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ARTICLE

A NEW SPECIES OFOPISTHODACTYLUSAMEGHINO, 1891 (AVES, RHEIDAE), FROM THE
LATEMIOCENE OF NORTHWESTERN ARGENTINA, WITH IMPLICATIONS FOR THE

PALEOBIOGEOGRAPHYAND PHYLOGENYOF RHEAS

JORGE I. NORIEGA,*,1 EMILIO A. JORDAN,1 RA �UL I. VEZZOSI,1 and JUAN I. ARETA 2

1Centro de Investigaciones Cient�ıficas y Transferencia de Tecnolog�ıa a la Producci�on, CICYTTP-CONICET-UADER,
Materi y Espa~na s/n�, (3105) Diamante, Entre R�ıos, Argentina, cidnoriega@infoaire.com.ar; emiliojordan@gmail.com;

vezzosiraul@gmail.com;
2Instituto de Bio y Geociencias del Noroeste Argentino, IBIGEO-CONICET, Av. 9 de julio 14, Rosario de Lerma (4405),

Salta, Argentina, esporofila@yahoo.com.ar

ABSTRACT—A new species of rheid, Opisthodactylus kirchneri, sp. nov., is erected on the basis of associated elements of
both hind limbs from the late Miocene in northwestern Argentina. The new species extends the biochron of Opisthodactylus
from early Miocene to late Miocene and its distribution from Patagonia to northwest Argentina. Cladistic analysis recovered
an Opisthodactylus-Pterocnemia clade as sister to a Rhea americana clade. The Opisthodactylus-Pterocnemia clade would
have inhabited the most southern, central, and western regions of southern South America throughout the early-middle
Neogene, whereas the Rhea stock would have had a north-northeastern or Brazilian ancestral distribution in the lowlands of
the continent. The similar biogeographic patterns of living and fossil rheids, cariamids, and tinamids seem to roughly reflect
the environmental shift from closed to open habitats that took place at the southern end of South America during the
Neogene and Pleistocene, and at least in the former two families the effects of isolation produced by the ‘Paranaense’ sea.
Closed-habitat taxa of these three families are recorded at early Miocene localities in Patagonia (O. horacioperezi,
O. patagonicus, Noriegavis santacrucensis, and Crypturellus reai), whereas open-habitat taxa come from late Miocene–early
Pliocene sites at central (Pterocnemia sp. and Eudromia sp.), northwestern (O. kirchneri and Pterocnemia cf. mesopotamica),
and northeastern (Pterocnemia mesopotamica) regions in Argentina.
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INTRODUCTION

The rheas, or ~nand�ues, are large, flightless birds restricted to
South America. Typically, they include two living genera and
species, Rhea americana (Linnaeus, 1758) and Pterocnemia pen-
nata (d’Orbigny, 1834). However, some authors merge the two
species in the genus Rhea Brisson (Sibley and Ahlquist, 1990; del
Hoyo et al., 2014; Remsen et al., 2016), and others recognize the
montane Rhea tarapacensis (Chubb, 1913) from the central
Andean region as a separate species from Patagonian lowland R.
pennata (e.g., del Hoyo et al., 2014).
The fossil record of rheas is relatively abundant in comparison

with other cursorial birds. The earliest known fossil undoubtedly
belonging to Rheidae corresponds to pedal phalanges of a robust
indeterminate rheid reported from the middle Paleocene of Chu-
but Province, Argentina (Tambussi, 1995). Diogenornis fragilis
Alvarenga, 1983, from the middle Paleocene of Brazil, was origi-
nally considered to be the oldest representative of the family.
However, its phylogenetic position is in need of further clarifica-
tion, because preliminary studies without definitive evidence
seem to suggest that this taxon is more closely related to the Cas-
uariidae than to Rheidae (Alvarenga, 2010).

Neogene records of rheids are known since the early Miocene
where two species of Opisthodactylus have been described. The
oldest species isOpisthodactylus horaciopereziAgnolin and Cha-
frat, 2015, from the lower Miocene (Colhuehuapian SALMA
[South American Land Mammal Age]) Chichinales Formation
at R�ıo Negro Province in Patagonia (Agnolin and Chafrat,
2015). The type species of the genus is Opisthodactylus patagoni-
cus Ameghino, 1891, a younger Patagonian paleospecies coming
from the lower Miocene (Santacrucian SALMA) Santa Cruz
Formation at Cerro Observatorio locality ( D Monte Observ-
aci�on; Vizca�ıno et al., 2012:15). This taxon was based on very
fragmentary and poorly described materials, including three
incomplete distal ends of tarsometatarsi and a distal tibiotarsus
among other bones (Ameghino, 1891). Recently, new Patago-
nian localities preserving O. patagonicus have been reported,
which extend its geographic distribution (Buffetaut, 2014; Agno-
lin and Chafrat, 2015).
Pterocnemia appears later in the fossil record. Fragmentary

fossil remains from the late Miocene (Huayquerian SALMA) of
La Pampa Province (Argentina) referred to Pterocnemia sp.
were recently reported (Cenizo et al., 2012). A new species of
Pterocnemia, P. mesopotamica Agnolin and Noriega, 2012, was
described from different middle?-upper (Colloncuran–
Huayquerian SALMAs) and upper (Huayquerian) Miocene geo-
logical units in Mendoza and Entre R�ıos provinces of Argentina,*Corresponding author.
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respectively (Noriega and Agnolin, 2008; Agnolin and Noriega,
2012). Two extinct genera of uncertain affinities were described
based on fragmentary bones from the late Miocene–early Plio-
cene (Montehermosan SALMA) of Buenos Aires Province: Het-
erorhea dabbenei Rovereto, 1914, and Hinasuri nehuensis
Tambussi, 1995.
The last appearing genus in the fossil record is Rhea. Qua-

ternary records comprise the extinct Rhea anchorensis (Ame-
ghino and Rusconi, 1932) from the early Pleistocene of
Buenos Aires (Tambussi, 1995), whereas Rhea fossilis Ame-
ghino, 1882, and Rhea pampeana Moreno and Mercerat, 1890,
were synonymized with the living R. americana by Picasso
(2016). Finally, many fossil specimens have been attributed to
R. americana from localities of Brazil, Argentina, and
Uruguay and to P. pennata from Argentina and Chile (Brod-
korb, 1963; Tonni and Laza, 1980; Tambussi and Tonni, 1985;
Cuello, 1988; Tambussi and Acosta Hospitaleche, 2002;
Picasso et al., 2010).

In this contribution, we describe a new species of Opisthodac-
tylus based on a well-preserved specimen from the late Miocene
of northwestern Argentina. This find provides important phylo-
genetic information, allows emendation of the diagnosis of the
genus Opisthodactylus, and contributes to the understanding of
the paleobiogeography and evolutionary history of rheids, caria-
mids, and tinamids.
Institutional Abbreviations—CICYTTP, Centro de Investiga-

ciones Cient�ıficas y Transferencia de Tecnolog�ıa a la Producci�on,
Diamante, Argentina; FMNH, Field Museum of Natural His-
tory, Chicago, Illinois, U.S.A.; MACN, Museo Argentino de
Ciencias Naturales Bernardino Rivadavia, Buenos Aires, Argen-
tina; MFA, Museo Provincial de Ciencias Naturales Florentino
Ameghino; MLP, Museo de La Plata, La Plata, Argentina;
MNHN, Mus�eum National d’Histoire Naturelle, Paris, France;
MPCN-PV, Museo Patag�onico de Ciencias Naturales, General
Roca, Argentina; MUFYCA, Museo Florentino y Carlos Ame-
ghino (Instituto de Fisiograf�ıa y Geolog�ıa), Rosario, Argentina;

FIGURE 1. Opisthodactylus patagonicus Ameghino, 1891. NHMUK A-586, tarsometatarsus, and NHMUK A-587, tibiotarsus. A, original draw-
ings and B, photographs of the type materials. Opisthodactylus kirchneri, sp. nov. MUFYCA-647, holotype. C, right femur in posterior view; D,
right tibiotarsus in anterior view; E, left tibiotarsus in posterior view; F, left tarsometatarsus in dorsal view; G, right tarsometatarsus in dorsal
view; H, pedal phalanges of left foot in dorsal and lateral views: first phalanx of digit III and proximal end of first phalanx of digit IV; pedal pha-
langes of right foot in dorsal and lateral views: first phalanx of digit III and first, second, and third phalanges of digit IV; I, life restoration. Scale
bars equal 5 cm.
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NHMUK, Natural History Museum, London, U.K.; PUM,
Princeton University Museum (Yale Peabody Museum of Natu-
ral History), New Haven, Connecticut, U.S.A.

MATERIALS ANDMETHODS

We performed a cladistic phylogenetic analysis including seven
taxa: three living species (R. americana, P. pennata, and Eudromia
elegans) and four extinct species, P. mesopotamica, O. patagonicus,
O. horacioperezi, and the new species of Opisthodactylus described
herein (Appendix 1). Regrettably, the affinities of Heterorhea dab-
benei andHinasuri nehuensis could not be assessed because the holo-
type of the former is lost andmaterial of the latter is too fragmentary.
We obtained 21 characters from the available bony elements

of specimen MUFYCA-647 (see Appendix 2 for character defi-
nitions and states). The osteological nomenclature follows
Howard (1929) and Baumel andWitmer (1993). Character polar-
ity and rooting were established using outgroup comparisons
(Nixon and Carpenter, 1993). A member of Tinamidae, Eudro-
mia elegans, was selected as the outgroup. Analysis of our data
matrix (Appendix 3) was performed with TNT version 1.1
(Goloboff et al., 2003). Searches of the most parsimonious tree
were made by implicit enumeration. Characters were equally
weighted and coded as non-additive. Branch support was mea-
sured using two different methods: jackknifing (removal proba-
bility 36%) and symmetric resampling (change probability 33%).
Chronostratigraphic and geochronological schemes of the

Neogene of Argentina were taken from Brandoni (2013).

SYSTEMATIC PALEONTOLOGY

Order RHEIFORMES (Forbes, 1884)
Family RHEIDAE Bonaparte, 1849

GenusOPISTHODACTYLUSAmeghino, 1891
OPISTHODACTYLUS KIRCHNERI, sp. nov.

(Figs. 1–4)

Diagnosis—Lateral border of shaft of tarsometatarsus at level
of fossa infracotylaris low (not elevated dorsally) and widened
transversely, forming a large and convex ridge in lateral view. In
lateral view, attachment of perforans brevis on proximal end of
tarsometatarsus strong and located dorsally. Fossa parahypotar-
salis lateralis large. Cross-sections of middle and distal portions
of tarsometatarsal shaft of triangular form, with smooth anterior
grooving. Sulcus extensorius of tibiotarsus deep and ending prox-
imally. Ratio between tibiotarsal and tarsometatarsal length low
(1.0), showing that O. kirchneri had relatively the longest tarso-
metatarsus among known rheiform taxa.
Etymology—In honor of the late N�estor Kirchner (1950–

2010), past president of Argentina, for his achievements in pro-
moting human rights and freedom of speech and his long-lasting
contributions to the development of science in his home country.
The walking habits ofOpisthodactylus kirchneri represent a met-
aphor of the hard task that N�estor undertook of putting Argen-
tina on the trail towards economic independence.
Holotype—MUFYCA-647 is housed at the Museo Florentino

y Carlos Ameghino and includes the following associated ele-
ments of both hind limbs: the right femur, both tibiotarsi and tar-
sometatarsi, and six pedal phalanges (first phalanx of left digit II;

first and second phalanges of left digit III; and first, second, and
third phalanges of left digit IV).
Locality and Horizon—The original label of its collector (A.

Castellanos) states that the specimen came from the
‘Araucanense medio’ levels of a locality situated north-
northwest of Agua del Cha~nar in the Santa Mar�ıa (or Yocavil)
valley, Taf�ı del Valle Department, Tucum�an Province, Argen-
tina (Fig. 5). Although the ‘Araucanense medio’ is not recog-
nized in current stratigraphic nomenclature, the fossil-bearing
horizon can be correlated with the lower levels of the Andal-
huala Formation (Castellanos, 1946; Marshall and Patterson,
1981; Bossi and Muruaga, 2009). Radiometric and biochronologi-
cal analyses based on fossil mammals indicate that the age of the
Andalhuala Formation ranges from the late Miocene (lower lev-
els) to early Pliocene (upper levels) (Marshall and Patterson,
1981; Bossi and Muruaga, 2009; Reguero and Candela, 2011).
Thus, the fossil horizon is assigned to the Huayquerian SALMA
or Tortonian (Global Stage/Age) (Fig. 5).

DESCRIPTION

The holotype, MUFYCA-647 (Fig. 1), is assigned to Opistho-
dactylus based on the following characters: prominence for
attachment of the internal ligament of the tibiotarsus continuous
with the insertion for the transverse ligament and not separated
by the distal end of sulcus extensorius; distal end of the tarso-
metatarsus broadened, with marked medial and lateral spread of
trochleae metatarsi II and IV, respectively; articular facets of
trochleae metatarsi III and IV transversally widened and
markedly grooved; and shaft dorsoventrally depressed above the
level of trochleae. Dimensions and robustness resemble the holo-
type ofO. patagonicus (Table 1).
Femur—The overall configuration of the femur of O.

kirchneri is more robust than in living rheids (Fig. 4). The
shaft is more curved than in R. americana and P. pennata,
ending with a more pronounced medial bending of its distal
epiphysis. The proximal epiphysis is proportionally wider
than that of R. americana and P. pennata, with the medial
border of the shaft forming a greater angle between its proxi-
mal third and the base of the femoral head in anterior view.
The facies articularis antitrochanterica is also larger. The dis-
tal end is also broader than in extant rheids. The sulcus
patellaris is wider and deeper than in R. americana and P.
pennata, but less excavated distally. The condylus lateralis is
more protruding laterally. The posteroproximal border of the
condylus medialis is well developed and very prominent prox-
imally. The articular surface of the condylus medialis is larger
than in living forms. The popliteal fossa is also larger,
extending more proximally on the shaft and slightly shallower
than in R. americana, resembling the condition in P. pennata.
Tibiotarsus—At the proximal end of the shaft, the lateral edge

of the crista cnemialis lateralis is bulged, rounded, and with a
short lateral projection (Fig. 3). The crista cnemialis medialis is
short and with a broadened base, slightly more projected anteri-
orly than in P. mesopotamica and P. pennata, but less than in R.
americana. The medial edge of the crista cnemialis medialis
forms a sharp ridge that is less extended distally on the shaft
than in R. americana and P. pennata, similar to P. mesopotamica.

 FIGURE 2. Opisthodactylus kirchneri, sp. nov. MUFYCA-647, holotype, left tarsometatarsus.A, proximal end and shaft in dorsal view; B, proxi-
mal end and shaft in plantar view; C, proximal end and shaft in lateral view; D, proximal end in proximal view; E, complete tarsometatarsus in lateral
view; F, distal end in dorsal view; G, distal end in plantar view; H, distal end in medial view; I, distal end in lateral view; K, distal end in distal view.
Opisthodactylus patagonicus Ameghino, 1891. NHMUK A-586, tarsometatarsus. J, distal end in dorsal and plantar views; L, distal end in distal view.
Abbreviations: apb, attachment of perforans brevis; cl, cotyla lateralis; cm, cotyla medialis; cmh, crista medialis hypotarsi; cmp, crista medianoplanta-
ris; cpl, crista plantaris lateralis; cpm, crista plantaris medialis; fi, fossa infracotylaris; fpl, fossa parahypotarsalis lateralis; fpm, fossa parahypotarsalis
medialis; fvd, foramen vasculare distale; lb, lateral border of shaft; lr, lateral rim of trochlea III; mr, medial rim of trochlea III; se, sulcus extensorius;
t2, trochlea metatarsi I; t3, trochlea metatarsi III; t4, trochlea metatarsi IV. Scale bar equals 5 cm.
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The facies gastrocnemialis is less excavated than in P. mesopota-
mica and P. pennata, similar to that of R. americana. The sulcus
intercnemialis is wide. At the distal end, the attachment of the
internal ligament is not completely separated from that of the
transverse ligament (ligamentum transversum) by the distal por-
tion of the sulcus extensorius, like in O. patagonicus, P. pennata,
and P. mesopotamica; however, the portion of shaft just distal to
the sulcus extensorius is broken, giving the appearance that both
attachments are really not connected, as observed in R. ameri-
cana. The sulcus extensorius is markedly excavated, well delim-
ited, and ending proximally, similar to those of O. patagonicus,
O. horacioperezi, P. pennata, and P. mesopotamica, and different
from that of R. americana, which is shallower and ends farther
distally. The trochlea cartilaginis tibialis is larger than inO. hora-
cioperezi and more proximodistally developed where it joins the
medial margin of the condylus lateralis in anterior view; although
damaged in posterior aspect, the position of the ridge that delim-
its this trochlea proximally can easily be inferred, indicating that
it was higher or more proximally extended than inO. horacioper-
ezi. The medial ligamentary ridge is similar to that of O. patago-
nicus but sharper than in O. horacioperezi, ending distally in a
more robust bump (internal ligamental prominence) on the
medial view of condylus medialis. The external ligamental prom-
inence is more marked and more proximally placed than in
O. horacioperezi. The cross-section of the distal shaft is more
markedly compressed anteroposteriorly than in extant species,
similar to the condition observed in P. mesopotamica and all
other species ofOpisthodactylus.
Tarsometatarsus—In dorsal view, the concavity located on

the distal shaft proximal to the notch between trochleae meta-
tarsi II and III is deeper and more clearly marked than in
P. mesopotamica and living forms, similar to that of O. patago-
nicus (Fig. 3). In comparison with other trochleae, the trochlea
metatarsi II is more distally and medially extended than in
P. mesopotamica and living rheas, with a great posterior pro-
trusion of its medial trochlear rim. The medial rim of trochlea
metatarsi III is more prominent dorsally than the lateral rim
compared with those of O. patagonicus, P. mesopotamica, and
living rheas (which are subequal, with the medial one hardly
more prominent); therefore, the median trochlear groove in
O. kirchneri is deeper than in related taxa. The trochlear rims
of trochlea metatarsi III are more divergent distally than in
P. mesopotamica. The trochlea metatarsi IV is similar to that
of O. patagonicus and less projected distally than in R. ameri-
cana, P. pennata, and P. mesopotamica. The lateral rim of this
trochlea is somewhat more prominent plantarly than the
medial rim compared with the condition observed in P. meso-
potamica, but less prominent than in extant species. In plantar
view, the groove (fossa parahypotarsalis medialis) that paral-
lels the calcaneal ridge (crista medialis hypotarsi and crista
medianoplantaris) medially is shallower and wider than in
P. mesopotamica, P. pennata, and R. americana. In lateral
view of the proximal end of the shaft, the attachment of perfo-
rans brevis is more conspicuous than in P. mesopotamica and
living rheas. This insertion of perforans brevis and the large
distal fossa parahypotarsalis lateralis are located relatively
more dorsally than in the compared taxa. The lateral border
of the sulcus extensorius is broadened transversally and less
prominent dorsally at the level of the fossa infracotylaris,
forming a large concave surface that is clearly observed in lat-

eral view, whereas in P. mesopotamica and living rheas this
ridge is sharp, prominent, and rather straight when observed
laterally, extending proximally to reach the anterior rim of the
cotyla lateralis.
The cross-section of the distal shaft is triangular, with its ante-

rior surface nearly flat. The dorsoplantar flattening of the shaft
affects both sides of the bone just above the level of trochleae,
giving it an elliptical cross-section.
Digits—The preserved first pedal phalanx of left digit III, the

first and second pedal phalanges of left digit IV, and the first, sec-
ond, and third phalanges of the right digit IV do not exhibit strik-
ing differences from those of living taxa, but they have their
proximal articular facets slightly more broadened, in accordance
with the transversally widened facets of the tarsometatarsal
trochleae (Fig. 1).

CLADISTIC ANALYSIS

Parsimony analysis of our data set (Appendix 3) resulted in a
single most parsimonious tree (Fig. 6; 27 steps in length, consis-
tency index of 0.963, and retention index of 0.923). Rhea ameri-
cana was found as sister to a clade including all other fossil and
extant rheids studied. This clade comprises two groups: one
including both Pterocnemia species and the other including all
Opisthodactylus species, with O. horacioperezi as sister to the
clade ofO. patagonicus CO. kirchneri. Branch support was satis-
factory (64–100) for all groups, except for the Pterocnemia clade
(<50) (Fig. 6). Derived characters defining nodes and taxa are
indicated on the cladogram (Fig. 6).

DISCUSSION

Systematic Remarks

Our data supports the traditional two-genus taxonomy of liv-
ing Rheidae (Folch, 1992), because many osteological characters
of the tibiotarsus and tarsometatarsus clearly support the distinc-
tion of Rhea and Pterocnemia. Moreover, our phylogenetic
results indicate that Pterocnemia C Opisthodactylus constitute
the sister group to Rhea (Fig. 6). Thus, the inclusion of Pterocne-
mia in Rhea is only possible if the distinctive genusOpisthodacty-
lus is also included in Rhea.

Cladogenesis and Paleobiogeography

Until now, the fossil record ofOpisthodactylus has consisted of
fragmentary specimens that are widely distributed at different
late-early Miocene (Santacrucian SALMA) localities of southern
Patagonia from the Andean slopes to the Atlantic coast (Ame-
ghino, 1891; Sinclair and Farr, 1932; Buffetaut, 2014), and at a sin-
gle earliest early Miocene (Colhuehuapian SALMA) site in
northern Patagonia (Agnolin and Chafrat, 2015). The newly
described O. kirchneri extends the biochron of Opisthodactylus
by at least 10 Ma to the late Miocene (Huayquerian SALMA)
and expands the geographic range of the genus by more than
2500 km northwest of the locality of the holotype ofO. patagoni-
cus and more than 1000 km from that of O. horacioperezi
(Fig. 7). These data suggest that Opisthodactylus or another
closely related taxon could have occupied a large ancestral area in
the southern tip of SouthAmerica at least during the early-middle
Cenozoic (Fig. 7). Unfortunately, the Paleogene record of fossil
rheids is restricted to an indeterminate species from the middle

 FIGURE 3. Opisthodactylus kirchneri, sp. nov. MUFYCA-647, holotype, right tibiotarsus. A, proximal end in anterior view; B, proximal end in
posterior view; C, proximal end in lateral view;D, proximal end in medial view; E, distal end in anterior view; F, distal end in posterior view;G, distal
end in lateral view;H, distal end in medial view; I, proximal end of both tibiotarsi in proximal view; J, complete tibiotarsus in anterior view.Abbrevia-
tions: ail, attachment of internal ligament; alt, attachment of ligamentum transversum; cf, crista fibularis; cnl, crista cnemialis lateralis; cnm, crista cne-
mialis medialis; col, condylus lateralis; com, condylus medialis; del, depressio epicondylaris lateralis; dem, depressio epicondylaris medialis; elp,
external ligamental prominence; f, fibula; fal, facies articularis lateralis; fam, facies articularis medialis; fg, facies gastrocnemialis; ic, incisura intercon-
dylaris; ilp, internal ligamental prominence; mlr, medial ligamentary ridge; se, sulcus extensorius; si, sulcus intercnemialis; tct, trochlea cartilaginis
tibialis; tmf, tubercle for musculus femorotibialis medialis. Scale bars equal 5 cm.
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FIGURE 4. Opisthodactylus kirchneri, sp. nov. MUFYCA-647, holotype, right femur. A, anterior view; B, posterior view; C, medial view; D, lateral
view; E, detail of proximal end in posterior view; F, detail of distal end in posterior view;G, detail of proximal end in proximal view;H, detail of distal
end in distal view.Abbreviations: cf, collum femoris; col, condylus lateralis; com, condylus medialis; faa, facies articularis antitrochanterica; fh, femoral
head; flc, fovea ligamentus capitis; fp, fossa poplitea; fv, foramen vasculare;mol, musculus obturatorius lateralis;mom, musculus obturatorius medialis;
sp, sulcus patellaris; tf, trochlea fibularis. Scale bars equal 5 cm.
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Paleocene of Patagonia (Tambussi, 1995), providing only incon-
clusive data on the geographic distribution of the oldest rheids.
Cladogenetic processes among vertebrates of South America

during the Neogene were strongly linked to tectonism and

climatic changes, as well as to cyclicity of ice ages during the
Pleistocene (Marshall and Sempere, 1993; Ortiz-Jaureguizar and
Cladera, 2006; Hoorn et al., 2010). The influence of marine
ingressions should also be evaluated as an important factor shap-
ing the evolution of poor fliers and ground birds. We shall discuss
these factors below.
Paleobotanical reconstructions of Patagonia during the Paleo-

gene and early Neogene have proposed the progressive replace-
ment of the original forested megathermal communities by
meso- and microthermal forests due to both tectonic and climatic
factors (Barreda and Palazzesi, 2007). The full opening of the
Drake Passage during the Oligocene–Miocene, the global cli-
matic deterioration of the Miocene, and the uplift of the Andes
would have acted in concert to produce a fragmentation of habi-
tats, leading to the development of aridity and extreme seasonal-
ity since the beginning of the Neogene (Blisniuk et al., 2005;
Nullo and Combina, 2011). In particular, the late early Miocene
vegetation inhabited by O. patagonicus in Patagonia was charac-
terized by a mixture of open temperate semiarid forests and
humid warm-temperate forests (Brea et al., 2012), alternating
with shrubby-herbaceous elements more typical of Chacoan flo-
ras. Later, during themiddle lateMiocene, the diversity and abun-
dance of xerophytic-adapted taxa increased in Patagonia
(Barreda and Palazzesi, 2007), leading to a more open ‘Proto-
Espinal/Steppe Province’ in extra-Andean Patagonia (Iglesias
et al., 2011). On the basis of these paleoenvironmental recon-
structions, we hypothesize that ancestral populations of theOpis-
thodactylus C Pterocnemia lineage would have primarily
occupied these more Chacoan environments during the late Pale-
ogene?–early Neogene. The successive paleoecological changes
occurring from about the middle Miocene onwards would have
led to the split of the first species of Pterocnemia, P. cf.mesopota-
mica from the middle?–late Miocene (Colloncuran?–Huayquer-
ian SALMAs) of Mendoza (Fig. 7). However, accurately
assessing the time and mode of speciation in this clade is difficult
with the available data.
Marine transgressions probably played an important role in

the diversification of the southern South American biota
(Ortiz Jaureguizar and Cladera, 2006). Several ephemeral
Cenozoic transgressions of the Atlantic Ocean flooded the
Patagonian Platform during the late middle Eocene, late
Oligocene–early Miocene, and middle Miocene. The latest
marine flooding covered central and northern Argentina and
is known as the ‘Paranaense’ marine ingression of the
middle-late Miocene (Malumi�an and N�a~nez, 2011). This
flooding of the Chaco-Pampean plain by the ‘Paranaense’ sea
separated Argentina into an eastern-northeastern region
(E-NE) known as Mesopotamia and a northwestern-central-
southwestern region (NW-C-SW) for at least 5 Ma. The
‘Paranaense’ sea thus became an impassable and long-term
water barrier for flightless or poorly flying birds (Fig. 7). This
geographic barrier would have isolated the Opisthodactylus
plus Pterocnemia stock in the NW-C-SW region from the
Rhea stock in the E-NE Mesopotamia region, either directly
splitting or accentuating previous differences among these
clades (Fig. 7). In this context, the late Miocene records of
P. mesopotamica, P. cf. mesopotamica, and Pterocnemia sp.
from Entre R�ıos, Mendoza, and La Pampa provinces (Agno-
lin and Noriega, 2012; Cenizo et al., 2012) (Fig. 7) can be
interpreted in two different ways: (a) populations of Pteroc-
nemia were isolated by the marine engulfment in both the
Mesopotamian and NW-C-SW regions, and whereas the Mes-
opotamian populations became extinct, those of the NW-
C-SW region survived and gave rise to the lineage leading to
the living lesser rhea (P. pennata); or, alternatively, (b) the
ancestral Pterocnemia clade was fully confined to the NW-
C-SW side of the marine barrier and the presence of P. mes-
opotamica in Mesopotamia represents dispersal after the

FIGURE 5. A, map of Argentina showing the fossil locality where the
holotype, MUFYCA-647, of Opisthodactylus kirchneri, sp. nov., was
found in the lower levels of the Andalhuala Formation, north-northwest
of Agua del Cha~nar and north-northeast of Tiopunco, Taf�ı del Valle
County, Tucum�an Province; B, chronostratigraphic and geochronological
scheme of the Neogene of Argentina (modified from Brandoni, 2013).
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disappearance of the ‘Paranaense’ sea. The possibility of a
zoogeographic connection between the two sides of the
marine barrier after the sea withdrawal was recently dis-
cussed by Brandoni (2013).
The Monte scrub and Patagonian shrub-steppe inhabited by P.

pennata and the Puna grasslands of P. tarapacensis appeared in a
stepwise fashion (Ortiz Jaureguizar and Cladera, 2006), first by
the definitive continentalization of southern South America after
the marine regression in the late Miocene (ca. 9.5 Ma; P�erez,
2013) and later by the severe rain shadow climatic consequences
in the eastern lowlands caused by the last orogenic Andean
phases during the Pliocene.
Birds with restricted flight capabilities and those strictly curso-

rial can be supposed to have been isolated geographically in simi-

lar regions by the same physical barriers. Extant and extinct
seriemas (Cariamidae) exhibit rather coincident biogeographic
patterns, ecological requirements, and locomotive constraints
with rheas, suggesting a similar palebiographical history. Norie-
gavis santacrucensis (Noriega et al., 2009) is a ‘basal’ seriema
from late-early Miocene levels of the Santa Cruz Formation,
coming from the same horizon and in locations relatively close
to those of O. patagonicus (Noriega et al., 2009; Mayr and Nor-
iega, 2015) (Fig. 7). This ancestral cariamid has an old Patago-
nian history prior to the appearance of the ‘Paranaense’ sea
during the middle-late Miocene. The living Cariama cristata and
Chunga burmeisteri diverged ca. 7.5 Ma (Prum et al., 2015), sug-
gesting that the ‘Paranaense’ sea could have split the Chacoan
Chunga in the NW-C-SW region from the open grassland Car-
iama in the E-NE region. The latter might then have spread
westwards, reaching its present-day wide distribution.
Tinamous (Tinamidae) are cursorial birds with shorter tarsi

and smaller bodies in comparison with those of the long-legged
and large rheids and cariamids. Two phylogenetic and ecological
groups have been recognized: the open-area (Nothurinae) and
the forest-dwelling (Tinaminae) clades (Bertelli, 2016). The old-
est known tinamous belong to the forest-dwelling clade and
come from the early Miocene Santa Cruz and Pinturas forma-
tions (Bertelli and Chiappe, 2005; Chandler, 2012; Bertelli,
2016). The oldest record of the open-area clade belongs to an
Eudromia sp. from the Cerro Azul Formation (Cenizo et al.,
2012), where Pterocnemia sp. has also been recorded, and coin-
cides with the appearance of more open habitats during the late
Miocene. Thus, although the distribution of older and younger
fossil members of Tinamidae resemble those of basal and
derived rheids and cariamids, the role of the ‘Paranaense’ sea as
a biogeographic barrier influencing the history of more recent
tinamids remains to be evaluated.

TABLE 1. Measurements of hind limbs of fossil and extant rheas.

Measurements O. kirchneri O. patagonicus O. horacioperezi P. mesopotamica P. pennata* R. americana**

Femur
TL 227.7 — — — 230 209.3§ 10.7 (199.3–224.2) [7]
w-prox 62.4 — — — 57 —
Circ-shaft 82.7 — — — 80.5 —
w-shaft 28.6 — — — 21.7 22.8 § 3.6 (17.4–27.9) [7]
d-shaft 24.4 — — — 22.6 24.1 § 2.3 (21.1–28.2) [7]
w-dist 71 — — — 65 59.0 § 5.0 (54.5–68.2) [7]

Tibiotarsus
TL-c-cm 365 — — — — —
TL-c-as 340 — — 341.1 340.3§ 15.4 (325.0–361.0) [4] 321.6§ 20.4 (297.5–360.0) [7]
w-si 9.7 — — — 7.5 § 2.3 (5.9–9.2) [4] —
w-prox 53.2 — — 42.4 44.9 § 2.0 (43.7–47.9) [2] 45.7 § 4.2 (41.8–52.3) [7]
d-prox 80.9 — — — 80.4 § 8.5 (74.4–86.4) [4] 82.1 § 8.1 (74.2–95.5) [6]
Circ-shaft 79.9 — — — 64.5 § 6.4 (60.0–69.0) [2] —
w-shaft 26.2 — 30.0 21.6; 21.8 21.2 § 1.1 (20.4–22.8) [4] 25.9 § 3.6 (20.7–31.6) [7]
d-shaft 20.5 — — 13.2; 15.2; 16.5 17.5 § 1.6 (16.0–19.5) [4] 19.5 § 2.1 (16.5–22.8) [7]
D-d-shaft 18.5 — — — — —
w-dist 46.5 37.0 28.0 36.3; 37.4 36.5 § 2.6 (34.0–39.9) [2] 36.9 § 2.4 (33.8–40.0) [7]

Tarsometatarsus
TL 336 — — 273 304.7§ 12.5 (296.0–319.0) [3] 310.4§ 15.6 (281.4–335.0) [10]
w-prox 47.2 — — — 42.8 40.2 § 3.6 (32.9–43.8) [10]
d-prox 42.2 — — — 41.3 38.8 § 3.4 (32.9–43.8) [10]
Circ-shaft 73 — — — 66.5 55.3 § 5.7 (49.0–60.0) [3]
w-shaft 20.5 34.0 32.0 13.1; 16.8 16.7 § 1.8 (15.5–18.0) [3] 16.6 § 1.6 (14.0–19.7) [10]
d-shaft 22.7 — 13.0 15.0; 15.2 16.9 § 0.8 (16.3–17.5) [3] 17.3 § 2.2 (14.5–21.3) [10]
w-dist 49.2 5.0 — 37.0; 41.3; 41.7; 42.1 42.9 § 2.5 (41.3–45.8) [3] 40.6 § 5.3 (35.8–53.5) [10]

Ranges in parentheses and sample sizes in square brackets. Measurements of MLP specimens taken from Picasso (2010). Abbreviations: Circ-shaft,
circumference of shaft; D-d-shaft, depth of distal shaft at the level of the sulcus tendinous; d-prox, depth of proximal end; d-shaft, depth of shaft; p,
preserved measurement; TL, total length; TL-c-as, total length from condyles to articular surface; TL-c-cm, total length from condyles to cnemial
crest; w-dist, width of distal end; w-prox, width of proximal end; w-shaft, width of shaft; w-si, least width of sulcus intercnemialis.
*MACN 4, 68028; MLP 670, 676.
**MFA-Zv 571, 339, 341; MLP 876, 877, 878, 879, 880, 881, 897.

FIGURE 6. Cladogram showing the phylogenetic relationships of Opis-
thodactylus kirchneri, sp. nov., within Rheidae. The tree of 27 steps was
built using parsimony analysis of non-additive, equally weighted charac-
ters, using TNT version 1.1. Synapomorphies are indicated above each
branch (see Appendix 2). Node support values of symmetric resampling
and jacknifing are indicated below each branch.
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CONCLUSIONS

We propose the existence of two main clades of rheids based
on our phylogenetic analysis: (1) an Opisthodactylus plus Pteroc-
nemia stock that would have inhabited the most southern, cen-
tral, and western regions of South America throughout the late
Paleocene?–early Neogene; and (2) the Rhea stock that would
have had a north-northeastern or Brazilian distribution in the
continent. The evolution of the former during the Miocene led
to the emergence of at least five species grouped in two genera,
the extinct O. horacioperezi, O. patagonicus, O. kirchneri, and P.
mesopotamica, and the living P. pennata. The clade represented
by the genus Rhea would have either split off or accentuated its
prior distinctness from the Opisthodactylus plus Pterocnemia
stock due to the barrier imposed by the ‘Paranaense’ sea.
Parallelisms found among the present and past histories of

three South American avian groups (Rheidae, Cariamidae, and
Tinamidae) may be explained by their shared life-history traits
(reduced to absent flight capabilities and cursorial habits), which
would have led to similar influences of biogeographic barriers
and habitat changes in their evolution. Closed-forest taxa of
these families are recorded at early Miocene localities in Patago-
nia (O. horacioperezi, O. patagonicus, Noriegavis santacrucensis,
and Crypturellus reai), whereas more open-habitat taxa come
from late Miocene–early Pliocene sites at central (Pterocnemia
sp. and Eudromia sp.), northwestern (O. kirchneri, Pterocnemia
cf. mesopotamica), and northeastern (Pterocnemia mesopota-
mica) regions in Argentina (Bertelli and Chiappe, 2005; Chan-
dler, 2012; Mayr and Noriega, 2015; and that herein presented).
Spatiotemporal patterns of living and fossil rheids, cariamids,
and tinamids seem to roughly reflect the purported environmen-
tal shift from closed to open habitats that would have taken place
at the southern end of South America during the Neogene and
Pleistocene, and at least in the former two families the effects of
isolation produced by the ‘Paranaense’ sea.

The role played by the southeastern Pampean region in the
evolution of rheas will remain obscure until the systematic status
of its fossil representatives can be established. Nevertheless, it
seems possible that this small area had been biogeographically
linked with the more extensive NW-C-SW region rather than
with the geographically closer Mesopotamia.

ACKNOWLEDGMENTS

We thank S. Cornero and L. Ragnone (MUFYCA), M. Picasso
and M. Reguero (MLP), and A. Pautasso (MFA) for assisting us
during study visits and allowing access to material under their
care, and G. Vezzosi for the illustrations. An anonymous reviewer
and M. Cenizo provided useful reviews. CONICET and PICT-
ANPCYT 392 grants to J.I.N. supported this research.

ORCID

Juan I. Areta http://orcid.org/0000-0001-8588-3030

LITERATURE CITED

Agnolin, F., and P. Chafrat. 2015. New fossil bird remains from the Chi-
chinales Formation (Early Miocene) of northern Patagonia, Argen-
tina. Annales de P�aleontologie 101:87–94.

Agnolin, F., and J. I. Noriega. 2012. Una nueva especie de ~nand�u (Aves:
Rheidae) del Mioceno tard�ıo de la Mesopotamia argentina. Ame-
ghiniana 49:236–246.

Alvarenga, H. 1983. Una ave ratite do Paleoceno Brasileiro: bacia calc�a-
ria de Itabora�ı, estado do Rio do Janeiro, Brasil. Boletin Museu
Nacional do Rio do Janeiro, Geologia 41:1–7.

Alvarenga, H. 2010. Diogenornis fragilis Alvarenga, 1985, restudied: a
South American ratite closely related to Casuariidae. 25th Interna-
tional Ornithological Congress, Campos do Jord~ao, 22-28 August
2010. Abstracts:143A.

FIGURE 7. A, map indicating the fossiliferous localities of Neogene rheids, the zoogeographical patterns of extant and extinct rheas (Rheidae) and
seriemas (Cariamidae), and the reconstruction of the late Miocene flooding of the ‘Paranaense’ sea; 1, Opisthodactylus kirchneri, sp. nov.; 2, Opistho-
dactylus horacioperezi; 3,Opisthodactylus patagonicus. B, current distribution of rheids. Arrows indicate hypothesized dispersal events after the disap-
pearance of the barrier imposed by the ‘Paranaense’ sea.

Noriega et al.—NewOpisthodactylus from Argentina (e1278005-10)



Ameghino, F. 1882. Cat�alogo explicativo de las colecciones de
antropolog�ıa y paleontolog�ıa de Florentino Ameghino. Exposici�on
Continental Sudamericana, Anexo A:35–42.

Ameghino, F. 1891. Enumeraci�on de las aves f�osiles de la Rep�ublica
Argentina. Revista Argentina Historia Natural 1:441–453.

Ameghino, C., and C. Rusconi. 1932. Una nueva subespecie de avestruz
f�osil del pampeano inferior “Rhea americana anchorenense” subp.
n. Anales de la Sociedad Cient�ıfica Argentina 114:38–42.

Baumel, J. J., and L. M. Witmer. 1993. Osteologia; pp. 45–132 in J. J.
Baumel, S. A. King, J. E. Breazile, H. E. Evans, and J. C. Venden
Berge (eds.), Handbook of Avian Anatomy: Nomina Anatomica
Avium, second edition. Publications of the Nuttall Ornithological
Club 23, Cambridge, Massachusetts.

Barreda, V., and L. Palazzesi. 2007. Patagonian vegetation turnovers dur-
ing the Paleogene–Early Neogene: origin of arid-adapted floras.
The Botanical Review 73:31–50.

Bertelli, S. 2016. Advances on tinamou phylogeny: an assembled cladistic
study of the volant palaeognathous birds. Cladistics. doi: 10.1111/
cla.12172.

Bertelli, S., and L. Chiappe. 2005. Earliest tinamous (Aves: Palaeogna-
thae) from the Miocene of Argentina and their phylogenetic posi-
tion. Contributions in Science, Natural History Museum of Los
Angeles County 502:1–20.

Blisniuk, P. M., L. A. Stern, C. P. Chamberlain, B. Idleman, and P. K.
Zeitler. 2005. Climatic and ecologic changes during Miocene surface
uplift in the Southern Patagonian Andes. Earth and Planetary Sci-
ence Letters 230:125–142.

Bossi, G., and C. Muruaga. 2009. Estratigraf�ıa e inversi�on tect�onica del
rift ne�ogeno en el Campo del Arenal, Catamarca, NO Argentina.
Andean Geology 36:311–341.

Bonaparte, C. L. 1849. Conspectus generum avium. Lugduni Batavorum
Academiae Typographum, Leiden, 543 pp.

Brandoni, D. 2013. Los mam�ıferos continentales del “Mesopotamiense”
(Mioceno Tard�ıo) de Entre R�ıos, Argentina. Diversidad, edad y
paleobiogeograf�ıa; pp. 179–191 in D. Brandoni and J. I. Noriega
(eds.), El Ne�ogeno de la Mesopotamia argentina, Volumen Especial
14. Asociaci�on Paleontol�ogica Argentina, Paran�a, Argentina.

Brea,M., F. Zucol, andA. Iglesias. 2012. Fossil plant studies from late Early
Miocene of the Santa Cruz Formation: paleoecology and paleoclima-
tology at the passivemargin of Patagonia, Argentina; pp. 104–128 in S.
F. Vizca�ıno, R. F. Kay, andM. S.Bargo (eds.), EarlyMiocene Paleobi-
ology in Patagonia: High-Latitude Paleocommunities of the Santa
Cruz Formation. CambridgeUniversity Press, Cambridge, U.K..

Brodkorb, P. B. 1963. Catalogue of fossil birds. Part I. (Archaeopterygi-
formes through Ardeiformes). Bulletin of the Florida State Museum
7:179–93.

Buffetaut, E. 2014. Tertiary ground birds from Patagonia (Argentina) in
the Tournou€er collection of theMus�eumNational d’HistoireNature-
lle, Paris. Bulletin de la Soci�et�e g�eologique de France 185:207–214.

Castellanos, A. 1946. Una nueva especie de clamiterio Vasallia maxima
n. sp. Publicaciones del Instituto de Fisiograf�ıa y Geolog�ıa 26:1–47.

Cenizo, M. M., C. P. Tambussi, and C. I. Montalvo. 2011. Late Miocene
continental birds from the Cerro Azul Formation in the Pampean
region (central-southern Argentina). Alcheringa 36:47–68.

Chandler, R. M. 2012. A new species of tinamou (Aves: Tinamiformes,
Tinamidae) from the Early-Middle Miocene of Argentina. Pal
Arch’s Journal of Vertebrate Palaeontology 9:1–8.

Chubb, Ch. 1913. [untitled]. Bulletin of the British Ornithologists’ Club 33:79.
Cuello, J. 1988. Lista de las aves f�osiles de la regi�on Neotropical y de las

islas antillanas. Paula-Coutiana 2:3–79.
del Hoyo, J., N. J. Collar, D. A. Christie, A. Elliott, and L. D. C Fishpool.

2014. HBW and Bird Life International Illustrated Checklist of the
Birds of the World, Spain and Cambridge UK. Lynx Edicions and
Bird Life International, Barcelona, Spain, 904 pp.

D’Orbigny, A. 1834. Voyage dans l’Am�erique M�eridionale (le Br�ezil, la
R�epublique orientale de l’Uruguay, la R�epubliqueArgentine, la Pata-
gonie, laR�epublique duChili, laR�epublique deBolivia, laR�epublique
du P�erou), execut�e pendant les ann�ees 1826, 1827, 1828, 1829, 1830,
1831, 1832 et 1833. TomeQuatri�eme (Oiseaux). Imprimerie de P. Ber-
trand andV.Berger-Levrault, Paris and Strasbourg, 395 pp.

Folch, A. 1992. Family Rheidae (Rheas); pp. 84–89 in J. del Hoyo, A.
Elliot, and J. Sargatal (eds.), Handbook of the Birds of the World,
Volume 1. Lynx Edicions, Barcelona, Spain.

Forbes, W. A. 1884. Final ideas as to the classification of birds. Ibis
26:119–120.

Goloboff, P., J. Farris, and K. C. Nixon. 2003. TNT. Tree Analysis Using
New Technology. 1.0. Available at www.zmuc.dk/public/phylogeny.
Accessed May 1, 2016.

Hoorn, C., F. P. Wesselingh, H. Steege, M. A. Bermudez, A. Mora, J.
Sevink, I. Sanmart�ın, A. Sanchez-Meseguer, C. L. Anderson, J. P.
Figueiredo, C. Jaramillo, D. Riff, F. R. Negri, H. Hooghiemstra, J.
Lundberg, T. Stadler, T. S€arkinen, and A. Antonelli. 2010. Amazo-
nia through time: Andean uplift, climate change, landscape evolu-
tion, and biodiversity. Science 330:927–931.

Howard, H. 1929. The avifauna of Emerville shellmound. University of
California Publications in Zoology 32:301–394.

Iglesias, A., A. E. Artabe, and E. M. Morel. 2011. The evolution of Pata-
gonian climate and vegetation from the Mesozoic to the present.
Biological Journal of the Linnean Society 103:409–422.

Linnaeus, C. 1758. Systema naturae per regna tria naturae, secundum
classes, ordines, genera, species, cum characteribus, differentiis, syn-
onymis, locis. Tomus I. Editio decima, reformata, L. Salvii, Hol-
miae, 824 pp.

Malumi�an, N., and C. N�a~nez. 2011. The Late Cretaceous–Cenozoic trans-
gressions in Patagonia and the Fuegian Andes: foraminifera, palae-
oecology, and palaeogeography. Biological Journal of the Linnean
Society 103:269–288.

Marshall, L. G., and B. Patterson. 1981. Geology and geochronology
of the mammal-bearing Tertiary of the Valle de Santa Mar�ıa and
R�ıo Corral Quemado, Catamarca Province, Argentina. Fieldiana,
Geology 9:1–80.

Marshall, L. G., and T. Sempere. 1993. Evolution of the Neotropical
Cenozoic land mammal fauna in its geochronologic, stratigraphic,
and tectonic context; pp. 329–392 in P. Goldblatt (ed.), Biological
relationships between Africa and South America. Yale University
Press, New Haven, Connecticut.

Mayr, G., and J. I. Noriega. 2015. A well-preserved partial skeleton of the
poorly known early Miocene seriema Noriegavis santacrucensis
(Aves, Cariamidae). Acta Palaeontologica Polonica 60:589–598.

Nixon, K. C., and J.M. Carpenter. 1993.On outgroups. Cladistics 9:413–426.
Noriega, J. I., and F. L. Agnolin. 2008. El registro paleontol�ogico de las

Aves del “Mesopotamiense” (Formaci�on Ituzaing�o; Mioceno tard�ıo-
Plioceno) de la provincia de Entre R�ıos, Argentina; pp. 271–290 in F.
G. Ace~nolaza (ed.), Temas de la Biodiversidad del Litoral fluvial
argentino III, Miscel�anea 17. INSUGEO, Tucum�an, Argentina.

Noriega, J. I., S. F. Vizca�ıno, and M. S. Bargo. 2009. First record and a
new species of seriema (Aves: Ralliformes: Cariamidae) from San-
tacrucian (early-middle Miocene) beds of Patagonia. Journal of
Vertebrate Paleontology 29:620–626.

Nullo, F., and A. Combina. 2011. Patagonian continental deposits (Creta-
ceous–Tertiary). Biological Journal of the Linnean Society 103:289–304.

Ortiz-Jaureguizar, E., and G. A. Cladera. 2006. Paleoenvironmental evo-
lution of southern South America during the Cenozoic. Journal of
Arid Environments 66:498–532.

P�erez, L. M. 2013. Nuevo aporte al conocimiento de la edad de la For-
maci�on Paran�a, Mioceno de la provincia de Entre R�ıos, Argentina;
pp. 7–12 in D. Brandoni and J. I. Noriega (eds.), El Ne�ogeno de la
Mesopotamia argentina, Volumen Especial 14. Asociaci�on Paleon-
tol�ogica Argentina, Paran�a, Argentina.

Picasso, M. B. 2016. Diversity of extinct Rheidae (Aves, Palaeognathae):
historical controversies and the new taxonomic status of Rhea pam-
peana Moreno and Mercerat 1891 from the Pleistocene of Argen-
tina. Historical Biology 28:1101–1107.

Picasso, M. B., F. J. Degrange, M. C. Mosto, and C. P. Tambussi. 2010.
Un individuo juvenil de Pterocnemia pennata (Aves: Rheidae) en el
Pleistoceno de la regi�on Pampeana: implicancias ontogen�eticas y
ambientales. Revista Mexicana de Ciencias Geol�ogicas 28:192–200.

Prum, R. O., J. S. Berv, A. Dornburg, D. J. Field, J. P. Townsend, E. M.
Lemmon, and A. R. Lemmon. 2015. A comprehensive phylogeny of
birds (Aves) using targeted next generation DNA sequencing.
Nature 526:569–573. doi: 10.1038/nature15697.

Reguero, M., and A. M. Candela. 2011. Late Cenozoic mammals from the
Northwest of Argentina; pp. 411–426 in J. A. Salfity and R. A. Marquil-
las (eds.), Cenozoic geology of the Central Andes of Argentina. INCE
(Instituto del Cenozoico), Universidad de Salta, Salta, Argentina.

Remsen, J. V., Jr., J. I. Areta, C. D. Cadena, A. Jaramillo, M. Nores, J. F.
Pacheco, J. P�erez-Em�an, M. B. Robbins, F. G. Stiles, D. F. Stotz,
and K. J. Zimmer. 2016. A classification of the bird species of South
America. Version 13 January 2016. American Ornithologists’
Union. http://www.museum.lsu.edu/»Remsen/SACCBaseline.html.

Noriega et al.—NewOpisthodactylus from Argentina (e1278005-11)

http://www.zmuc.dk/public/phylogeny
http://www.museum.lsu.edu/~Remsen/SACCBaseline.html
http://www.museum.lsu.edu/~Remsen/SACCBaseline.html


Rovereto, C. 1914. Los estratos araucanos y sus f�osiles. Anales del Museo
Nacional de Buenos Aires 25:1–247.

Sibley, C. G., and J. E. Ahlquist. 1990. Phylogeny and classification of
birds: a study in molecular evolution. Yale University Press, New
Haven, Connecticut.

Sinclair, W. J., and M. S. Farr. 1932. Aves of the Santa Cruz beds, Part II;
pp. 157–191 in W. Scott (ed.), Reports of the Princeton University
Expeditions to Patagonia, 1896–1899, Volume VII–Palaeontology,
Princeton, New Jersey; and Stuttgart, Germany.

Tambussi, C. P. 1995. The fossil Rheiformes from Argentina. Courier
Forschunginstitut Senckenberg 181:121–129.

Tambussi, C. P., and C. Acosta Hospitaleche. 2002. Reidos (Aves) cua-
ternarios de Argentina: inferencias paleoambientales. Ameghiniana
39:95–102.

Tambussi, C. P., and E. P. Tonni. 1985. Aves del sitio arqueol�ogico Los
Toldos, Ca~nad�on de Las Cuevas, provincia de Santa Cruz
(Rep�ublica Argentina). Ameghiniana 22:69–74.

Tonni, E. P., and J. Laza. 1980. Las aves de la Fauna Local Paso Otero
(Pleistoceno tard�ıo) de la provincia de Buenos Aires. Su significaci�on
ecol�ogica, clim�atica y zoogeogr�afica. Ameghiniana 17:313–322.

Vizca�ıno, S. F., R. F. Kay, and M. S. Bargo. 2012. Background for a
paleoecological study of the Santa Cruz Formation (late Early
Miocene) on the Atlantic Coast of Patagonia; pp. 1–22 in S. F.
Vizca�ıno, R. F. Kay, and M. S. Bargo (eds.), Early Miocene Paleobi-
ology in Patagonia: High-Latitude Paleocommunities of the Santa
Cruz Formation. Cambridge University Press, New York.

Submitted June 5, 2016; revisions received October 3, 2016;
accepted October 31, 2016.

Handling editor: Trevor Worthy.

APPENDIX 1. Comparative fossil and living specimens used in
the study.

Opisthodactylus horacioperezi (MPCN-PV-376, 378, and 380)
O. patagonicus (NHMUK A-586, A-587, and A-588; MNHN
1900-18-1; PUM 15.804)

Pterocnemia mesopotamica (MACN 12743, 12735; MLP 41-XII-
13-928, FMNH-PA-36)

Pterocnemia pennata (MLP 411, 671, 670, 676, 673, 791, and 833;
MACN 4, 68028)

Rhea americana (MLP 650, 876–881, and 897; MFA-Zv 339, 341,
and 571)

Eudromia elegans (MACN 1034, 1680, 68055, 68729)

APPENDIX 2. Description of characters used for phylogenetic
analysis. Characters 0 to 11 correspond to the tarsometatarsus,
12 to 19 to the tibiotarsus, and 21 to the femur.

(0) Lateral border of shaft at the level of fossa infracotylaris: low,
not elevated anteriorly, and widened transversally (0); high,
forming a ridge (1).

(1) Muscular attachment of perforans brevis: strong and anteri-
orly located (0); moderate and posteriorly located (1).

(2) Fossa parahypotarsalis lateralis: large (0); small (1).
(3) Cross-sections of middle shaft of tarsometatarsus: with

smooth anterior grooving and external posterior metatarsal
border very prominent (0); with smooth anterior grooving
and external posterior metatarsal border prominent (1); with
deep anterior grooving, and external and mesial posterior
metatarsal borders equally developed (2).

(4) Cross-sections of distal shaft of tarsometatarsus: triangular,
without anterior grooving (0); subtriangular, with deep ante-
rior grooving (1); quadrangular, with smooth anterior groov-
ing (2).

(5) Spread of trochleae II and IV: strongly marked (0); marked
(1); faintly marked (2).

(6) Facets of trochlea III and IV: transversally widened and
markedly grooved (0); narrower and slightly grooved (1).

(7) Dorsoventral depression of shaft above level of trochlea:
marked (0); moderate (1).

(8) Trochlea II: long in distal projection and well directed medi-
ally (0); distally shorter and less medially directed (1).

(9) Trochlea IV: short in distal projection (0); long in distal pro-
jection (1).

(10) Medial (of trochlea II) and lateral (of trochlea IV) rims of troch-
leae: not prominent posteriorly (0); prominent posteriorly (1).

(11) Groove (fossa parahypotarsalis medialis) th medially parallels
the calcaneal ridge in posterior view: wide and shallow (0); nar-
row and deep (1).

(12) Sulcus extensorius: deep and ending proximally (0); shallow
and ending distally (1); shallow and well directed medially
beneath the pons supratendinous (2).

(13) Lateral edge of crista cnemialis lateralis: bulged, rounded,
and with short lateral projection (0); sharp, with enlarged lat-
eral projection (1).

(14) Crista cnemialis medialis in proximal view: short, with broad-
ened base (0); long, with slender base (1).

(15) Medial edge of crista cnemialis medialis: forming a rather
short ridge extending distally on shaft (0); forming a large
and sharp plate well projected distally on shaft (1).

(16) Facies gastrocnemialis: notably concave, well defined proximally
on medial edge of inner cnemial crest (0); shallow, largely
extended distally on medial edge of inner cnemial crest (1).

(17) Sulcus intercnemialis: wide (0); narrow (1).
(18) Prominence for attachment of internal ligament: continuous

with attachment of transverse ligament (0); separated from
attachment of transverse ligament by distal tendinal groove (1).

(19) Cross-section of distal shaft: strongly compressed anteropos-
teriorly (0); slightly compressed anteroposteriorly (1).

(20) Tibiotarsus/tarsometatarsus length ratio: higher than 1.0 (0);
equal or lower than 1.0 (1).

(21) Popliteal fossa: large, extending more proximally on shaft,
and shallower (0); small surface, more distally located, and
deeper (1).

APPENDIX 3. Character-taxon matrix used for phylogenetic analysis. Characters are equally weighted and coded as non-additive.
Unknown character states were coded as ‘-’.

Taxon 10 20 21
Eudromia elegans 11122001111 1200110110 0
Rhea americana 11122211111 1111111110 1
Pterocnemia pennata 11111101111 1000000010 0
Pterocnemia mesopotamica 11111101111 1000000000 -
Opisthodactylus patagonicus -----00000- ------000- -
Opisthodactylus horacioperezi ----0-0---- -0-----00- -
Opisthodactylus kirchneri 00000000000 0000010001 0
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