purus River) from Solimdes For-
mation (Upper Miocene), Brazil (see below). The specimens
from Niterdi are assigned to N. acreensis and specimens
from Talisma locality to N. horridula, following Kerber
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et al. (2017a, b; 2019a, b), who previously described sev-
eral specimens (craniodental remains) from these localities.
The specimen from Patos locality is tentatively assigned to
N. acreensis, based on the morphological and size similarity
with the Niter6i material. No collection data are available to
indicate whether the specimens were found directly associ-
ated with cranial and dentary remains of Neoepiblema, but
they were collected in the same levels where several remains
of these rodents have been found (Negri and Ferigolo 1999;
Kerber et al. 2017a, b; 2019a, b). Besides, the specimens
have proportional sizes to the craniodental remains of both
Neoepiblema species.

For comparison, we examined specimens of the extant
caviomorphs Chinchilla lanigera, Lagostomus maxi-
mus, Cavia aperea, Myocastor coypus, and Coendou spinosus
(unnumbered specimens of CAPPA/UFSM-AC), which
exhibit a wide array of locomotor behaviors and substrate
preferences (e.g., Candela et al. 2017: table 1). The postcra-
nial anatomy of extant species was also evaluated from bib-
liographic sources (e.g., Mones 1997; Candela and Picasso
2008; Aratjo et al. 2013; Ginot et al. 2016; Candela et al.
2017). Comparative studies of extinct caviomorphs included
first-hand observation of postcranial bones of the neoepi-
blemid Phoberomys burmeisteri (MACN 3344, MACN
3147; Ituzaing6 Formation, Upper Miocene, Argentina) and
Phoberomys sp. (DGM 601-M, Solimdes Formation, Upper
Miocene, Brazil). Phoberomys pattersoni (UNEFM—-VE-20;
Urumaco Formation, Upper Miocene, Venezuela) was stud-
ied from additional images provided by the authors of the
specimen description (Sanchez-Villagra et al. 2003; Horovitz
et al. 2006). Analysis of the Miocene neoepiblemid Perimys
was based on data provided by Mufioz et al. (2019). Informa-
tion on the other extinct lineages of caviomorphs was taken
from published sources (Candela and Picasso 2008; Candela
et al. 2012, 2017, 2018; Muiioz et al. 2019).

We performed a qualitative morphofunctional analysis of
the extinct species analyzed, emphasizing the study of the
features of joints with functional significance and the recon-
struction of the muscles and their mechanical advantages.
The known locomotor behaviors and substrate preferences
of extant caviomorphs were used as a comparative model in
the paleoecological analysis.

The study of the calcaneo-astragalar complex can reveal
insights regarding the lifestyle of extinct rodents. Ginot
et al. (2016) statistically showed and presented 15 meas-
urements for the astragalus that are functionally related to
rodent locomotory habits: astragalus body width (ABW),
astragalus total length (ATL), astragalus total width (ATW),
ectal facet length (EL), ectal facet width (EW), head height
(HH), head width (HW), lateral body height (LBH), lateral
trochlear length (LTL), medial body height (MBH), medial

trochlear length (MTL), neck length (NL), sustentacular
facet length (SL), sustentacular facet width (SW), trochlear
width (TW) (Fig. 2 from Ginot et al. 2016). We used data
from Ginot et al. (2016) for 35 extant species of Sciuromor-
pha, Supramyomorpha, and Hystricomorpha with known
locomotor categories and replicated their linear discrimi-
nant analysis (LDA), adding N. acreensis (UFAC 1840 and
UFAC 2549) a posteriori to compare their morphology with
the extant species and assess the most probable locomotory
habit of this species based on the astragalar morphology. In
order to remove size differences among species, all linear
measurements were log-transformed and divided by their
geometric means, converting the linear measurements into
log-shape ratios prior to LDA analysis (Claude 2008; Ginot
et al. 2016). LDA was performed using the ‘lda’ function
from MASS package in R (Venables and Ripley 2002). More
details are available in Online Resource 1 and 2.

The plantar process of the navicular length/navicular
body length index was calculated following Candela et al.
(2017). The body mass of Neoepiblema was estimated by
Kerber et al. (2017b) and Ferreira et al. (2020) based on
cranial and dental dimensions (Millien 2008; Millien and
Bovy 2010). To compare these results with the information
from the postcranial bones, in this work, we also estimated
the body mass using regression coefficients (ordinary least
squares) of femoral and humeral measurements, which are
based on several caviomorph taxa (Biknevicius et al. 1993).
The diameters of the femoral and humeral shaft were taken
at the positions corresponding to 65% and 35%, respectively,
from the distal end of these bones. This approach was pre-
viously employed to estimate the body mass of Phobero-
mys (Sanchez—Villagra et al. 2003; Geiger et al. 2013). For
comparison purposes, an additional approach was conducted
to estimate body mass based on a volumetric rendering of
N. acreensis. In order to obtain an anatomically plausible
reconstruction of the animal (see below), a digital model
was sculpted by paleoartist Mércio Castro, based on the
known fossils of this rodent and observations of the general
external morphology of extant chinchilloids. This approach
emulates the volumetric assessments conducted by classi-
cal studies (e.g., Gregory 1905; Alexander 1985) based on
physical sculptures (see Brassey 2017 for a review), and
like those studies, it has some limitations. Most of these
are due to the reliability of the skeletal reconstruction and
the subjectivity induced by the interpretation of the soft tis-
sue covering the bones. Given the inexistence of preserved
bones of the thoracic region of Neoepiblema, a convex hull
volumetric approach is unviable for the taxon, though other
workers have successfully estimated plausible body mass
values based on incomplete skeletons (e.g., Bates et al. 2015;
Muller et al. 2020). Nonetheless, until more complete N.
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acreensis skeletons are discovered, allowing assessment of
the complete osteological proportions of this rodent, this
remains the best way to perform a volumetric comparison
with the estimates based on allometric equations. The vol-
ume of the model was calculated employing the free soft-
ware Meshlab (Cignoni et al. 2008), and mass was then
derived from the standard density equation, applying distinct
mammal body densities compiled by Brassey and Sellers
(2014).

The most informative bones were scanned using a laser
scanner (Z-Scan 700) at the Centro de Apoio a Pesquisa
Paleontoldgica/Universidade Federal de Santa Maria, and
3D models are available for download at morphomuseum.com
(Kerber et al. 2021). The measurements were taken with
digital calipers accurate to 0.01 mm, following Candela
and Picasso (2008) and Ginot et al. (2016). The anatomical
nomenclature primarily follows Candela and Picasso (2008),
Wilson and Geiger (2015), and Candela et al. (2017). The
employed myological nomenclature and the muscular system
information was that of Woods (1972), McEvoy (1982), and
Garcia-Esponda and Candela (2010, 2016).

Analyzed Specimens
Neoepiblema acreensis

Niter6i locality: Humerus — UFAC 3549, left humerus
missing the proximal region. Ulna — UFAC 1939, right ulna
missing the olecranon epiphysis and the distal region; UFAC
1940, right ulna missing the olecranon and the distal region;
UFAC 2213, proximal region of a right ulna missing the
olecranon; UFAC 2554, proximal region of a left ulna miss-
ing the olecranon. Innominate — UFAC 3697, right innomi-
nate bone; UFAC 2199, portion of a left innominate; UFAC
3666, portion of a left innominate. Femur — UFAC 2937,
right femur with damaged proximal region; UFAC 4907,
right femur missing the proximal and distal regions; UFAC
4882, proximal region of the diaphysis of left femur; UFAC
3698, right femur missing the proximal and distal regions;
UFAC 2574, proximal region of a left femur; UFAC 4883,
proximal region of left femur, with the proximal most region
damaged; UFAC 2210, distal region of a right femur; UFAC
4808, distal region of a left femur; UFAC 2337, proximal
region of a right femur. Tibia — UFAC 1887, right tibia;
UFAC 2921, left tibia missing the proximal region; UFAC
2922, right tibia, missing the proximal region. Astragalus
— UFAC 2549, right astragalus; UFAC 1840, left astra-
galus. Metatarsal — UFAC 2116, left metatarsal III; UFAC
3060, right metatarsal III. Navicular — UFAC 3672, right
navicular.

Patos locality: Humerus — UFAC 5076, right humerus miss-
ing the proximal region.

@ Springer

Neoepiblema horridula

Talisma locality: Humerus — UFAC 4077, distal extrem-
ity of a right humerus; UFAC 2102, distal extremity of a
left humerus. Innominate — UFAC 3260, fragmented left
innominate; UFAC 3208, fragmented right innominate;
UFAC 3207, fragmented left innominate; UFAC 3260,
fragmented left innominate. Femur — UFAC 2737, proximal
region of right femur; UFAC 3209, proximal region of left
femur; UFAC 3210, proximal region of left femur; UFAC
2136, proximal region of a right femur; UFAC 2739, proxi-
mal region of right femur; UFAC 1698, proximal region of
a right femur; UFAC 2620, distal region of a right femur.
Tibia — UFAC 3202, right tibia, missing the proximalmost
and distal portions; UFAC 2100, distal region of a right
tibia. Astragalus — UFAC 3212, left astragalus.

Geological Settings

The fossils were found in outcrops (see above) of the
Solimdes Formation, Acre, Brazil. This sedimentary unit
is exposed in the southwestern Brazilian Amazonia (states
of Acre and Amazonas), mainly along the Acre, Jurua, and
Purus rivers, and in road cuts (Cozzuol 2006; Negri et al.
2010; Ribeiro et al. 2013). In the upper levels of Solimdes
Formation, two main facies are recognized: a channel-
dominated assemblage and a low-energy floodplain lacus-
trine assemblage (Latrubesse et al. 2007, 2010). The fos-
siliferous levels of the Solimdes Formation were dated
via U-Pb dating of detrital zircon, revealing ages between
10.89 +0.13 Ma (Talisma locality) and 8.5+ 0.5 Ma (Niter6i
locality), Tortonian age (Bissaro-Janior et al. 2019).

Availability of Data and Material

All data generated or analyzed during this study are included
in this published article and its supplementary information
files.

Institutional Abbreviations

CAPPA/UFSM-AC, comparative anatomy collection of
the Centro de Apoio a Pesquisa Paleontoldgica da Quarta
Colonia/Universidade Federal de Santa Maria, Brazil;
DGM, paleontological collection of the Divisdo de Geologia
e Mineralogia, Museu de Ciéncias da Terra, Rio de Janeiro,
Brazil; MACN, paleontological collection of the Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”,
Buenos Aires, Argentina; UFAC, paleontological collection
of the Universidade Federal do Acre (Campus Rio Branco),
Rio Branco, Brazil; UNEFM, Universidad Nacional Experi-
mental Francisco de Miranda, Coro, Venezuela.
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Fig.2 Photographs (left) and three-dimensional model (right) of the
humeri of Neoepiblema acreensis. a. UFAC 3549, left humerus, in
cranial, caudal, and medial views; b. UFAC 5076, right humerus, in

Table 1 Measurements (in mm) of the humerus of Neoepiblema
acreensis

Measurement UFAC 3549 UFAC 5076
Craniocaudal diameter 30.09 26.95
Transverse diameter 29.12 2591
Transverse width 68.50 51.59
Distal articular surface width 53.95 41.58

cranial, caudal, and lateral views. Abbreviations: ¢, capitulum; dp,
deltopectoral crest; en, entepicondyle; ler, lateral epicondylar ridge;
mlt, medial lip of the trochlea; of, olecranon fossa; rf, radial fossa; ¢,
trochlea. Scale bars equal 10 mm

Results

Comparative Morphology of Postcranial Bones
of Neoepiblema

Humerus (Fig. 2, Table 1) None of the specimens preserves

the proximal end of the humerus. The humeral shaft of
Neoepiblema is columnar, not sigmoid as in Phoberomys
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pattersoni (Fig. 2a, b), and its caudal face is flat. The
deltopectoral crest is well developed and mediolaterally
compressed (Fig. 2), distinct from Dasyprocta, Cuniculus,
Cavia, and other cursorial rodents that have a weak crest.
It is possible to observe that the deltopectoral crest of

Neoepiblema extended from the proximal region down to the
midportion of the diaphysis (Fig. 2), similar to P. pattersoni
(Fig. 3a, b). However, in the latter, the deltopectoral crest is
extended from the proximal region, distally surpassing the
midportion of the diaphysis (Fig. 3a, b). In Neoepiblema

Fig.3 Forelimb bones of Phoberomys pattersoni (UNEFM-F-020) from Urumaco Formation, Upper Miocene, Venezuela. a-b. right and left
humeri, in craniomedial and caudolateral views. c—d. right and left ulnae, in cranial, medial, and lateral views. Scale bars equal 20 mm

@ Springer
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and P. pattersoni, the crest is blade-shaped, and it does not
taper cranially like that of extant chinchilloids (D. branickii,
L. maximus, and C. lanigera) and Perimys (see Mufoz et al.
2019: fig. 2), in which this structure is well developed like
a process, tapering cranially (character/state 9[1], Horovitz
et al. 2006). The deltopectoral crest in Neoepiblema is
slightly deflected laterally (Fig. 2), but less than in Perimys,
D. branickii, and living erethizontids.

The radial fossa has a circular dorsal outline. It is shal-
low in UFAC 3549, but in UFAC 5076, it is deep like in L.
maximus. There is no distinction between radial and coro-
noid fossae, as present in the Miocene erethizontid Steiromys
duplicatus. The olecranon fossa is proximodistally short,
moderately deep, and there is no supratrochlear foramen
(Fig. 2), similar to P. pattersoni and S. duplicatus but dis-
tinct from Perimys and most extant caviomorphs in which a
foramen is present or is intraspecifically variable (Horovitz
et al. 2006).

At the distal articular surface, the epicondylar area is
much less developed than that of P. pattersoni. In the latter
taxon, the distal articular surface is transversely extended,
much more than in Neoepiblema. The entepicondyle forms
a robust tubercle, as in D. branickii and L. maximus, less
developed than in P. pattersoni. This region of the humerus
shows some variability in the analyzed specimens assigned
to Neoepiblema. The entepicondyle of UFAC 3549 is more
robust and medially more projected than in UFAC 5076.
There is no entepicondylar foramen in the analyzed speci-
mens, as present in Paleogene rodents (Rose and Chinnery
2004).

Fig.4 Photograph (left) and
three-dimensional model (right)
of the right ulna (UFAC 1939)
of N. acreensis, in cranial,
medial, and lateral views.
Abbreviations: ap, anconeal
process; cp, coronoid process;
mf, medial fossa; rn, radial
notch; tn, trochlear notch; ol,
olecranon. Scale bar equals

10 mm

Table 2 Measurements (in mm) of the ulna of Neoepiblema acreensis

Measurement UFAC 1939
Trochlea notch length 30.64
Olecranon process length 29.35
Proximal trochlea notch length 41.71
Olecranon coronoid process 55.51
Trochlear notch width 25.93
Transverse diameter 12.37

The capitulum is cylindrical and has a similar thickness
along with its entire width (Fig. 2), being slightly shorter
in UFAC 5076 than in UFAC 3549. In L. maximus and D.
branickii, for example, the center of the capitulum is glo-
bose. There is no marked capitular tail and ‘second trochlea’
as present in Perimys and caviids (Mufioz et al. 2019). The
medial lip of the trochlea is protruded distally, slightly sur-
passing the distalmost level of the capitulum.

The lateral epicondylar ridge of the humerus of Neoepi-
blema is moderately developed (more developed in UFAC
3549 than in UFAC 5076), similar to D. branickii, L. maxi-
mus, and Phoberomys, and distinct from caviids, in which
the crest is poorly developed/absent, and from S. duplicatus,
which shows a well-developed crest (Candela and Picasso
2008). Like the case of the deltopectoral crest, this region is
more developed in P. pattersoni.

Ulna (Fig. 4, Table 2) The olecranon epiphysis of the ana-
lyzed specimens of Neoepiblema was not preserved because
it was not fused in this ontogenetic stage (Fig. 4). A similar
condition was recorded in P. pattersoni by Horovitz et al.
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(2006) (Fig. 3d). Both UFAC 1939 and the specimen
described by Horovitz et al. (2006) have sizes compatible
with adult individuals, suggesting that if the epiphysis fused,
this would occur later in the ontogeny of neoepiblemids.
Based on the preserved portion of the olecranon of the speci-
mens assigned to Neoepiblema, it was proximally relatively
well-developed (larger than the length of the trochlear
notch), similar to P. pattersoni and D. branickii, but less
proximally extended than L. maximus. It is oriented in line
with the long axis of the ulnar shaft (8[1], Horovitz et al.
2006), like in L. maximus, and Perimys (Mufoz et al. 2019:
fig. 4d), and not caudally oriented as in Hydrochoerus hydro-
chaeris (Fujiwara 2009; Candela et al. 2018). In P. patter-
soni, it is slightly cranially oriented (8[0], Horovitz et al.
20006) in relation to the long axis (Fig. 3c-d). On the medial
face of the olecranon, there is a fossa (medial fossa). On
the cranial face, there is a proximodistally oriented ridge,
which is not developed as in L. maximus. The ulnar shaft
is relatively straight, and its thickness is uniform (Fig. 4)
and distinct from P. pattersoni, in which it becomes thin
distally (Fig. 3c-d). The ulnar shaft of Perimys is slightly
curved craniocaudally, distinct from Neoepiblema, in which
it is straight, and from Phoberomys, which shows a pro-
nounced caudal convexity in the proximal segment of the
diaphysis. In L. maximus, the shaft is slightly curved later-
ally and caudally. In P. pattersoni (Fig. 3a-b) and D. bran-
ickii, the distal region of the ulna is slightly curved (Horovitz
et al. 2006: fig. 6). Along the ulnar shaft of Neoepiblema,
there are shallow lateral and medial fossae. The trochlear
notch, as usual, is concave, more than that of Phoberomys
(Fig. 4). The anconeal process projects cranially to the same
level as the coronoid process (Fig. 4). The radial notch is

Table 3 Measurements (in mm) of the innominate of Neoepiblema
acreensis (UFAC 3697) and Neoepiblema horridula (UFAC 3260)

Measurement UFAC 3697 UFAC 3260
Acetabular length 37.92 28.75
Acetabular height 33.33 27.13

subrectangular, laterally positioned relative to the diaphyseal
major axis (obliquely oriented), and craniocaudally concave.
There is a single radial notch, differing from some cavioids
such as H. hydrochaeris, in which this notch is composed of
two separated facets for articulation with the radius (Candela
et al. 2018). In Neoepiblema and P. pattersoni, the coronoid
process is well developed with respect to the radial notch; it
is transversely broad and cranially projected.

Innominate (Fig. 5, Table 3) The innominate bones here
analyzed preserve portions of the ilium, ischium, and pubis
(Fig. 5). Neither the main portion of the pubis nor the pel-
vic symphysis is preserved. In general, the innominate of
Neoepiblema is quite similar to P. pattersoni and L. maxi-
mus, although there are some differences mentioned below.
The ilium is craniocaudally elongated, in the same axis of
the pubis, and its ventral outline is concave, as is the ventral
surface of the pubis, which delimits the ventral edge of the
obturator foramen. Judging by the preserved portion of this
foramen (UFAC 3260), it is craniocaudally larger than in
D. branickii, as it is in P. pattersoni and L. maximus. The
acetabulum is a spherical cavity that appears to be pro-
portionally greater in relative size in Neoepiblema than in
Phoberomys. Inside it is located the acetabular notch, which
is caudoventrally oriented and is broader than in L. maximus.

Fig.5 Photographs (above) and three-dimensional models (below) of
the innominate of Neoepiblema acreensis (a) and Neoepiblema hor-
ridula (b). a. UFAC 3697, right innominate, in lateral view; b. UFAC
3260, left innominate, in lateral view. Abbreviations: af, acetabular
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fossa; an, acetabular notch; if, iliac fossa; ipe, iliopubic eminence;
isp, ischial spine; if, ischial tuberosity; gf, gluteal fossa; rft, rectus
femoris tuberosity. Scale bars equal 10 mm



Journal of Mammalian Evolution (2022) 29:207-235

215

Fig.6 Pelvic girdle and hindlimb bones of Phoberomys pattersoni
(UNEFM-VF-020) from Urumaco Formation, Upper Miocene, Ven-
ezuela. a. left innominate, in lateral view; b—c. right and left femora,

The acetabular notch is connected to the acetabular fossa,
which is rounded (Fig. 5). The cranial edge of the acetab-
ulum projects more laterally than the dorsal, ventral, and
caudal edges.

On the lateral surface of the ilium, cranial to the acetab-
ulum, there is a robust tuberosity for the m. rectus femo-
ris (Fig. 5). Dorsocaudally to the acetabulum, there is a

in cranial, caudal, and distal (right femur) views; d. right astragalus,
in dorsal and ventral views; e. right navicular, in proximal and distal
views. Scale bars equal 20 mm

weak ischial spine. The gluteal fossa is broader and deeper
than the iliac fossa. In UFAC 3260, the gluteal fossa is
more concave than in UFAC 3697. Cranioventral to the
acetabulum, there is a marked iliopubic eminence, as in L.
maximus and P. pattersoni (Fig. 6a), which is not evident
in some caviomorphs, such as H. hydrochaeris.
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Based on the preserved portion of the ischium of speci-
men UFAC 3697, it appears to be proportionally slenderer
than in P. pattersoni. On its caudal region, a portion of the
ischial tuberosity is preserved, and this one seems to be less
robust than in P. pattersoni, in which this structure is dor-
sally projected (Fig. 6a).

Femur (Figs. 7, 8 and Table 4) The femoral neck and head
are slightly cranially oriented in relation to the long axis of
the femur (Fig. 7b). The femoral head is spherical, like in
most living rodents (Figs. 7a, b, Fig. 8a). The fovea capitis
femoris is medially positioned, and it is caudally oriented.
The greater trochanter is tall, surpassing the head of the
femur (Figs. 7a, b, 8a), similar to Phoberomys (Figs. 6b,
¢, 9, 10), L. maximus, and distinct from D. branickii, in
which the greater trochanter is only slightly taller than the
femoral head. In some rodents, such as erethizontids and
Cavia, the proximalmost area of the greater trochanter
is at the same level as the femoral head. This trochanter
protrudes laterally beyond the shaft of the femur, such as in
Phoberomys, H. hydrochaeris, Dolichotis, and chinchillids.
In L. maximus, there is an isolated protuberance on this
lateral projection of the greater trochanter, which is not
present in N. acreensis (Fig. 7a, b) or Phoberomys (Figs. 6b,
¢, 9, 10) but is present in a femur assigned to N. horridula
(UFAC 2737) (Fig. 8a). It is important to note that in D.
branickii, the greater trochanter does not protrude laterally.
In UFAC 2574, the epiphyseal line of the greater trochanter
is visible (Fig. 7b). In N. acreensis (UFAC 2937 and UFAC
2574) as well as in N. horridula (UFAC 2620), there is a
longitudinal depression on the lateral surface of the femur,
at the level of the lesser trochanter (Figs. 7a, b, 8a), which
is also present in some caviomorphs, such as D. branickii
and L. maximus. The lesser trochanter forms a rounded
tuberosity on the caudal face of the femur, slightly medially
oriented (caudomedially), similar to D. branickii and not
medially extending as in C. lanigera and L. maximus, in
which this protruding structure can be observed in cranial
view. In Phoberomys, the lesser trochanter is oriented more
medially than in Neoepiblema, but not as in chinchillids. As
also occurs in Phoberomys, the intertrochanteric crest is not
connected to the lesser trochanter.

The femoral diaphysis of Neoepiblema (Fig. 7a, b) is straight
and increases in thickness distally. It is slenderer than that of
Phoberomys (Figs. 6b, ¢, 9, 10). In Phoberomys sp. (DGM 601-
M), the diaphysis is laterally curved (Fig. 10), but not in P. pat-
tersoni (Fig. 6b, c), nor in femora assigned to P. burmeisteri
(Fig. 9), indicating differences between the Solimdes Formation
specimen and other specimens.

There is no third trochanter in the femur of Neoepiblema,
different from the condition found in some caviomorphs
(e.g., Cuniculus, Dasyprocta, D. branickii; Mones 1997,
Wilson and Geiger 2015). In the right femur of P. pattersoni
(UNEFM-VF-020), there is a small tuberosity located later-
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ally (Fig. 6b), slightly distal to the midpoint of the diaphysis,
that could correspond to the third trochanter.

On the distal region of the femur (Fig. 7a, c, d), the patel-
lar ridges are almost parallel but slightly convergent proxi-
mally. As in Phoberomys (Figs. 6b, c, 9, 10), C. lanigera,
and L. maximus, the medial ridge is more elevated than the
lateral one, which is distinct from the pattern observed in
D. branickii (Mones 1997, fig. 9¢), Coendou, and Cavia
(Candela and Picasso 2008: fig. 13), in which both ridges
are at the same level, or the lateral is slightly raised with
respect to the medial one (Horovitz et al. 2006). The lateral
and medial femoral condyles diverge laterally and medially,
respectively. In distal view, the medial condyle is slightly
wider than the lateral one, as is true of the neoepiblemid
from the Ituzaingé Formation assigned to P. burmeisteri
(MACN 3147). In D. branickii they are subequal, and in
L. maximus and Phoberomys sp. (DGM 601-M), the lateral
condyle is somewhat wider.

In distal view, the epiphysis of the femur shows the
transverse diameter equivalent to or slightly larger than
the craniocaudal diameter (Figs. 7d, 8c), similar to L. maxi-
mus, C. lanigera, erethizontids, and distinct from cursorial
caviids that show the opposite (Candela and Picasso 2008).
Specimens assigned to Phoberomys from Argentina and Bra-
zil (Figs. 9, 10) show the same pattern as in Neoepiblema,
as does UNEFM-VF-020 (P. pattersoni) from Venezuela
(Fig. 6 d). However, it is not possible to analyze this trait
precisely in UNEFM—-VF-020 because the femora are tapho-
nomically compressed.

Tibia (Fig. 11, Table 5) The tibia of Neoepiblema is quite
similar to L. maximus. No specimen preserves the proximal
epiphysis, and for this reason, the morphology of the con-
dyles is unknown. In cranial view, the tibia is straight, and in
lateral view, it is slightly curved cranially (Fig. 11). On the
cranial face of the tibia, the tibial (=cnemial) crest is well
marked and slightly deflected laterally. It is not so crani-
ally projected as in erethizontids, but it is distally extended,
almost reaching the middle of the diaphysis. On the lateral
aspect of the tibia, the popliteal line is visible in both ana-
lyzed specimens of Neoepiblema acreensis (UFAC 1887)
and N. horridula (UFAC 3202). The lateral fossa is relatively
well-developed.

On the distal end of the tibia, the most salient feature
is the distal tibial spine, which is located cranially to the
lateral astragalotibial trochlea facet (Fig. 11). Medially to
this spine, there is another spine, reduced in comparison,
positioned cranial to the medial astragalotibial trochlea facet.
The posterior process is located on the caudal region of the
distal end of the tibia. It is poorly developed and has
a hooked shape. On the caudal surface of the posterior pro-
cess lies the groove for the tendon of the m. flexor digitorum
fibularis, which is proximodistally oriented (Fig. 11). As
described for Phoberomys pattersoni, the medial malleo-
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Fig.7 Photographs and three-dimensional models of the femora
of Neoepiblema acreensis. a. UFAC 2937, right femur, in cranial
and caudal views; b. UFAC 2574, proximal portion of left femur, in
cranial, mediocaudal, caudal, and lateral views; ¢. UFAC 2210, dis-
tal portion of right femur in cranial, caudal, and medial views; d—e.
distal views of the specimens UFAC 2937 (d) and UFAC 2574 (e).

Abbreviations: ic, intertrochanteric crest; if, intercondylar fossa; fo,
fovea capitis femoris; gt, greater trochanter; he, head; Ic, lateral con-
dyle; I, lesser trochanter; mc, medial condyle; me, medial epicondyle;
ne, neck; pg, patellar groove; tf, trochanteric fossa. Arrows indicate
the epiphyseal lines. Scale bars equal 10 mm
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Fig.8 Photographs (above)
and three-dimensional models
(below) of the femora of
Neoepiblema horridula. a.
UFAC 2737, proximal portion
of right femur in cranial and
caudal views; b. UFAC 2620,
distal portion of right femur

in cranial, caudal, medial, and
distal views. Abbreviations:

ic, intertrochanteric crest; if,
intercondylar fossa; g, greater
trochanter; he, head; Ic, lateral
condyle; It, lesser trochanter;
mc, medial condyle; me, medial
epicondyle; ne, neck; pg, patel-
lar groove; tf, trochanteric fossa.
Scale bars equal 10 mm

lus is poorly developed. Caudal to the latter structure is the
groove for the tendon of the m. flexor digitorum tibialis +m.
tibialis caudalis. The medial and lateral astragalotibial fac-
ets are concave and separated by a prominent lateromedi-
ally oriented ridge. The lateral facet is wider than its medial
counterpart.

Astragalus (Fig. 12, Table 6) The astragalar neck is rela-
tively short (shorter than in L. maximus). The astragalar head
projects slightly craniomedially in relation to the medial
tibial ridge (Fig. 12) (similar to L. maximus and D. bran-
ickii), being oriented less medially than in erethizontids and
P. pattersoni (Fig. 6d) and not as cranially as in Dolichotis
and Cavia (Candela and Picasso 2008: fig. 19), in which the
astragalar neck and head are predominately cranially ori-
ented. The astragalar head is transversally wider than in L.
maximus, C. lanigera, and D. branickii and not as rounded
as in erethizontids. In N. horridula, the astragalar head is
transversally narrower than in N. acreensis. The navicular

facet is dorsoplantarly convex and transversely wide. In dor-
sal view, there is a transverse sulcus on the neck (Fig. 12).

On the trochlea, the medial ridge is narrower and projects
slightly more caudally than the lateral ridge, and the slope
of the lateral tibial ridge is less pronounced than that of the
medial ridge. A medial ridge projected more caudally than
the lateral is shared with P. pattersoni and D. branickii and,
according to Horovitz et al. (2006), this is a different pat-
tern from the condition found in L. maximus, C. lanigera,
and H. hydrochaeris, for instance, where both ridges are
subequal. Also, the astragalar features of Neoepiblema are
slightly different from P. pattersoni because trochlear ridges
of the former are less developed and the groove between
them is shallower.

In plantar view, the ectal and sustentacular facets
are separated by a deep astragalar sulcus (Fig. 12).
There is a shallower groove separating the sustentacular
facet from the astragalomediotarsal facet. This groove ends
at the navicular facet. The sustentacular facet is pyriform,

Table 4 Measurements (in mm)

; Measurement UFAC 2937 UFAC 2210 UFAC 2574 UFAC 2737 UFAC 2620
of the femur of Neoepiblema
?f;fgﬁ; 1(})JFI?FCA%:9%’74 . Functional length 242.86 - - - -
Neoepiblemc; horridula (l)Jli/r;C Head length - - 32.70 25.80 -
2737, UFAC 2620) Head width - - 32.13 26.31 -
Transverse diameter at mid- 30.83 - - 26.87 -
shaft
Distal depth 64.38 61.99 - - 53.09
Distal end width 65.27 64.92 - - 53.52
Medial condyle width 24.70 22.86 - - 19.52
Lateral condyle width 22.45 21.70 - - 21.95
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Fig.9 Neoepiblemid femora from Ituzaingd Formation (Upper Mio-
cene), Argentina. a. proximal region of the femur of Phoberomys bur-
meisteri (MACN 3344) described by the Argentinean paleontologist
Lucas Kraglievich (1932), in cranial and caudal views; b. right neopi-
blemid femur (MACN 3147), in cranial, caudal, and distal views.
Scale bars equal 20 mm

craniocaudally oriented, and cranially wider than its caudal
portion. Cranially, it is convex and contacts the navicular
facet, and caudally it is slightly concave and separated from
the medial ridge by a shallow sulcus (Fig. 12). In C. lanig-
era, this sulcus is wider than in Neoepiblema and L. maxi-
mus. Medially, the astragalomediotarsal facet of the astra-
galar head (for the medial tarsal bone) is rounded and is
well developed. Cranially, it is continuous with the navicular
facet. The ectal facet is concave and opposed to the lateral
ridge. It is wider than the sustentacular facet, and its caudal
portion is wider than the cranial part.

The transverse diameter of the astragalus of N. acreensis
is slightly larger than the proximodistal length (in N. hor-
ridula, the transverse diameter is slightly shorter than the
proximodistal length), similar to erethizontids, D. branickii,
and P. pattersoni. In extant chinchillids, as well as in caviids,
the astragalar body is markedly narrower (transverse diam-
eter shorter than the proximodistal length).

Navicular (Fig. 13, Table 7) The facet for the astragalar
head on the navicular body (UFAC 3672) has well-delimited
margins (Fig. 13a), as in P. pattersoni (Fig. 6e). This facet
is oval (Fig. 13a), and the transverse diameter is larger than
the dorsoplantar one. In the plantar aspect, there is a notch
on the ventral margin of the facet. The ectocuneiform facet
is located on the distal face and has a subtriangular out-
line. This face is slightly concave (Fig. 13a). Lateral to the
ectocuneiform facet is located the cuboid facet, which is
flat and larger than either cuneiform facet. Medial to the
ectocuneiform facet, there is a dorsoplantarly elongated and
lateromedially narrow facet for the mesocuneiform. On the
medial surface of the navicular, there are two facets. The first
one is dorsally located, forming a prominence, possibly for
the articulation with the medial tarsal bone. The second one
is located on the plantar surface (almost on the medial sur-
face of the plantar process), possibly for the entocuneiform.
Plantar to the navicular body, there is a robust, but relatively
short, plantar process (Fig. 13a, b). The plantar face of this
structure is inclined medially.

Metatarsal III (Fig. 14, Table 8) The metatarsal III
(UFAC 2116) lacks the distal epiphysis, which was not fused
to the shaft at the time of fossilization (Fig. 13c). It is rela-
tively short, not elongated as in Chinchilla and Lagidium
(Candela et al. 2017, fig. 4). The shaft is dorsoplantarly
curved and compressed (Fig. 13c). The proximal surface
(ectocuneiform facet) is flat and oblique (medially inclined)
(Fig. 12¢). This facet has a subtriangular plantar prolon-
gation. The metatarsal II facet is located proximolaterally,
forming a shallow concavity (Fig. 13c).

Astragalar Morphometrics

The first two LDA axes summarized 71.61% of astra-
galus morphological variation. LD1 (46.76%) is positively
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Fig. 10 Left femur of Phoberomys sp. (DGM 601-M) from Solimdes Formation (Upper Miocene), Brazil, described by the Brazilian paleontolo-
gist Carlos de Paula Couto (1978). In cranial, caudal, medial, lateral, and distal views. Scale bars equal 20 mm

correlated with ATW, NL, SW, and TW and negatively cor-
related with LBH, MBH, MTL, and SL, separating arboreal
climbers and fossorial/semi-fossorial species (positive
scores) from the other locomotory habit types (intermedi-
ate scores) and the jumping locomotor habit (lowest scores)
(Table 9, Fig. 14). LD2 (24.85%) is positively correlated
with HH, while negatively correlated with ABW and MBH
(Table 9; Fig. 14). It separates species with jumping and
arboreal-climbing habits (positive scores) from the other
habit types (negative scores). Extreme negative scores con-
verging at both LD1 and LD2 (lower left region of the plot)
represent cursorial and terrestrial generalist species, with
Neoepiblema acreensis being positioned adjacent to these
two habits, with a probability of 0.838 of correct classifica-
tion within the cursorial habit (Fig. 14).

Body Mass Estimates

The body mass of Neoepiblema acreensis and N. horridula
was estimated based on the diameter of the long bones here
described, using the equations of Biknevicius et al. (1993)
(Table 10), which resulted in 158.95 kg (average) for N.
acreensis and 63.44 kg for N. horridula. A second analysis
employed a volumetric study of the digital sculpture of N.
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acreensis (Fig. 15). The digital sculpture was rescaled to fit
the total size of the skull UFAC 4515, resulting in a model
with 140 cm in total body length, 57.8 cm in height, and a
body volume of 0.073m>. These body volumes were applied
to different body densities obtained from the literature and
measured for different animals with differing methods (Bras-
sey and Sellers 2014). The resulting body mass estimates
range from 65.3 —77.2 kg for N. acreensis (Table 11).

Discussion

Functional Morphology of the Postcranial Bones
of Neoepiblema and Paleobiological Implications

Forelimb The proximal region of the humerus is not pre-
served in any analyzed specimen assigned to Neoepiblema.
This region provides important information about the func-
tional aspects of the forelimbs of rodents (Candela and
Picasso 2008). Among neopiblemids, in Phoberomys pat-
tersoni, as in Perimys, the humeral tuberosities are slightly
lower than the proximal end of the humeral head. This may
allow movement at the glenohumeral joint level, as has been
suggested in previous studies (Argot 2001; Sargis 2002a;
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Candela and Picasso 2008; Muiioz et al. 2019). However,
as was indicated by Muifioz et al. (2019), it is not possible
to associate this trait with a particular type of substrate use.
Low humeral tuberosities are present in forms with different
substrate uses, such as Myocastor (swimmer and digger) and
Ctenomys (digger). In the case of Phoberomys, it is possi-
ble to infer that the glenohumeral joint was not restricted to
parasagittal movements, permitting some degree of mobility.
Despite its incompleteness, some humeral traits with func-
tional relevance are present in the Neoepiblema specimens
presented here. The deltopectoral crest is well-developed
and cranially projected, which indicates that muscles related
to adduction and internal rotation (m. clavodeltoideus),
extension and abduction (m. acromiodeltoideus), flexion
and external rotation (m. spinodeltoideus), and adduction-
protraction of the humerus (m. pectoralis) were powerful.
This is advantageous for various activities, such as running,
climbing, swimming, and digging (Candela and Picasso
2008; Candela et al. 2012; Muiloz et al. 2019). The dis-
tally extended deltopectoral crest present in Neoepiblema
increases the mechanical advantage of both muscle groups,
deltoid and pectoral. In Phoberomys, the greater distal exten-
sion of the deltopectoral crest indicates a greater mechanical
advantage for the action of these muscles than in Neoepi-
blema. In Neoepiblema, this crest is slightly deflected later-
ally, indicating a craniolateral protrusion of this structure,
similar to that of Perimys but to a lesser degree. Accord-
ing to Mufioz et al. (2019), the craniolateral protrusion of
the deltopectoral crest could be associated with a greater
mechanical advantage for external rotation of the humerus
by m. spinodeltoideus relative to m. pectoralis major, which
could be related to lateral movement of the forearm. This
trait also appears in Ctenomys and L. maximus (diggers)
and M. coypus (digger and swimmer) (Mufioz et al. 2019),
suggesting a mechanical advantage of this condition for
such habits. In the case of Perimys, Muiioz et al. (2019)
suggested that it could be used when extracting sediment
when digging.

The lateral epicondylar ridge is the area of origin of
the extensors of the manus (m. extensor carpi radialis). In
addition, this crest offers the surfaces of attachment for the
m. triceps brachii caput lateralis and m. anconeus posteri-
orly. This region is moderately developed in Neoepiblema.
Like the case of the deltopectoral crest, this region is more
prominent in P. pattersoni, indicating important musculature
related to the extension of the forearm (Candela and Picasso
2008). The broad insertion area inferred for the m. anconeus
in P. pattersoni could contribute to the stabilization of the
elbow joint (Argot 2001), which would be advantageous in
strengthening this joint to withstand the large loads associ-
ated with its large body size. The entepicondyle is the attach-
ment site of the m. pronator teres and the flexor muscles of
the manus (McEvoy 1982; Argot 2001). Neoepiblema shows

a robust entepicondyle, as in D. branickii (Mones 1997),
L. maximus, and C. lanigera (Candela and Picasso 2008),
which is even greater in P. pattersoni, distinct from cursorial
caviids, in which this structure is reduced. The great devel-
opment of the entepicondyle could be related to the mechan-
ical advantage of the muscles involved in the flexion of the
hand and digits. The powerful flexion of the hand is impor-
tant in the ability to grasp, dig and/or manipulate food and is
also compatible with swimming (Taylor 1974; Argot 2001;
Sargis 2002a; Samuels and Van Valkenburgh 2008; Mufioz
et al. 2019). The use of the forelimb to manipulate food
in neoepiblemids was inferred by Sanchez-Villagra et al.
(2003), based on the disparity in size of fore- and hindlimbs
of P. pattersoni. The lateromedially expanded distal articu-
lar surface of the humerus in P. pattersoni could indicate a
greater resistance to the large forces generated at the level
of the elbow joint to support the great weight (body size)
of this species. Additionally, it is associated with powerful
hand flexion (Elissamburu and Vizcaino 2004).

The olecranon fossa is moderately deep and not perfo-
rated (broken in UFAC 5076). The depth of this fossa is
quite variable in caviomorphs, and the presence/absence of
a perforation in this fossa is also variable (Horovitz et al.
2006). The olecranon fossa is shallow and not perforated in
extinct erethizontids, which do not have a full elbow exten-
sion (Candela and Picasso 2008; Candela et al. 2012). On the
other hand, other caviomorphs that present a deep and per-
forated olecranon fossa have an increased extension of the
antebrachium and more stabilized craniocaudal movement
of this region of the forelimb because the anconeal process
traverses this fossa during complete extension (Candela and
Picasso 2008; Candela et al. 2012, 2018; Muiioz et al. 2019).
As mentioned before, in Neoepiblema and Phoberomys, the
fossa is moderately deep and not perforated. Therefore, the
full extension of the forearm would not have been possible,
as occurs in the capybara, for example, in which the olecra-
non fossa is deep and perforated. In this sense, Neoepiblema
could have had incomplete forelimb extension, limited sta-
bility, and restricted range of movement during extension,
as well as a frequently semi-flexed posture. However, the
olecranon fossa is deeper than in erethizontids, permitting
greater extension than in porcupines (Candela and Picasso
2008; Candela et al. 2018), compatible with ambulatory
habits.

Neoepiblema does not show a developed humeral capitu-
lar tail and ‘second trochlea’, which are evident in caviids
(Munoz et al. 2019). The presence of such traits maximizes
the stability at the humeroradial joint because they limit the
movement of the forearm to the sagittal plane (Candela et al.
2012, 2018; Muiioz et al. 2019). Conversely, their absence
facilitates pronation and supination movements (Candela
and Picasso 2008). Notwithstanding, Neoepiblema shows a
cylindrical capitulum, which is more restrictive concerning
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«Fig. 11 Photographs (above) and three-dimensional models (below)
of the tibia of Neoepiblema acreensis (a, ¢) and Neoepiblema hor-
ridula (b). a. UFAC 1887, right tibia in cranial, medial, and lateral
views; b. UFAC 3202, right tibia in cranial, medial, and lateral views;
c. distal region of UFAC 1887, in cranial, distal, and caudal views.
Abbreviations: dts, distal tibial spine; gfdf, groove for tendon of m.
fexor digitorum fibularis; gfdt, groove for tendon of m. flexor digito-
rum tibialis+m. tibialis caudalis; latf, lateral astragalotibial trochlea
facet; matf, medial astragalotibial trochlea facet; mm, medial malleo-
lus; pl, popliteal line; pp, posterior process; fc, tibial crest. Scale bars
equal 10 mm

pronation and supination movements than in forms with a
rounded capitulum, such as extant erethizontids (Candela
and Picasso 2008; Candela et al. 2012). Hence, according to
the traits observed in Neoepiblema, it is suggested that the
elbow joint allowed a certain degree of supination, although
not to the degree observed in climbing forms, since some
traits indicate a certain amount of stability (medial lip of the
protruding trochlea, cylindrical capitulum). Inferred prona-
tion and supination movements are compatible with food
manipulation.

Concerning the ulnar morphology, the analyzed speci-
mens do not preserve the epiphyses, which were not fused
at the time of death. Nevertheless, judging by the preserved
portion, it was likely relatively well-developed (see descrip-
tion). The longer the olecranon, the greater the out-lever
arm of the m. triceps brachii, which is of adaptative value
to dig or swim (Hildebrand 1974; Van Valkenburgh 1987;
Vizcaino et al. 1999; Argot 2001; Candela and Picasso 2008;
Samuels and Van Valkenburgh 2008; Candela et al. 2012,
2018). This structure is elongate and not caudally oriented,
as in the capybara H. hydrochaeris (Fujiwara 2009; Candela
et al. 2018). According to previous interpretations of the
caviomorph elbow joint (Candela et al. 2018), Neoepiblema
would have had a more crouched forelimb than H. hydrocha-
eris. In forms with a straight olecranon (proximally oriented
in relation to the long axis of the ulnar shaft) or cranially
bent, the triceps leverage is maximized when the elbow is
relatively flexed. On the other hand, when the olecranon is
caudally oriented, as in the capybara, the triceps leverage is
maximized with a more extended elbow (Van Valkenburgh
1987). The proximal ulnar region of P. pattersoni and D.
branickii is more cranially bent than in Neoepiblema. In this
sense, Neoepiblema would have had a less crouched forelimb
than those rodents. As in arboreal erethizontids, in Phobero-
mys, the convexity of the caudal border of the ulna could be
related to the combination of the great efforts produced by
the flexor and extensor muscles, in association with the large
body size of this rodent.

The single radial notch is distinct from the pattern found
H. hydrochaeris, in which the notch has two facets (Candela
et al. 2018). Additionally, the radial notch is more laterally
positioned than in caviids and Perimys, in which this struc-

ture is more cranially located because the head of the radius
occupies a more cranial position in the antebrachium and has
restricted supination movements (Candela et al. 2018). Judg-
ing by the position of the radial notch and the great develop-
ment of the coronoid process, it can be inferred that during
locomotion the forces (weight support) between the radius
and ulna at the elbow joint would have been equivalently
distributed. The laterally positioned and concave radial notch
would allow rotational movements of the radius compatible
with food manipulation.

Pelvic girdle The innominate bone shows a well-
developed rectus femoris tuberosity. In this tuberosity
originates part of the m. quadriceps femoris group, which
is a flexor of the hip and extensor of the knee. Its strong
development is associated with a powerful flexion of the hip
and extension of the knee, as it occurs in forms with strong
propulsion of the limb.

The wide gluteal fossa for the origin of the m. gluteus
medius and m. gluteus profundus, indicates that these mus-
cles were well developed and thus provided a powerful
extension of the hip. A wide gluteal fossa is present in spe-
cies with diverse substrate uses, such as runners and diggers.
A well-developed iliac fossa, which provides the origin area
for the m. iliacus, is compatible with a powerful flexion of
the hip joint when the leg is fixed in position. A relatively
powerful flexion of the hip would provide an advantage to
resist the forces generated during digging and to anchor the
body firmly in the substrate but also to resist the large forces
during locomotion and maintenance of posture in associa-
tion with the large body size of these rodents. The robust
ischial tuberosity (especially in P. pattersoni) for the origin
of the hamstring muscles (m. biceps femoris and m. semiten-
dinosus) indicates a strong development of these muscles,
compatible with a strong extension of the hip and flexion
of the knee. The greater development of this tuberosity in
Phoberomys indicates a stronger development of hamstring
muscles, probably in relation to its large body size, compat-
ible with strong propulsion of the leg at the beginning of the
propulsive stroke.

Hindlimb The femur shows a well-developed greater
trochanter, projecting further proximally than the femoral
head and extending laterally, as in Phoberomys (Horovitz
et al. 2006). This structure is the attachment site for the m.
gluteus medius and m. gluteus profundus, which act as exten-
sor/abductor muscles of the hip (Maynard Smith and Savage
1956; McEvoy 1982; Garcia Esponda and Candela 2016).
A well-developed greater trochanter (proximally and later-
ally) indicates the presence of a powerful thigh musculature,
used during propulsion (Maynard Smith and Savage 1956;
Argot 2002; Garcia-Esponda and Candela 2010), as is com-
mon in cursorial and saltatorial forms but not in arboreal
caviomorphs (Candela and Picasso 2008). According to
Candela and Picasso (2008), the proximal development of
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Table 5 Measurements (in mm) of the tibia of Neoepiblema acreensis
(UFAC 1887) and Neoepiblema horridula (UFAC 3202)

Measurement UFAC 1887 UFAC 3202
Length 252.45 -

Tibial crest length 125.10 77.80
Proximal end width 49.60 33.12
Proximal end length - 33.18

the greater trochanter also restricts femoral mobility during
abduction movements, which are important for climbing in
erethizontids. Note that the chinchilloid D. branickii shows
a pattern different from that observed in Neoepiblema, P.
pattersoni, and chinchillids, in which the greater trochanter
slightly surpasses the femoral head but is not laterally pro-
jected. This pattern is consistent with the scansorial habits of

Fig. 12 Photographs (above)
and three-dimensional models
(below) of the astragali of
Neoepiblema acreensis (a=b)
and Neoepiblema horridula (c).
a. UFAC 1840, left astragalus,
in dorsal and plantar views; b.
UFAC 2549, right astragalus,
in dorsal and plantar views; c.
UFAC 3212, left astragalus,

in dorsal and plantar views.
Abbreviations: af, astragalome-
diotarsal facet; as, astragalar
sulcus; ef, ectal facet; n, neck;
nf, navicular facet; sf, susten-
tacular facet; ¢, trochlea. Scale
bars equal 10 mm
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the species (Wilson and Geiger 2015), which can walk on an
irregular substrate, climbing fallen logs and rocks, situations
in which the abduction movement is important.

The lesser trochanter is the attachment site of the m.
iliopsoas (m. iliacus + m. psoas major) (McEvoy 1982;
Garcia-Esponda and Candela 2010), a flexor of the hip
joint. In Neoepiblema and terrestrial caviomorphs, the
trochanter is caudomedially oriented, while in L. maxi-
mus and C. lanigera, it is medially protruding, reaching
the maximum medial expansion in erethizontids (Candela
and Picasso 2008). Muiioz (2021) indicated that a medi-
ally projected lesser trochanter is present in climber/dig-
ger/swimmer mammals. The iliopsoas muscle complex
of animals with a medially protruding lesser trochanter
would be advantageous to externally rotate the femur
during the locomotion, differing from animals in which
this structure is caudally oriented, favoring parasagittal
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Table 6 Measurements (in Measurement UFAC 2549 UFAC 1840 UFAC 3212
mm) of the astragalus of
Neoepiblema acreensis (UFAC Body width 46.05 51.86 32.90
iiizﬁffni 1;:3;?1) d‘;‘}j (Urac  Medial trsal facet ength 2061 2301 11.33
3212) Total length 54.53 57.02 38.33
Total width 56.09 58.17 35.24
Ectal facet length 26.90 30.63 20.78
Ectal facet width 23.14 27.50 14.80
Head height 22.05 23.40 13.09
Head width 28.64 32.61 18.16
Lateral body height 31.82 30.83 -
Lateral trochlear length 34.75 38.32 -
Medial body height 28.76 33.08 20.50
Medial trochlear length 33.64 40.22 24.70
Neck length 30.28 30.71 20.12
Sustentacular facet length 34.97 36.34 22.24
Sustentacular facet width 15.63 19.27 10.87
Trochlear width 25.42 29.44 -

movements (Argot 2002; Candela and Picasso 2008). In
this case, Neoepiblema would have had movements of
the hindlimb more parasagittal than in extant chinchill-
oids. In Phoberomys, the position of the lesser trochanter,

Fig. 13 Photographs (left)

and three-dimensional models
(right) of the right navicular
(UFAC 3672) (a. in proximal
and distal views; b. lateral

and medial views) and left
metatarsal III (UFAC 2116) (c,
in dorsal, lateral, and proximal
views) of Neoepiblema acreen-
sis. Abbreviations: cf, cuboid
facet; ecf, ectocuneiform facet;
enf?, entocuneiform facet?; fah,
facet for the astragalar head; mf,
mesocuneiform facet; mtbf?,
medial tarsal bone facet?; pp,
plantar process of the navicular;
mtllf, metatarsal II facet. Scale
bars equal 10 mm

more medial than in Neoepiblema, may be advantageous
to provide a powerful flexion of the hip joint and verte-
bral column when the leg is fixed in position. This aspect
would provide an advantage to anchor firmly in the sub-
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Table 7 Measurements (in mm) of the navicular of Neoepiblema
acreensis

Measurement UFAC 3672
Length 47.60
Width 33.45
Plantar process length 20.69
Body length 26.90

strate and resist the forces generated during digging or
food manipulation. Thus, it would be useful to resist the
large forces during the maintenance of posture in associa-
tion to the large body size of this giant rodent.

The shaft of the femur of Neoepiblema is straight, dif-
ferent from the specimen DGM 601-M (Phoberomys sp.),
which is slightly curved. This curvature may be related to
the predictability of strain patterns, restricting the direc-
tional variability of bending loads, which could be related
to the larger body size (Bertram and Biewener 1988) of
Phoberomys.

The distal region of the femur of Neoepiblema, as in extant
chinchillids and Phoberomys (but see above commentaries
about P. pattersoni and taphonomic influence), shows the
transverse diameter equivalent to or slightly larger than
the craniocaudal diameter. The morphology of the distal
epiphysis of the femur, associated with the depth of the knee
joint, expresses the amount and type of forces to which this
joint is subjected (Candela and Picasso 2008). A deep distal
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Fig. 14 Linear discriminant analysis (LD1 and LD2) of locomo-
tory groups based on mean log-shape ratios of linear measurements
of the astragalus taken from Ginot et al. (2016) and the positioning
of Neoepiblema acreensis (=N.ac) in comparison to the extant spe-
cies. Abbreviations: A.de, Anomalurus derbianus; A.af, Atherurus
africanus; C.pi, Capromys pilorides; C.ca, Castor canadensis; C.co,
Cavia cobaya; C.la, Chinchilla lanigera; C.pr, Coendou prehensilis;
C.gu, Ctenodactylus gundi; C.pa, Cuniculus paca; D.le, Dasyprocta
leporina; D.pu, Dasyprocta punctata; D.pa, Dolichotis patagonum;
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D.sp, Dolichotis sp.; E.do, Erethizon dorsatum; F.an, Funisciurus
anerythrus; G.sp, Gerbillus sp.; H.hy, Hydrochoerus hydrochaeris;
H.cr, Hystrix cristata; J.ja, Jaculus jaculus; L.pe, Lagidium perua-
num; M.ma, Marmota marmota; M.gr, Microtus gregalis; M.co, Myo-
castor coypus; M.ac, Myoprocta acouchi; O.de, Octodon degus; P.ca,
Pedetes capensis; P.cu, Proechimys cuvieri; P.ob, Psammomys obe-
sus; P.vo, Pteromys volans; R.bi, Ratufa bicolor; R.in, Ratufa indica;
S.vu, Sciurus vulgaris; S.er, Spalax erhenbergi; S.fu, Spermophilus
fulvus
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Table 8 Measurements (in mm) of the metatarsal III of Neoepiblema
acreensis

Measurement UFAC 2116
Length 93.86
Transverse diameter at mid-shaft 17.53
Proximal end width 21.35
Proximal end length 27.59

femoral epiphysis (as occurs in cursors) projects
the patella (attachment site of the m. quadriceps femoris
complex) cranially. This pattern increases the lever arm
of the m. quadratus femoris for the extension of the knee
and, consequently, generates more powerful flexion of the hip
and extension of the knee, consistent with efficient propulsion
during terrestrial locomotion (Candela and Picasso 2008).
On the other hand, neoepiblemids, chinchillids, and to a
greater degree, extant erethizontids, show a shallower distal
femoral epiphysis than in cursorial caviomorphs, which may
indicate a more habitually flexed hindlimb (Sargis 2002b;
Candela and Picasso 2008). In the case of neoepiblemids,
this morphology would generate a greater resistance to the
application of great forces generated at the level of the knee
joint, subject to support the great weight of these species.
It would also provide a strong area to withstand the forces
generated during occasional digging, food manipulation, and
maintenance of posture in relation to the large size of the
animal.

The tibial crest is the insertion area of m. gracilis (a limb
adductor of the hip joint and flexor of the knee) and m. sem-
itendinosus (extensor of the hip joint and flexor of the knee).

Table 9 Correlation (r) of variables with the linear discriminants 1
and 2

Astragalar measurements LD1 LD2

Astragalus body width (ABW) -0.095 -0.349
Astragalus total length (ATL) -0.120 0.077
Astragalus total width (ATW) 0.348 -0.074
Ectal facet length (EL) 0.323 0.165
Ectal facet width (EW) -0.059 0.021
Head height (HH) 0.156 0.555
Head width (HW) -0.092 -0.110
Lateral body height (LBH) -0.496 -0.103
Lateral trochlear length (LTL) -0.224 0.028
Medial body height (MBH) -0.548 -0.573
Medial trochlear length (MTL) -0.591 -0.327
Neck length (NL) 0.377 0.286
Sustentacular facet length (SL) -0.425 0.122
Sustentacular facet width (SW) 0.614 0.183
Trochlear width (TW) 0.401 0.128

Significant correlations (P <0.05) are presented in bold

The tibial crest of Neoepiblema is distally extended almost to
the middle of the shaft, unlike the condition present
in some caviomorphs that have a more proximal location of
the crest. A distally extended crest increases the mechanical
advantage (by increasing the moment arm) of the m. graci-
lis and m. semitendinosous, which would produce powerful
extension and adduction of the limb and flexion of the knee.
Thus, the configuration of the tibial crest indicates a pow-
erful, rather than rapid, hip extension and knee flexion for
Neoepiblema, traits that would not be suitable for a cursor.
Similarly, the tibial features of P. pattersoni also show a
configuration appropriate for large ambulatory species, not
specialized runners.

The distal epiphysis of the tibia indicates that the ankle
joint of Neoepiblema was possibly relatively restrictive (less
mediolaterally mobile than in arboreal forms, for example;
Candela and Picasso 2008; Candela et al. 2012), due to the
presence of well-marked (concave) tibial facets for the astra-
galar trochlea separated by a prominent ridge as well as the
distal tibial spine that restricts the lateral movements and
complete dorsiflexion at the upper ankle joint (Candela and
Picasso 2008; Garcia-Esponda and Candela 2010; Candela
et al. 2012).

The ridges on the astragalus are slightly asymmetrical
and separated by a well-marked groove, which differs from
arboreal rodents (in which the ridges are more asymmetrical,
comparatively less developed, and with a shallow groove),
and also from cursorial taxa, which have symmetrical ridges
(Candela and Picasso 2008; Ginot et al. 2016; Candela et al.
2017). The astragalar neck is craniomedially oriented, not
cranially as Dolichotis patagonum and H. hydrochaeris,
but less medially oriented than in erethizontids (Candela
and Picasso 2008; Ginot et al. 2016). The astragalar head is
transversally elongated, similar to the pattern of H. hydro-
chaeris, differing from erethizontids, which show a globular
head (Candela and Picasso 2008), and from L. maximus, C.
lanigera, and D. branickii, in which it is transversely nar-
rower. Rodents with the astragalar head oriented parallel
to the parasagittal plane (e.g., caviids) have movements
restricted to flexion—extension, while taxa with a medial ori-
entation of the head are able to produce lateral movements
(e.g., erethizontids). Concerning this trait, Neoepiblema
could have some degree of lateral movement of the foot,
more accentuated in N. horridula, which shows a shorter
astragalar head than N. acreensis, but not as in erethizontids.
The craniocaudally oriented sustentacular facet of Neoepi-
blema also improves the parasagittal movements (Candela
and Picasso 2008). The combination of features present in
the astragalar morphology of Neoepiblema is consistent
with the pattern observed in terrestrial generalists (see pre-
vious discussion). However, the ecomorphological analysis
(Fig. 14) points to a more cursorial habit. Still, the exten-
sive morphological overlap between generalist and cursorial
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Table 10 Body mass estimates

i ) Taxon/anatomical ~ Specimen Measurement Equation Body mass (kg)

based on the dlarnete.r of the element (mm)

long bones of Neoepiblema.

Equations from Biknevicius N. acreensis

etal. (1993)
Humerus UFAC 3549 32.73 —1.467 +2.484 (logX) 197.75
Humerus UFAC 5076 29.09 —1.467 +2.484 (logX) 147.55
Femur UFAC 2574 33.36 -1.678+2.518 (logX) 143.71
Femur UFAC 4907 34.60 -1.678 +2.518 (logX) 157.54
Femur UFAC 2937 33.77 -1.678 +2.518 (logX) 148.20
N. horridula
Femur UFAC 2737 24.11 -1.678 +2.518 (logX) 63.44

caviomorphs in this approach (Ginot et al. 2016) makes it
difficult to distinguish between these two habits with confi-
dence solely based on it.

For the navicular, we calculated the index 1 of Candela
et al. (2017). As such, the ratio of the plantar process
of the navicular length (20.69 mm) to the navicular
body length (26.9 mm) results in a value of 0.76. This
value is low, suggesting a short plantar process of the
navicular, as found in extant octodontoids, erethizontids,
and chinchillids by Candela et al. (2017), in contrast to
cavioids, which are cursorial forms that have a larger
process and higher index values. In cavioids, the plantar
process would act as a buttress, while in the chinchilloids,
such as in C. lanigera (jumper) and L. maximus (digger,
which requires a strengthened plantar region to withstand
impacts), the plantar process is not as well developed, and
the strengthening of the plantar region is given by the
presence of a highly developed Mt II tuber and a sesamoid,
also highly developed. Hence, among caviomorphs, at least
two different “strategies” to strengthen the plantar region
seem to have evolved (Candela et al. 2017). More fossils
of the foot of Neoepiblema are necessary to analyze if this
rodent shows a "strategy" to strengthen the plantar region of
the foot similar to that of extant chinchilloids.

Unlike C. lanigera and L. maximus, the relatively short
metatarsals of Neoepiblema (judging by the Mt III) and
Phoberomys (Horovitz et al. 2006: fig. 14) would provide a
more effective resultant force for locomotion at the expense
of velocity, which would result in short and powerful strides
(Candela et al. 2017). Short metatarsals in these neoepi-

blemids indicate that they are not highly specialized for run-
ning or leaping habits.

Candela et al. (2017) analyzed the tarsal-metatarsal
morphology of caviomorph rodents and recognized two main
tarsal-metatarsal patterns (TMPs). TMPI presents traits that
facilitate movements of the foot at different levels. In TPMII, the
morphological features stabilize joints and restrict movements
to the parasagittal plane. Several features of the tarsal-metatarsal
pattern of Neopiblema are similar to TMPI. The astragalar
body is relatively wide, the astragalar head is somewhat medially
oriented with respect to the astragalar trochlea, the astragalar
neck is relatively short, and the astragalomediotarsal facet of
the astragalar head for the medial tarsal bone is well developed,
which suggests that the medial tarsal was relatively well
developed. Additionally, the plantar process of the navicular is
poorly developed. Based on the relative size of the navicular
facets, the cuboid was larger than the ectocuneiform. Finally,
the metatarsals are relatively short. According to Candela et al.
(2017), among chinchilloids, Lagostomus shows a typical
TMPII, but Lagidium and Chinchilla partially depart from this
pattern. Neoepiblema shows a pattern more similar to the typical
TMPI (Candela et al. 2017), being even more generalized than
in Lagidium and Chinchilla.

Functional Traits, Locomotion, and Behavior The
forelimb of Neoepiblema shows the presence of a well-
developed, slightly laterally deflected and distally extended
deltopectoral crest, moderate lateral epicondylar ridge,
distal articular surface with cylindrical capitulum and faint
capitular tail and ‘second trochlea’, and well developed,
proximally oriented olecranon, among other traits. This

Table 11 Parameters and results of the volume-inferred body mass estimates of Neoepiblema acreensis based on a digital sculpture with a vol-
ume of 0.073 (m3). Sources: 'Buchner et al. (1997); 2Garret (1968); *Kodama (1971)

Taxon Density (kg/m3) Density source Body mass (kg)
Equus caballus' 893 Weighted mean of segment densities (n=1) 65.32
Bos primigenius* 1056 Mean density of right half of beef steer carcass (n=48) 77.24
Ovis aries® 912 Mean carcass density (including fat) (7 studies) 66.71
Sus scrofa® 943 Mean carcass density (including fat) (6 studies) 68.98
Mesocricetus auratus® 1049 Mean carcass density of male hamsters (n=234) 76.73
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combination of traits suggests that Neoepiblema would
have a forelimb with the capacity of a powerful flexion. The
forelimb was not fully extended and had powerful pectoral
and triceps musculature, with substantial movements of the
radial head. Thus, it may have had the ability to produce
movements of pronation/supination and perhaps a hand that
was able to grasp. The moderately deep olecranon fossa
and the absence of a supratrochlear foramen suggest that
it could not fully extend the elbow as in cursorial forms.
However, the depth of the olecranon fossa suggests that
they would have a considerable capacity for extension,
this not being a limiting factor in digging or swimming.
A relatively well-developed olecranon is also compatible
with digging abilities. The orientation of the olecranon
suggests a crouched position of the forelimb. Therefore,
the Neoepiblema forearm exhibits a set of characters that
are compatible with food manipulation but also swimming
and/or digging.

Regarding the pelvic girdle and hindlimb, the innominate
shows a well-developed rectus femoris tuberosity, and the
hindlimb is characterized by a femur with a well-developed
greater trochanter extending further proximally than the
femoral head and protruding laterally, lesser trochanter cau-
domedially oriented, and distal epiphysis with a transverse
diameter equivalent to or slightly larger than the craniocau-
dal diameter. The tibia has a distally extended tibial crest and
its distal articular face shows marked trochlear facets; and
the astragalus has asymmetrical ridges, craniomedially ori-
ented neck and astragalar head, and a transversally extended
head. This combination of traits indicates a predominance
of parasagittal movements, a thigh with powerful propul-
sive musculature, and some degree of lateral movements
of the foot, features that are expected in ambulatory spe-
cies. These traits are also compatible with ability to dig and
swim, which tend to be related to strong joints and powerful
hindlimb musculature. Lateromedial extension of the elbow
and knee could have been advantageous to support the great
efforts generated on these joints associated with the great
weight of these rodents, reaching its maximum expression
in Phoberomys.

Based on the sedimentary context in which neoepiblemids
have been found, it has been inferred that they probably
inhabited water-related environments, like swamps, lakes,
or rivers, being possibly semiaquatic or using these places to
forage (Sénchez-Villagra et al. 2003). Their Middle to Late
Miocene fossil record is restricted to few localities where
sedimentary deposition occurred in wet conditions and
paleoenvironments that include lakes, rivers, and swamps.
The oldest record of Neoepiblema comes from the Middle
Miocene of the local fauna of the Fitzcarrald Arch, Peru
(Tejada-Lara et al. 2015), where the paleoenvironment was
related to the mega-wetland Pebas, whose main components
were tropical forest and swamps (Hoorn et al. 2010). Late

Miocene records are restricted to the Mesopotamian region
of Argentina (Ituzaingé Formation), Venezuela (Urumaco
Formation), and Brazil (Solimdes Formation). The fossils
from the Ituzaingé Formation were preserved in fluvial
environments representative of hot and wet climates (Cione
et al. 2000). In the Urumaco Formation, the evidence
indicates wet coastal environments that consisted of shallow
water lagoons isolated from the coast by sandy barriers
(Horovitz et al. 2010). In Solimdes Formation deposits, the
upper levels were deposited in wetlands associated with
systems of megafans, lakes, and swamps. An abundant
concentration of fossils of N. acreensis was recovered
from the Niter6i locality, Acre River. Palynology of this
site indicates the presence of swamp environments during
the deposition of these layers (Latrubesse et al. 2010). The
youngest record of a neoepiblemid comes from the Pliocene
of San Gregorio, Falcén State, Venezuela, which also
documents the presence of permanent freshwater systems
(Vucetich et al. 2010; Carrillo-Briceiio et al. 2021). Thus,
the available sedimentary and paleoclimatic information
indicates that the distribution of neoepiblemids during the
Neogene was restricted to environments with hot and wet
conditions, suggesting a relationship between these rodents
and permanent aquatic environments. Vucetich et al. (2010)
and Nasif et al. (2013) noticed that in other Argentinean
Upper Miocene strata deposited under dry conditions there is an
abundant record of rodent fossils, but neoepiblemids are
absent.

The traits observed in the postcranial bones analyzed
here permit us to infer that rodents of the genus Neoepi-
blema were possibly ambulatory, being mainly terrestrial
but with the faculty to dig or swim (Fig. 15). The postcra-
nial features observed here are consistent with the capacity
to swim, although it is not possible to confidently infer this
habit. Semiaquatic rodents show traits such as a reduced
hindlimb elements (compared to terrestrial relatives), with
bones showing negative allometry with the body size, long
feet, and long tail (Stein 1988; Samuels and Van Valkenburgh
2008; but see Garcia-Esponda and Candela 2016).
However, in the capybara, the opposite is observed. This
rodent shows short metatarsals and low pes length index
(Mt III length/femur length), features associated with its
quadrupedal paddling swimming (Garcia-Esponda and
Candela 2016). Unfortunately, the fragmentary material
does not permit proper assessment of limb bone indexes
for Neoepiblema (Elissamburu and Vizcaino 2004; Samuels
and Van Valkenburgh 2008). Additionally, it is not possible
to confidently associate the bones to a single individual.
Some indexes require comparisons of dimensions between
two bones, and using data from different individuals can
result in inaccurate results.

Notwithstanding, Samuels and Valkenburgh (2008)
argued that rodents have an impressive array of locomotor
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Tridimensional sculpture and life reconstruction of Neoepiblema acreensis. 3D reconstruction by Marcio L. Castro. Scale bar equal 15 cm

Q Springer




Journal of Mammalian Evolution (2022) 29:207-235

231

behaviors without extensive morphological specializa-
tions. Hence, although the osteological characteristics
indicate that Neoepiblema would have the faculty for such
locomotor behaviors, it does not mean that these rodents
presented them in life (see Vizcaino et al. 2016).

Body Mass Estimates of Neoepiblema

The mass estimates based on the diameter of the humerus
and femur of Neoepiblema acreensis revealed a body mass
of more than 150 kg on average. However, these results are
much higher than those estimated by Ferreira et al. (2020)
based on the average of craniodental measurements of N.
acreensis (79.75 kg). The results of Ferreira et al. (2020)
also fall closer to the body mass range estimated by the volu-
metric approach (65.3 —77.2 kg). Both the volume-inferred
body mass and the estimate based on craniodental measure-
ments (Ferreira et al. 2020) seem to be more reasonable than
estimates based on the long bone diameters for the taxon.
Indeed, the skull of N. acreensis is not substantially larger
than that of an extant capybara, whose body mass averages
around 40-60 kg in adults (Mones and Ojasti 1986). This
discrepancy in body mass estimates based on long bone
diameter versus other methods was discussed by Hopkins
(2008) and Millien and Bovy (2010), and the case-specific
‘single-bone problem’ of bivariate regressions is recognized
in body mass estimates of other animal groups (Brassey and
Sellers 2014; Hopkins 2018; Campione & Evans 2020),
not being a problem exclusive of rodents.

There is an ongoing discussion in the literature concern-
ing the different methodologies adopted to estimate body
masses of extinct taxa (see Campione and Evans 2020 for
a comprehensive review; Croft et al. 2020). Though digital
sculptures may suffer from biases related to the paleoar-
tistic view of an extinct animal, bivariate regressions, or
extant-scaling (Campione and Evans 2020) suffer from the
so-called ‘single bone problem’ (Brassey and Sellers 2014),
for the reliance on a single bone measurement as predictive
of body mass can sometimes result in considerable under- or
overestimation, due to sampling, allometry, or other issues.
Whatever the reason, both methodologies have their uses and
biases, and, at least for Neoepiblema, the estimate based on
craniodental measurements using allometric equations and
the volume-inferred body mass generated similar results,
adding confidence to both methodologies in this case.

Fossil Record and Paleoecological Remarks

Most of the fossils analyzed here come from concentrations
found in two localities: Niterdi and Talisma, both preserv-
ing elements of several individuals (Kerber et al. 2017a,
b). Kerber et al. (2017b) suggested that some of those

fos-sils display marks of digestion, which could evidence
ecological relationships between neoepiblemids (and other
rodents) and Miocene Amazonian predators, such as the
giant crocodilians. Here, additional evidence is presented
based on at least one femur (Fig. 16) from Talisma locality
that shows marks quite similar to the pattern reported in
bones and fossils of small mammals that have been digested
(e.g., Fernandez-Jalvo and Andrews 1992; Denys et al. 1995;
Montalvo and Tallade 2009; Montalvo et al. 2012).

The concentration of fossils of several individuals in the
same place favors the hypothesis that Neoepiblema was gre-
garious or congregated, as in extant closely related chinchill-
oids Lagostomus maximus (Jackson et al. 1996), Chinchilla
(Roach and Kennerley 2016a, b), and Dinomys branickii
(Roach 2017). However, such inferences must be further
addressed, mainly with controlled excavations.

Summary, Conclusions, and Future Perspectives
We studied the morphology of late Miocene postcranial

bones of Neoepiblema, searching for paleobiological infor-
mation. Our main observations are summarized as follows:

Fig. 16 Right femur in caudal view of Neoepiblema horridula
(UFAC 2739) from the Talisma locality, Purus River, showing pos-
sible marks of digestion (indicated by arrows). Scale bar equals to
10 mm
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1) In comparison with other chinchilloids, the forelimb
morphology of Neoepiblema shares similarities with
Phoberomys, such as the presence of a deltopectoral
crest extended from the proximal region to the midpor-
tion of the diaphysis (or distally passing this region in
P. pattersoni), not tapering cranially, and absence of
supratrochlear foramen. Such traits are different from
the extant chinchilloids Lagostomus maximus, Chin-
chilla lanigera, and Dinomys branickii, and from the
Early Miocene Perimys. However, the ulna of Phobero-
mys pattersoni shows the olecranon slightly cranially
oriented in relation to the main axis of the shaft, distinct
from Neoepiblema and Perimys, in which the olecra-
non is oriented in line with the main axis. The femo-
ral anatomy of Neoepiblema and Phoberomys shares
with L. maximus and C. lanigera a greater trochanter
extending further proximally than the femoral head
and protruding laterally. This pattern is distinct from
D. branickii, in which the greater trochanter does not
extend as far proximally beyond the femoral head, and
there is no lateral projection. In Neoepiblema, the lesser
trochanter is caudomedially oriented, but less medially
than in Phoberomys. In the chinchillids L. maximus
and C. lanigera, this structure is medially protruding
and can be observed in cranial view. Neoepiblema and
Phoberomys also share a tibia with a distally extended
tibial crest and the astragalus with the body transver-
sally longer than proximodistally. No significant dif-
ferences are observed in the postcranial bones of N.
acreensis and N. horridula, except that the bones of the
latter taxon are smaller and more gracile. In sum, the
comparative study of Neoepiblema and Phoberomys
reveals several similarities and differences in the post-
cranial characters of extinct and extant chinchilloids.
These characters emerge as a valuable source of infor-
mation for future phylogenetic analyses.

ii) The analyzed features are consistent with the limb
morphology of an ambulatory rodent with faculty to dig
or swim. The sedimentary evidence suggests that these
rodents lived in water-related environments. Although it
is here inferred that Neoepiblema may have been able to
swim, the data do not allow a firm statement that they
were semiaquatic. Phoberomys could be an ambulatory
rodent similar to Neoepiblema and may have had swim-
ming abilities. Several characteristics of Phoberomys are
associated with its large size. Among these are the wide
joints for supporting the loads generated by the weight of
the animal during the walk. Notably, several of the traits
of this genus converge with those found in species with
climbing abilities (e.g., the convexity of the caudal border
of the proximal region of the ulna, lesser trochanter ori-
ented more medially, medially displaced astragalar head,
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lateromedially expanded elbow, and knee joints, and dis-
tally expanded deltoid crest and tibial crest).

iii) Body mass estimates of N. acreensis based on allo-
metric equations of the humerus (~172.65 kg) and femur
(~149.81 kg) result in values much higher than the esti-
mates based on craniodental measurements (~79.75 kg)
and the volume-inferred body mass (65.3-77.2 kg). The
two latter approaches seem to provide more reasonable
results when compared to estimates based on the postcra-
nial bone diameters.

iv) Finally, it is important to point out that the postcranial
elements were found in the same levels as craniodental
remains. However, there is no taphonomic information on
the collection of these bones. Hence, the further discov-
ery of a skeleton of a single individual will help to better
understand the postcranium of Neoepiblema and further
clarify any potential biases produced by the analysis of
isolated bones.
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