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Mesosaurid Swim Traces

Rafael C. da Silva ** and Fernando A. Sedor

1 Departamento de Geologia, CPRM-Servigo Geoldgico do BrakiRio de Janeiro, Brazil? Museu de Ciéncias Naturais, Setor
de Ciéncias Biologicas, Universidade Federal do Parana, @itiba, Brazil

Despite subaqueous fossils tracks of tetrapods being quiteommon in the fossil record,

few studies discuss their classi cation and morphofunctimal interpretation. Even with
their simple morphology, some important information abouthe trackmakers can be

retrieved from these tracks. Subaqueous traces were foundiBrazil in the Irati Formation
(Cisuralian, Permian), Parana Basin, and described &gesosaurichnium natans related

to Mesosauridae. The traces were produced in a shallow maraenvironment, whose
substrate contained crustacean shells forming a thin layefThe mesosaurids produced
the traces by swimming close to the bottom. The propulsion wa provided by undulatory
moves of the long tail, mainly for faster swimming. The feetauld act as accessory and
slower propellants, but provided more maneuverability.

Keywords: mesosauridae, traces, swimming, subaqueous, permia n, Mesosaurichnium

INTRODUCTION

Mesosaurids are traditionally recognized as fully aquaticnafs. In fact, they were the rst
amniotes to develop adaptations to aquatic habits, such as@ tbody and laterally attened
tail, an elongate rostrum, nostrils close to the orbitsckhpachyosteosclerotic ribs (which could
increase the ability of submersion) and interdigital wetgbforming paddle-like hands and feet
(e.g.,Cope, 1886; McGregor, 1908; Roésler and Tatizana, 1983; Uaran Laurin, 2010 Also,
their hind limbs are longer and sturdier, suggesting a pecdtrm of underwater locomotion based
on movement of the feet rather than the hands.

The rocks where mesosaurs were found consist mostly oftones and shales of marine origin,
corroborating the aquatic interpretation for these anim@gy.,Oelofsen and Araljo, 1983, 1987,
Lavinaetal., 19910ther interpretations also include hypersaline lagoong.(€ifieiro et al., 2012
Many taphonomic and sedimentological studies have shownttieit skeletons show little or no
evidence of transport and are close to or in the place where litiegl, and there are virtually no
terrestrial environments of the same age preserved in thedienentary rocks (e.gQelofsen and
Araujo, 1983, 1987; Lavina et al., 1991; Soares)2003

Despite the abundance of mesosaurid fossils, their traeeguaie rare and are only known from
three sites in Brazilfilva et al., 2009The morphology of these traces re ects direct evidencaef t
locomotion of these animals, helping to better understaneiittife habits. Here, the terminology
for subaqueous traces followiAllister (1989)and Thomson and Lovelace (2014)

GEOLOGICAL CONTEXT

All the known material consists of 25 rock samples from thei [Farmation, Parana Basin, Brazil,
collected between 1996 and 206&(re 1). The specimens belong to the paleontologic collection
of Museu de Ciéncias Naturais, Universidade Federal do Pai@argted in Curitiba, Parana, Brazil.
Digital 3D models of some samples were built using Autodesk 128f@HCopen source software

(Figure 2).
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FIGURE 1 | Location of mesosaurid traces ocurrences at Parana and Goias States, Brazil.

Samples MCN.P.293a-c, MCN.P.760-767, MCN.P.774 ERRESTRIAL AND AQUATIC FOSSIL
and MCN.P.851-854 are from Codapar limestone quarry inTRACKS AND TRACES
Guapirama, Parana (23709.96%; 5002°10.92%, Figure 1).
The crustacean shells from these beds show size selectibn dfpssil tracks are singular structures and often need to hé/aad
orientation by bimodal ow §ilva et al., 2009 The samples under sedimentological as well as morphological criteriaabse
MCN.P.262 and MCN.P.266 come from a limestone quarry irthey are formed in sedimentary substrates with varied pgagpti
Portebndia, Goias (1720°18.96%; 523723.88%, Figure 1). and require very specic conditions for their preservatiom. |
Samples MCN.P.426-428 come from another limestone quariyaditional view, tracks are usually produced as impressions of
in Perobndia, Goias (172900.0%; 520311.66%, Figure 1).  autopodia on the substrate surface, which after drying bezom
Possible occurrences of mesosaurid traces elsewhere wst®ng enough to support a new episode of sedimentation (e.g.,
investigated but so far remain inconclusive, lacking betteLockley, 1991; Milan and Bromley, 2Q06Thus, tracks are
evidence. Most of the studied samples shown traces in convéound between allochronous sedimentary layers and arergbiye
hyporelief, which may re ect a bias once they are easilmssociated with mud cracks, sole marks or erosive strusture
recognized in the eld. Sometimes the trackmaker may step on a fresh plastic

The Parana Basin is a very extensive intracratonic basisubstrate, crossing through it and reaching a harder sedime
with Paleozoic and Mesozoic rocks (egchneider et al., 1974; below (e.g.Brand and Kramer, 1996; Loope, 2006; Milan and
Milani et al., 1994, 200Q7covering parts of Argentina, Paraguay, Bromley, 2006; Silva et al., 2019aWhen removing the foot,
Uruguay and Brazil. The Passa Dois Group is a Permiathe sediment around it collapses and immediately buries and
geological unit that comprises several formations, amonighvh preserves the track. In this case, the layer with the imprird an
the Irati Formation is the oldest\endes, 1967; Milani et al., the others which covers it are synchronous. This process can
1994, 200) The Irati Formation contains mudstones, dark enhance the preservation potential of tracks as it eliminties
shales, limestones and sandstones, with horizontal laioima requirement of aerial exposure after their generation to ang
cross lamination, oolites, ripple marks and intraformatibna preserve them. This kind of preservation can be understood as
conglomerateschneider et al., 19y4The Irati Formation was a variation of classic undertracks and ghostprints, and islamm
deposited in a wide epicontinental sea in southern Gondwant what was called “cut undertracks” l&yoldring and Seilacher
(Lavina, 1991; Milani et al., 1994, 200he Whitehill Formation  (1971) In both cases, the formation of tracks involves rupture of
in Southern Africa, the Gai-As Formation in Namibia, the the upper layers and folding of the lower layers, creating 8lpic
Uruguayan Mangrullo Formation and part of the Argentine deformational structures below and around the imprints.
Chacabuco Formation are correlated with the Irati Formatiy Also important is the “Goldilocks” e ectialkingham et al.,
fossils, lithology or bothl(avina, 1991; Milani et al., 1994, 2007;2011, 201y in allusion to the story of “Goldilocks and the
Rubidge, 2006 Despite controversies involving early datings, theThree Bears,” according to which only a narrow range of loads
Irati Formation was formally dated as ArtinskiaRiemaor et al., can produce tracks, since loading conditions for a homogeseo
2006; Santos et al., 2006 substrate must be “just right” in order for the animal to be

There are many environmental interpretations for theable to traverse the area but still form tracks. Such assgebla
Irati Formation, but most agree about the facies that preservmost likely represent a strongly biased preservation, or an
the traces, which were possibly deposited between supfastantaneous” eventHalkingham et al., 2011, 201Although
and subtidal zones as carbonate banksg(eiredo Filho, the concept has been developed for load tracks, the general
1972; Lavina, 1991 Nevertheless, the Guapirama siteidea could be applied to subaqueous traces, which would
shows crustacean beds associated with hummocky croesly be preserved in a specic set of sedimentary conditions,
strati cation, suggesting this deposit formed between fairenvironmental energy or depth of autopodia penetration in the
weather and storm wave base (efpntos Neto, 1993; Hachiro sediment.
and Coimbra, 1991; Walker and Plint, 1992; Silva et al., A subaqueous trace is not so di erent from terrestrial tracks
2009. and can be produced basically during half-swimming in shallo
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FIGURE 2 | Digital 3D models of samples from the Irati Formation (C isuralian, Permian, Parana Basin) with  Mesosaurichnium natans . (A) MCN.P.293a.
(B) MCN.P.293b. (C) MCN.P.760. (D) MCN.P.762. (E) MCN.P.763. (F) MCN.P.764. (G) MCN.P.765. (H) MCN.P.766. (I) MCN.P.852b. (J) MCN.P.852c. (K)
MCN.P.262. (L) MCN.P.266. (M) MCN.P.426. (N) MCN.P.427. (O) MCN.P.428. Scale barD 5 cm.
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water, with digits touching the bottom while the body andltai long, straight or sinuous, parallel marksigures 3E,F, and long
oat, or during swimming close to the bottom, with the whole bifurcated sinuous marks, in addition to V, Z-shaped marks
body submerged. Normally, an animal swimming with the body(Figures 3G-). According to Silva et al. (2009)a statistical
fully supported by water does not have to push the autopodiatudy of the traces reveals that mark length di ers more than
against the bottom to move and thus will not leave tracks inthe width or interdigital distance. Some marks with a highly
the substrate. However, variations in water level or irfegties  curved, comma-shaped extremity in their posterior end were
in the topography of substrate may cause contact with thinterpreted as digit re ection at the end of the propelling stag
bottom (e.g.Romano and Whyte, 2010; Thomson and Lovelacg(Thulborn and Wade, 1989 Thus, Mesosaurichniums very
2019. The morphology of the traces is controlled both by therecognizable and is clearly dierent from other subaqueous
behavior of the animal and by the anatomical features, whicichnogenera such ddndichna(Anderson, 1975 Hatcherichnus
can make the identi cation of the tracemaker di cult{lhomson  (Foster and Lockley, 19%7and Lunichnium (Walter, 1983, as
and Lovelace, 20)4Mixtures of terrestrial and subaqueous pointed bySilva et al. (2009Mesosaurichniunalso di ers from
traces, or traction and swimming traces, in di erent degreas  CharacichnogWhyte and Romano, 200 by the much smaller
occur when there are variations in the water column along thend well de ned range of size, regularity and number of the
deposition or in the size of tracemakersaster and Lockley, marks (up to ve marks of digits in a trace), and by the presence
1997; Diedrich, 2000, 2002; Silva et al., 2008; Campos arad Silof tracewaysCharacichnoalso presents traces with longitudinal
2010. In this context, an e ect similar to “Goldilocks” can striations, interpreted as marks of scales, possibly reptiesen
occur not by load but by the depth of penetration of ngertips a major portion of the digits (e.g.Lucas and Spielmann,
into the sediment. Several features can be used to recognize09; Mikulas, 2000 In fact, Characichnoss an ichnogenus
subaqueous traces and identify the maker, mainly related tbased on somewhat vague characteristics and probably needs a
elongated and curved marks of variable lengths and chaotievision.
con gurations, number of drag marks, width and pattern of Based both on sedimentary features and morphological
traces in a traceway and more rare features such as body imterpretation, Mesosaurichnium natanwas produced by the
tail drag marks [icAllister, 1989; McAllister and Kirby, 1998; sole tetrapod found in the Irati Formation, the Mesosauridae
Thomson and Lovelace, 2014 (Silva et al., 2009 However, it is impossible to attribute the
As pointed out by Thomson and Droser (2015)the traces to one of the mesosaurid species due to their anatbmica
preservation of swim traces may be related to low bioturbratio similarity (e.g.Aradjo, 1979.
activity evidenced by the rarity of invertebrate ichnoftss Although Sedor and Silva (2004ad interpreted the traces
in the Irati Formation Gilva et al., 2003 The presence of as half-swimming prints, they were subsequently interpreted
bioturbation is a factor that diminishes the preservationas being produced as the animal plunged several meters deep
potential of primary sedimentary structures and tracesbased mainly on faciologyLfvina, 1991; Santos Neto, 1993;
The virtual absence of bioturbation is probably due to theSilva et al., 2009 The absence of traction prints also supports
high salinity in the depositional systems that originatedthis hypothesis, since their occurrence along with drag reask
the Irati Formation (e.g. Oelofsen and Araujo, 1983, typical of half-swimming tracesS(lva et al., 2007, 2008, 2009;
1987; Lavina et al.,, 1991; Silva et al., 2003; Pifieiro et @pmano and Whyte, 20}0

2013. The study of the preservation d¥lesosaurichnium natans
by Silva et al. (2009provides important clues about how the
THE MESOSAURIDAE TRACES traces were produced. Usually, subaqueous traces are éallow

by kick-o scours produced by the stroke of the feet close

Mesosaurichnium natans (Silva et al., 2009 ) to the bottom creating swirls, suspending and reworking the
Emmended diagnosis: traces composed by two to ve parallel @ediment behind the trace (e.gvicAllister and Kirby, 1998;
slightly divergent elongated marks, without striation$iigh are  Swanson and Carlson, 2002; Romano and Whyte, R0lHis
regularly spaced and curved, with the internal side of theveur feature, which indicates that the surface was exposed when the
turned medially. The anterior extremity of each mark is acut traces were produced, was not found in this material. Instead,
while the posterior end is wider than the anterior and mediallythe limestone tempestite rocks wheviesosaurichniunoccurs,
curved with a rounded end. When four or ve marks are presentthe crustacean carapaces were redeposited during stormsevent
in atrace, the central ones are longer and deeper than thesthetogether with reworked, ne grained carbonatic sediments,
The traces of the feet can form regularly spaced traceways witorming thin lenses between the shelly be@g\a et al., 2009
high pace angulation, about 150and length of stride of about When the tracemakers swam close to the bottom, their ngertips
20 cm. The average traces vary between 1 and 3cm. crossed the super cial shelly layer, reaching the lowerrtapé

The mesosaurid traces were previously described as a neediment already protected from erosiddil{/a et al., 2009This
ichnogenus and ichnospecieBlesosaurichnium natanéSilva is similar to the aforementioned cut undertrack preservatio
et al., 200p The traces are elongated and narrow andbut is dierent from classic undertracks because no pressure
central marks are commonly longer and deegdeigres 3A-D.  of feet was applied on the bottom, deforming the lower layers.
Usually, the arrangement of traces is chaotic and a few carhe nearly constant depth of the traces is probably related to
be found forming segments of traceways. Some traces are alsow deep the ngers could penetrate the sedimeai\a et al.,
superimposed. Some variations also occur as one or two veAp09.
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FIGURE 3 | Morphological features of Mesosaurichnium natans . (A-D)Curved traces with comma-shaped extremities(E—F) Long and sinuous traces.(G-I)
V and Z-shaped traces. Scale baD 5 cm.

FUNCTIONAL MORPHOLOGY OF aquatic reptiles, have reducing the motion between epipodials
MESOSAURIDS and the humerus to asimple exion (e.kpmer, 1956; Silvaetal.,
2009.

The distribution of mesosaurid traces in di erent samples igeu The femur is similar in shape to basal terrestrial reptiles,
chaotic; since there is no traction on the substrate to propel t with an elongate oval articular head, and the bone could
body, they touched it accidentally. This is typical of subemus rather freely rotate in the acetabulum, unlike the restricte
traces Peabody, 1956; Silva et al., 2D08so, as there are no movement of the humerus (e.gRomer, 1956; Sedor, 2004
sequences of traces forming complete traceways, only seguehe tibia and bula are well developed, short, and are similar
of feet, the long and laterally compressed tail can be intéegre to terrestrial forms but somewhat atterRomer, 1955 The
as the main propelling element in swimming, with the feetfeet are large compared to the body and close to basal amniote
working as secondary propellants. This is also evidenced dy tipattern, and there is no evidence for much movement between
morphology of the locomotory appendages. the tarsus and its proximal or distal articulation, so the
The greater size of hind limb in relation to the body indicaite feet could act as a paddle. Such reduced mobility in carpal
a propulsive function, while the smaller and unspecializedsarmand tarsal elements is common in aquatic tetrapods (e.g.,
could have been of little help in propelling (e.&opmer, 1956; Romer, 195§ which could prevent a terrestrial locomotion for
Silva et al., 2009The movement of the fore limbs of mesosauridsmesosaurids.
seems to have been greatly reduced, possibly restricted to aSo, the mesosaurid traces represented by parallel curved
lateroposterior orientation in swimming. marks were interpreted as drag marks produced by the feet
In basal amniotes, the broad ends of the humerus lie irdescribing an arc movemeng{lva et al., 2009 This is typical
di erent planes, frequently about a right angl®¢mer, 1955 of aquatic tetrapods which use autopodia as propellants (e.g.,
allowing the typical position of forearm and hand in cursorial Peabody, 1956, 1959; McAllister and Kirby, 1998; Avanzial.e
reptiles. Such torsion on the humerus of mesosaurids is abo@005; Minter and Braddy, 20n6Similar traces from a lacertoid
55 (Sedor, 2004 which restricted the fore limbs in anterolateral animal, which should swim quite like mesosaurids did, were
movements. The extremities of the radius and ulna, like otherecorded bysilva et al. (2008)
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Traces with divergent marks are related to opening of thearms, the abduction phase in stroke possibly started on a more
ngers in the propelling phase, in which the webbing is in ated lateral stance, with the sole turned posteriorly, and should en
toincrease the surface area of feé&t\a et al., 2009The range of  with feet in mesial position%ilva et al., 2009This information
trace lengths and the distance between digits are consisiéin  is consistent with that presented byilamil et al. (2015) which
the range of dimensions of Mesosauridae (e/glliston, 1914; estimated the swimming speed and the position of appendages in
Araujo, 1976; Modesto, 1999, 2(1Besides that, the length of mesosaurids.
the digits and their position in relation to the body\(lliston, According to Villamil et al. (2015) the mesosaurids were
1914; Sedor and Ferigolo, 199allow the central digits to slow swimmers, unable to reach high speeds. Although it is not
preferentially touch the bottomSilva et al., 20Q9although digit  possible to estimate the speed of swimming based on traces, it is
V be the longest. This is corroborated by the presence of srac@ossible to discern those two swimming modes, one slower and
with ve digits, in which the three central digits are mostatgly  other relatively faster than the rst. Still according éllamil
printed (Figure 3D). Digit | is short and possibly touched the et al. (2015)“the forelimbs were disposed along the sides of the
bottom only occasionally, leaving small marks in a few tsacechest while the hind limbs were situated parallel to theitag
(Figure 3D). horizontal plane or with the plantar surface toward the iail
Long isolated or double marks were attributed to drag marks streamlined position. It is also possible that the feet raay h
of ngers, produced when propulsion ceased but the animabccasionally contributed some propul$idinis is in agreement
continued to move by inertiaKigures 3E, I}, originating straight  with the data revealed by the traces.
marks, or when propulsion was provided only by undulatory So, the mesosaurids could use the tail for main propulsion,
movement of tail, which produces sinuous marksl(a et al., achieving faster speeds, and producing longer traces than the
2009. Bifurcated marks are probably variants of Z-trasesisu typical pattern. The paddle-like feet could also act as important
McAllister and Kirby (1998)representing brief interruptions in  secondary propellants for greater maneuverability and chang
movement and changes of directioRigures 3G-). in direction, mainly with slower speeds, producing shorter and
Swimming tetrapods can use either continuous undulatorycurved traces. The hands were probably unable to produce prints
propulsion from the body and tail or discontinuous oscillatory during swimming, possibly acting as stabilizers.
propulsion from the limbs {icAllister, 1989. Animals such
sea snakes (e.g., Hydrophiinae, Serpentes) and shes (e@QONCLUSION
Actinopterygii) show undulatory propulsion provided by the
symmetrical and lateral movement of the tail, creating arhe mesosaurid traces were designatedVasosaurichnium
lateroposterior strokeN|cAllister, 1989; Hildebrand, 19%5This  natans and attributed to Mesosauridae (Sauropsida,
kind of propulsion favors speed over maneuverability for theProganosauria), occurring until now only in the Irati Forian
animal. Limbed tetrapods such as turtles, frogs, birds amdeso (Cisuralian, Permian) of Parana Basin, Brazil. The traceeew
mammals can also swim through oscillatory swimming with theproduced during swimming close to the bottom. The long tail
limbs acting as paddles, favoring maneuverability over speaglas used for undulatory propulsion, achieving faster speeds than
(e.g.,Hildebrand, 199% In aquatic squamate, salamanders andhe oscillatory propulsion, in which the feet acted as a secgnda
crocodilians, arms and legs remain aligned with the body irpropellant, providing more maneuverability over speed.
undulatory swimming, reducing drag. In oscillatory swimrgin
the limbs are used for a better maneuverability. The mesidsau AUTHOR CONTRIBUTIONS
were probably able to do both types of swimmirfgjl¢a et al.,
2009. As the mesosaurids evolved from terrestrial ancestdfs wi All authors listed, have made substantial, direct and latgual
a sprawling gait, as well as due to limitations in movementhef contribution to the work, and approved it for publication.

Cope, E. D. (1886). A contribution to the vertebrate paleontologBraizil. Proc.

REFERENCES
Am. Philos. So@3, 7-15.

Anderson, A. (1976). Fish trail from the early permian of South Africa Diedrich, C. (2000). Neue Wirbeltierfahrten aus dem Unteren NMhadkalk

Palaeontolog¥9, 397-409.

Araujo, D. C. (1976). Taxonomia e relagcdes dos proganosauria dad@aparana.
Anais da Academia Brasileira de Cién@8s91-16.

Avanzini, M., Garcia-Ramos, J. C., Lires, J., Menegon, MueRi- L., and
Fernandez, L. A. (2005). Turtle tracks from the Late Jurassic ofiast Spain.
Acta Palaeontol. Pd0, 743—755.

Brand, L. R., and Kramer, J. (1996). Underprints of vertebrate andtelveaite

trackways in the Permian Coconino sandstone in Arizaicanos4, 225-230.

doi: 10.1080/10420949609380129
Campos, H. B. N., and Silva, R. C. (2010). Traces of a large crocottgliarthe

Lower Cretaceous Sousa Formation, Brdzilll. New Mex. Mus. Nat. Hist. Sci.

51, 109-114.

Canoville, A., and Laurin, M. (2010). Evolution of humeral microamay and
lifestyle in amniotes, and some comments on paleobiological infeseBad.
J. Linn. Socl00, 384-406. doi: 10.1111/j.1095-8312.2010.01431.x

(Mitteltrias) des Osnabriicker Berglandes and Teutoburger Walde
(NW-Deutschland) und ihre stratigraphische und paldeogeograpkisch
Bedeutung im Germanischen Beckeleues Jahrb. Geol. Palaeon®i?,
369-395.

Diedrich, C. (2002). Vertebrate track bed stratigraphy at new megdatsites
in the Upper Wellenkalk Member and orbicularis Member (Muschelkalk,
Middle Triassic) in carbonate tidal at environments of the west
Germanic Basin.Palaeogeogr. Palaeoclimatol. Palacoet®B, 185-208.
doi: 10.1016/S0031-0182(01)00467-9

Falkingham, P. L., Bates, K. T., Margetts, L., and Manning,.R2@Q11). The
'Goldilocks' e ect: preservation bias in vertebrate track assenesldgR. Soc.
Interface8, 1142—1154. doi: 10.1098/rsif.2010.0634

Falkingham, P. L., Hage, J., and Baker, M. (2014). Mitigatiagoldilocks e ect:
the e ects of di erent substrate models on track formation potentigl. Soc.
Open Scil:140225. doi: 10.1098/rs0s.140225

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2017 | Volume 5 | Article 22



da Silva and Sedor Mesosaurid Swim Traces

Figueiredo Filho, P. M. (1972). A faciologia do grupo passa doisongrande do  Peabody, F. E. (1959). Trackways of living and fossil Salanskbfev. Calif. Publ.

sul.Rev. Bras. Geociéncias216—235. Z00l.63, 1-72.

Foster, J. R., and Lockley, M. G. (1997). Probable crocodiliaksteaw traces from  Pifieiro, G., Ramos, A., Goso, C., Scarabino, F., and Laurin, @12]2
the Morrison Formation (Upper Jurassic) of eastern Utathnos5, 121-129. Unusual environmental conditions preserve a Permian mesosha@aring
doi: 10.1080/10420949709386411 Konservat Lagerstatte from UruguayActa Palaeontol. Pol57, 299-318.

Goldring, R., and Seilacher, A. (1971). Limulid Undertracks and fThei  doi: 10.4202/app.2010.0113
Sedimentological ImplicationsNeues Jahrb. Geol. Palaontol. At87, Premaor, E., Fischer, T. V., and Souza, P. A. (2006). Palinalagtarmacao Irati

422-442. (Permiano Inferior da Bacia do Parana), em Montividiu, Goias,sBr&ev.
Hachiro, J., and Coimbra, A. M. (1991). “Sistemas deposiciorei®dmacao Irati Museo Argent. Cienc. N&, 221-230. doi: 10.22179/REVMACN.8.322

no Estado de Sé&o Paulo,”8BG, Simpdsio de Geologia do Sudéste?, ed S.  Romano, M., and Whyte, M. A. (2010). Crocodilian and other ndnesaurian

B. de Geologia (Atas), 405-413. tracks and trackways from the Ravenscar Group (Middle Jurassitheof
Hildebrand, M. (1995).Andlise da Estrutura dos Vertebraddsheneu, Sé&o Cleveland Basin, Yorkshire, UKlew Mex. Mus. Nat. Hist. Sci. Bull, 69-81.

Paulo, 700. Romer, A. S. (1956Dsteology of the Reptil&hicago: Chicago University Press,

Lavina, E. L. (1991)Geologia sedimentar e paleogeograa do Neopermiano e 772.
Eotriassico (Intervalo Kazaniano — Scythiano) da Bacia camBaPhD Thesis, R&sler, O., and Tatizana, C. (1983). “As membranas natatériaseneoSternum
Pés-Graduacéo em Geociéncias, Universidade Federal do Rid&darSul. tumidum,” in Coletanea de trabalhos paleontol6gicos, DNPM, Sérieg&aplo
Lavina, E. L., Araljo-Barberena, D. C., and Azevedo, S. K1j19@mpestades Vol.27, Série Paleontologia e Estratigra a, ed S. B. de Geologia (Rend&o:
de inverno e altas taxas de mortalidade de répteis mesossauros; um egemplo DNPM), 129-131.

partir do a oramento passo Sao Borja, F&squisat8, 64—70. Rubidge, B. S. (2005). Reuniting lost continents—fossil leptirom the
Lockley, M. G. (1991)racking Dinosaur<Cambridge: University Press, 238. ancient Karoo and their wanderlustSouth Afr. J. Geol108, 135-172.
Loope, D. B. (2006). Dry-season tracks in dinosaur-triggerechgnas. Palaios doi: 10.2113/108.1.135
21,132-142. doi: 10.2110/palo.2005.p05-55 Santos, R. V., Souza, P. A, Alvarenga, C. J. S., Dantas, Enénté?, M. M.,
Lucas, S. G., and Spielmann, J. A. (2009). Tetrapod footprints frenitwer Oliveira, C. G., et al. (2006). Shrimp U-Pb zircon dating and palynolog
Permian Abo Formation near Bingham, Socorro County, New Mexitew of bentonitic layers from the Permian Irati Formation, Parana BaBirazil.
Mex. Geol. Soc. Guidebo6R, 299-304. Gondwana Re$, 456-463. doi: 10.1016/j.gr.2005.12.001
McAllister, J. A. (1989). “Dakota Formation tracks from Kansas: iogtions  Santos Neto, E. V. (1993)Caracterizagdo Geoquimica e Paleoambiente
for the recognition of tetrapod subaqueous traces,Dimosaur Tracks and Deposicional da Seqliéncia Carbonato-Pelitica Superdechbro Assisténcia,
Traces eds D. D. Gillete and M. G. Lockley (Cambridge University Press), Formagcao Irati no Estado de S&o Paulo, Bacia do Pafds& Thesis P6s-
343-348. Graduagao em Geologia da Universidade Federal do Rio de Jar@8ro, 2

McAllister, J. A., and Kirby, J. (199&)n occurrence of reptile subaqueous traces irBchneider, R. L., Mihlmann, H., Tommasi, E., Medeiros, R. A., DagiRofr.,
the Moenkopi Formation (Triassic) of Capitol Reef Nati®aak, South Central and Nogueira, A. A. (1974). “Revisdo Estratigra ca da Bacia @@, in

Utah, USA Technical Report 98/National Park Service. 45-49. Congresso Brasileiro de Geoloyia, 28, ed S. B. de Geologia (Porto Alegre:
McGregor, J. H. (1908). “Mesosaurus brasiliensis nov. spRéfatério Final Anais), 41-66.
Comisséao de Estudos Minas de Carvao de Pedra dq Bodsi, ed I. Nacional ~ Sedor, F. A. (2004). “Osteologia do Umero e apéndice locomotor pétiec
(Rio de Janeiro), 301-336. Brazilosaurus sanpauloensis Shikama and Ozaki, 1966 (Mesosguritia
Mendes, J. C. (1967). “The Passa Dois Group (the Brazilian poofitime Parana Formagao Irati, Permiano Superior da Bacia do Paran&dngresso Brasileiro
Basin),” in Problems in Brazilian Gondwana Geoldgyernational Symposium de Herpetologia, 1, Resumos, CD-RBMsil.
on the Gondwana Stratigraphy and Palaeontqgledy J. J. Bigarella, R. D. Becker Sedor, F. A., and Ferigolo, J. (1999). “Apéndices locomotoregiganss e pélvicos
and I. D. Pinto (Curitiba: Instituto de Geologia), 119-166. em Brazilosaurus sanpauloensis Shikama and Ozaki, 1966 (Progeapsa
Mikulé$, R. (2010). “Characichnos isp., probable crocodyle swinegrirom the Mesosauridae), Formacao Irati, Permiano da Bacia do Parar@gimgresso
miocene of the eské bud? jovice basin, Czech Republic,” in Cyteddacks Brasileiro de Paleontologik6, Boletim de Resumos, Brasil,104.
andTracesVol. 51, eds J. Milan, S. G. Lucas, M. G. Lockley, and J. A. Spielmar8edor, F. A., and Silva, R. C. (2004). Primeiro registro de pegadéssisauridae
(Albuquerque: New Mexico Museum of Natural History and Sciente)-182. (Amniota, Sauropsida) na Formacédo Irati (Permiano Superior da Bacia
Milani, E. J., Franca, A. B., and Schneider, R. L. (1994). BlacRaranaBol. do Parand) do Estado de Goias, BraBkv. Bras. Paleontol, 269-274.
Geociéncias Petrobi&s69-82. doi: 10.4072/rbp.2004.2.21
Milani, E. J., Melo, J. H. G., Souza, P. A., Fernandes, L. A., and&rA. B. (2007).  Silva, R. C., Barboni, R., Dutra, T., Godoy, M. M., and BinoRoB. (2012b).
Bacia do Paran&ol. Geociéncias Petroblids 265-287. Footprints of large theropod dinosaurs and implications on the age of
Milan, J., and Bromley, R. G. (2006). True tracks, undertracks ancedrtvecks, Triassic biotas from Southern Brazil. South Am. Earth ScB9, 16-23.
experimental work with tetrapod tracks in laboratory and eldalaeogeogr. doi: 10.1016/j.jsames.2012.06.017
Palaeoclimatol. PalaesoecoR31, 253-264. doi: 10.1016/j.palaeo.2004Silva, R.C., Carvalho, I. S., Fernandes, A. C. S., and Ferida@)3). “Preservacéo
12.022 e contexto paleoambiental das pegadas de tetradpodes da Formacad/Seat

Minter, N. J., and Braddy, S. J. (2006). The sh and amphibian (Triassico Superior) do Sul do Brasil,” iRaleontologia: Cenarios da Vida.
swimming traces Undichna and Lunichnium, with examples from the Editora Interciénciged E. Interciéncia (Rio de Janeir625-532.
Lower Permian of New Mexico, USAPalaeontology49, 1123-1142. Silva, R. C., Ferigolo, F., Carvalho, I. S., and Fernandes, A. 2088).

doi: 10.1111/j.1475-4983.2006.00588.x Lacertoid footprints from the Upper Triassic (Santa Maria Formation)

Modesto, S. P. (1999). Observations on the structure of the Paryian reptile of Southern Brazil.Palaeogeogr. Palaeoclimatol. Palaco@&d, 140-156.
Stereosternum tumidum Cop®alaeontol. Afr35, 7-19. doi: 10.1016/j.palae0.2008.02.006

Modesto, S. P. (2010). The postcranial skeleton of the aquatiargmtile  Silva, R. C., Fernandes, A. C. S., and Sedor, F. A. (2003). Ociard&nicnofésseis
Mesosaurus tenuidens from the Gondwanan Permian/ertebrate Paleontol. de invertebrados na Formagao Irati (Permiano Superior da Bacia do &aran
30, 1378-1395. doi: 10.1080/02724634.2010.501443 Brasil).Arg. Mus. Nacional61, 261-266.

Oelofsen, B. W., and Araujo, D. C. (1983). Palaecological implicatof the Silva, R. C., Sedor, F. A., and Fernandes, A. C. S. (2009)téotum@my, functional
distribution of mesosaurid reptiles in the Permian Irati Sea (Parangira morphology and paleoenvironmental context of Mesosauridae tracks from
South AmericaRev. Bras. Geociéndi@s1-6. Permian of BrazilRev. Bras. Geociéncia8, 705-716.

Oelofsen, B. W., and Arauljo, D. C. (1987). Mesosaurus tenuidemd Silva, R. C., Sedor, F. A., and Fernandes, A. C. S. (20124).féoigsints from
Stereosternum tumidum from the Permian Gondwana of both SouthericAf Late Permian of Brazil: an example of hidden biodiversitySouth Am. Earth
and South AmericaS. Afr. J. Sc83, 370-372. Sci.38, 31-43. doi: 10.1016/j.jsames.2012.05.001

Peabody, F. E. (1956). Ichnites from the Triassic Moenkopi Faonaif Arizona ~ Soares, M. B. (2003). A taphonomic model for the mesosaur asserobtagdrati
and Utah.J. PaleontoB0, 295-468. Formation, Parana Basin, BraZcta Geol. Hispl, 349-361.

Frontiers in Ecology and Evolution | www.frontiersin.org 7 April 2017 | Volume 5 | Article 22



da Silva and Sedor Mesosaurid Swim Traces

Swanson, B. A., and Carlson, K. J. (2002). Walk, wade or swim? eds R. G. Walker and N. P. James (St. John's, NL: Geologicali#&soof

Vertebrate traces on an Early Permian Lakeshd?alaios17, 123-133. Canada), 219-238.

doi: 10.1669/0883-1351(2002)017<0123:WWOSVT>2.0.CO;2 Walter, H. (1983). Zur Taxonomie, Okologie und Biostratigraphier de
Thomson, T. J., and Droser, M. L. (2015). Swimming reptiles make thank Ichnia  limnisch-terrestrischer  Arthropoden des  mitteleuropaischen

in the Early Triassic: delayed ecologic recovery increased the patiserv Jungpaldozoikum&:reiberger Forschungschage, 146-193.

potential of vertebrate swim tracksGeology42, 215-218. doi: 10.1130/ Whyte, M. A., and Romano, M. (2001). A dinosaur ichnocoenfysii the Middle

G36332.1 Jurassic of Yorkshire, UKchnos8, 223-234. doi: 10.1080/10420940109380189
Thomson, T. J., and Lovelace, D. M. (2014). Swim track morphotypésiaw  Williston, S. W. (1914)Water Reptiles of the Past and Pres€hicago: University

track localities from the Moenkopi and Red Peak formations (LoweddVe of Chicago Press, 251.

Triassic) with preliminary interpretations of aquatic behavidiew Mex. Mus.

Nat. Hist. Sci. Bull62, 103-128. Conict of Interest Statement: The authors declare that the research was

Thulborn, R., and Wade, M. (1989). “A footprint as the history of rament,” in conducted in the absence of any commercial or nancial relatigps that could
DinosaurTracksand Traceseds D. D. Gillete and M. G. Lockley (Cambridge: be construed as a potential con ict of interest.

Cambridge University Press), 51-56.

Villamil, J., Demarco, P. N., Meneghel, M., Blanco, R. R., JoneRiWderknecht,  Copyright © 2017 da Silva and Sedor. This is an open-access digiobuted
A., et al. (2015). Optimal swimming speed estimates in the Early Permiannder the terms of the Creative Commons Attribution Licé@€eBY). The use,
mesosaurid Mesosaurus tenuidens (Gervais 1865) from Uruglisty Biol.28, distribution or reproduction in other forums is permittedoypded the original
963-971. doi: 10.1080/08912963.201s5.1075018 author(s) or licensor are credited and that the originallipation in this journal

Walker, R. G., and Plint, A. G. (1992). “Wave- and storm-dominatedis cited, in accordance with accepted academic practicasé\dlistribution or
shallow marine systems,” in Faci®éodelsResponséo Sealevel Changes, reproduction is permitted which does not comply with tieesest

Frontiers in Ecology and Evolution | www.frontiersin.org 8 April 2017 | Volume 5 | Article 22



