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ABSTRACT
Bolivia has an outstanding tetrapod ichnological record from the uppermost Cretaceous deposits plus a new 
Triassic locality recently reported. Here, we report a new ichnosite, the first for the Jurassic to earliest 
Cretaceous in the Castellón Formation (Tarija, Bolivia) bearing about 350 dinosaur tracks. With the exception 
of few tridactyl tracks, all exhibit sauropod characteristics. The exposed set consists of three mediumgauge, 
subparallel large quadrupedal trackways, with one trackway oriented in opposite direction to the other two. 
The best preserved trackway shows large pedes of about 95 cm and 75 cm in length and width, respectively. 
The trackmaker was about 3.80 m in height at the hip and walked at a speed under 5 km/h. Available 
evidence suggests that the producer of the more detailed trackway may be a member of non-Neosauropoda 
Eusauropoda, even if a titanosauriform producer cannot be discarded. Dozens of small-sized sauropod 
tracks, less than 15 cm in pes diameter, appear associated with two of the trackways. The distribution of 
these trackways provides elements to test gregariousness among trackmakers if a possible synchronism is 
accepted. Wanderings recognisable on the sediment surface suggest that they may collectively represent an 
ichnological example of herd behaviour.
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Introduction

The tetrapod ichnological record from Bolivia is of great impor
tance in the context of the worldwide Cretaceous dinosaur track 
record (Lucas 2007; Meyer et al. 2020). Different ichnosites in the 
Chuquisaca Department, namely Cal Orck’o (Sucre Area), Humaca 
and Niñu Mayu (Maragua Area), as well as the Toro Toro ichnosite 
in the Potosí Department, reveal a quite high abundance and 
diversity of theropod, sauropod, ankylosaur and ornithopod foot
prints (Leonardi 1994; McCrea et al. 2001; Lockley et al. 2002a; 
Apesteguía et al. 2011; Meyer et al. 2016, 2018, 2020; Riguetti et al.  
2021) assigned to taxa typical of latest Cretaceous times (Hunt and 
Lucas 2006). This record mainly occurs in inland (Lockley et al.  
2002a; Meyer et al. 2018) or coastal (Tomaselli et al. 2021) lacustrine 
environments, related to coastline variations of either the Pacific or 
the Atlantic (Marquillas et al. 2011). The latter possibility is sup
ported by the Atlantic transgressive event vastly recognised in 
northwestern Argentina (e.g. CónsoleGonella et al. 2017). Two 
new sites in the Chuquisaca region, respectively named 
Tunasniyoj and Ruditayoj, extend the dinosaur ichnological record 
back to the Middle to Late Triassic (Apesteguía and Gallina 2011; 
Apesteguía et al. 2021).

Recently, during a geological survey in the Entre Ríos municipality 
(O’Connor Province, Department of Tarija, Bolivia) (Figure 1 AB), 
abundant dinosaur tracks were discovered on a large rock surface 
along the shore of the Santa Ana River. Dinosaur footprints are 
preserved on eight different stratigraphic levels within the Upper 
Jurassic to earliest Cretaceous Castellón Formation, part of the 
Tacurú Group, which in the area consists of more than 700 m of 

stratigraphic section, also exposing rocks of the underlying Ipaguazú 
Formation. The first five trackbearing levels occur in a 14 m thick 
succession of reddish brown, medium to coarsegrained sandstones 
with intercalated reddish pelite layers. The remaining three track
bearing levels occur several metres above in coarse-grained sand
stones. Here, we report the study of the lowest track-bearing level, 
which is the best exposed along the local stratigraphic section, with 
several hundred dinosaur tracks made by different bipedal and quad
rupedal trackmakers diachronously walking on a medium-grained 
sandy substrate, also preserving desiccation cracks. After describing 
track morphologies and trackway configurations, we discuss the 
potential ichnotaxonomic attribution of the best preserved tracks 
and the putative producer, also focusing on some ichnological fea
tures likely related to their behaviour.

Considering that the track-bearing surface is under intense ero
sion, the site will probably not remain in good preservative condi
tions for a long time. The finding of dinosaur tracks in the Castellón 
Formation significantly increases the tetrapod ichnological record 
from Bolivia and extends the Bolivian ichnological record to the 
three periods of the Mesozoic Era.

Geological setting

The Entre Ríos area is located in the transition between the Eastern 
Cordillera and the Chaco Sub-Andean Belt morphostructural pro
vinces (Serraiotto 1977). The tectono-sedimentary evolution of the 
area encompasses different geodynamic cycles and is strictly related 
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during the Mesozoic to the Eastern Cordillera Rift System observed 
in several stratigraphic successions of present-day Peru and Bolivia 
(Sempere et al. 2002). The Eastern Cordillera Rift System affected 
the western Gondwana diachronously, starting from the Lopingian 
(Mégard 1978; Jacay et al. 1999) up to the Middle Jurassic (McBride 

et al. 1983; Sempere 1995). In its southern portion, the system 
splitted in two branches, one continuing the main rift axis (i.e. 
Tupiza branch), whereas the other, named ‘Entre Ríos branch’, 
was southeasterly directed, extending into the Chaco Subandean 
belt and tipping in the area of the current Bolivia-Argentina 

Figure 1. (a) Location map of Entre Ríos area (white star), O’Connor province, Autonomous Department of Tarija, southern Bolivia; (b) Close-up of Santa Ana river canyon, 
where the Castellón Formation is exposed. Yellow pins respectively indicate base and top of the studied stratigraphic section, and position of the trampled surface (TBL1); 
(c) Location of Entre Ríos Sheet 6729 according to the SGB Series 1 CGB; (d) Geological map of Entre Ríos and close-up (e) of the core area of Entre Ríos syncline where 
Jurassic succession crops out (black star indicates the studied area; Upper Palaeozoic to Jurassic lithostratigraphic units are reported in the synthetic log at the upper right 
corner – redrawn and slightly modified from Moretti et al. 2002); (f) General view of the outcrops along the Santa Ana river canyon.
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geographical border (Sempere et al. 2002). In Bolivia, where rifting 
is younger, crustal thinning occurred since the Triassic and ten
sional tectonics originated graben-type basins where continental 
sediments laid down associated to mafic and alkaline magmatism 
(Jacay et al. 1999; Sempere et al. 2002).

Syn-rift deposits in Bolivia are included into the Ipaguazú 
Formation (Padula and Reyes 1958), classically a part of the 
Cuevo Group of Schlatter and Nederloff (1966; see also Tomezzoli  
1996) and the Tiquina Formation, included in the lower part of the 
Serere Group (Sempere et al. 1998, 2002). The Ipaguazú Formation 
consists of a basal sandy portion passing upward to the red shales 
and siltstones (locally intruded by mafic sills), capped with an 
evaporite of lacustrine origin. The Tiquina Formation consists of 
red sandstones intercalated with mudstones interpreted as alluvial 
in origin (Sempere et al. 2003).

Post-rift deposits in the Chaco Sub-Andean belt are represented 
by mainly fluvio-aeolian sediments, locally associated to the basaltic 
flows and sills, and conglomerates with basalt clasts (Sempere et al.  
2002). Starck (1995) assigned these fluvio-aeolian sediments to the 
Tacurú Group, a lithostratigraphic name also used in geological 
maps (e.g. Rubiolo et al. 2003). We use the lithostratigraphic 
scheme established by Anderson and Bazley (1971 fide Rubiolo 
et al. 2003), who redescribed the succession giving it the rank of 
Group after the first description as Formation by Mather (1922). 
The Tacurú Group includes, in ascending stratigraphic order, flu
vio-aeolian sandstones of the Tapecua Formation, fluvial sand
stones and subordinate red and green mudstones of the Castellón 
Formation and, finally, aeolian sandstones of the Ichoa Formation 
(Rubiolo et al. 2003). Few data about the relative age of the strati
graphic succession are available, and some of these data are con
flicting. Nevertheless, we briefly report all the available information. 
The Ichoa Formation is interpreted as deposits formed in desert 
environments during the Jurassic (Chandler et al. 1992; Tineo  
2017), probably related to the contemporaneous large South 
American Botucatú Desert (Bertolini et al. 2020). A different 
nomenclatural scheme can be found in Sempere et al. (1998), who 
included the aforementioned succession in the Tacurú sub-Group 
as the upper portion of the Serere Group (see Sempere et al. 2002 
and references therein for regional correlations). According to 
Sempere et al. (1988), the succession is limited at its top by an 
erosional unconformity that would be originated in the 
Kimmeridgian and upon which Cretaceous rocks of the Puca 
Group rest (Sempere 1995). Other indirect temporal constraints 
for the age of the Tacurú Group are suggested by the purported age 
of the Ipaguazú Formation, considered Lower Jurassic by Kusiak 
et al. (2014), even if part of this unit must be considered Upper 
Triassic on the basis of chirotheriid tracks recently discussed 
(Bertrand et al. 2014; Apesteguía et al. 2021).

Starck (1995) based on regional correlations and structural stu
dies assigned the age of the Castellón Formation to the Early 
Jurassic. Additionally, Gayet et al. (2001) reported from this unit 
semionotiform fish remains referred to the Late Triassic-Early 
Jurassic interval. However, an (Upper?) Jurassic has been proposed 
by several authors based on ostracod taxa (Serraiotto 1977; Sempere 
et al. 2002; Figure 1C-E). However, Suárez Riglos and Carvalho 
(2018) published the finding of the conchostracan Cyzicus pricei in 
rocks of middle to upper section of the Castellón Formation. 
Although both conchostracans and ostracods in the top of this 
unit were already mentioned by Pinto and Sanguinetti (1987) and 
Suárez Riglos and Carvalho (2018) related this finding with similar 
associations in Brazil and Gabon, and that the age would be Lower 
Cretaceous, but its presence could also be considered in earlier 
Upper Jurassic strata. Actually, Gallego and Martins-Neto (2006) 
write that C. pricei (recorded in 11 Brazilian basins) is probably the 

most common species for the Brazilian Jurassic-Cretaceous succes
sions. They include this form in their Assemblage III (AIII): from 
Late Jurassic to Early Cretaceous (Albian) comprised by 
Pteriograpta cf. reali, Estheriina costai, Pseudestheria (=Cyzicus) 
pricei, Pseudograpta brauni and Pseudestheria abaetensis.

The additional finding of the ostracod Alicenula leguminella (as 
Darwinula leguminella) actually does not provide precision since 
this species also shows a stratigraphic distribution considered with 
records from the Jurassic to the lower Aptian (Anderson 1985) (i.e. 
a span of more than 20 my), making its stratigraphic precision too 
poor to decide between an Upper Jurassic or a Lower Cretaceous 
age (Tomé et al. 2022). Alicenula leguminella has been recorded 
from Late Jurassic to Early Cretaceous rocks of England (Anderson 
and Bazley 1971; Anderson 1985), Germany (Martin 1940), Poland 
and other countries from distant places.

Based on the results of the 40Ar/39Ar Entre Ríos Basalt datation, 
the zircon fission track method on the aeolian Tapecua and 
Castellón Formation sands (Kusiak 2008), a stratigraphical analysis 
plus local and regional Kusiak (2008, 2014) supported the existence 
of three Mesozoic depocentres in the Subandean region of Bolivia. 
The older, being Jurassic in age, was developed in the southern 
Subandean belt, identified as the Villamontes basin, and filled as 
a synrift process with tholeitic basalts associated to the Camiri 
Basalt, Ipaguazu Formation, San Diego Formation, Entre Ríos 
Basalt and Tapecua Formation. Accordingly, the termal subsidence 
sequences (sag) are represented by the sedimentites of the Castellón 
and Ichoa formations. Conversely, in the central Subandean (Santa 
Cruz Basin), the synrift sequence corresponds to the Late 
Cretaceous units. New Toarcian ages were obtained from the 
Entre Ríos (181.5 ± 0,9 Ma) and Camiri Basalts, characterised by 
tholeitic and alcaline intraplate basalts formed during the Pangea 
fragmentation since Early Jurassic times (Marzoli et al. 1999), both 
in the Entre Ríos Basalt (185.5 ± 6.3 Ma), Tarabuco Basalt 
(201.2 ± 10.6 Ma) and Camiri Basalt (189.5 ± 1.4 Ma to 
200.0 ± 2.7 Ma). In this general context, we prefer to rely the present 
study age mainly on the chronostratigraphic chart of Kusiak (2008),

The track-bearing layers in the Castellón Formation occur on 
the top of thick to very thick layers of medium- to coarse-grained 
sandstones, except TBL4, which occurs on the surface of a layer of 
pelites. Desiccation cracks are common in the sandy intervals 
associated with the tracks. The entire stratigraphic section contain
ing the tracks consists of alternation of red to brown pelites and 
sandstones, with interspersed conglomerates and thin carbonates. 
This succession is interpreted as formed by episodic fluvial or 
braided river sediment discharges on a flood plain, and it has 
been described as such in other areas (Xu et al. 2017; Wilmsen 
et al., 2021). The absence of structures indicative of soil develop
ment (e.g. rhizoliths) suggests an arid or semi-arid environment 
with wetting-drying cycles. The occurrence of desiccation cracks 
associated with the tracks indicates an interval of time between the 
deposition of the track-bearing sandy layers and the deposition of 
the finer pelites that cover them. However, the preservation of 
tracks requires rapid cementation of the track-bearing layer and 
deposition of sediment on top in relatively low energy conditions. 
We suggest that dinosaurs walked on soft but firm sandy sediments 
which, after a short interval of desiccation and cementation, got 
covered with finer sediments. The deposition/track formation/ 
cementation cycles occurred many times, with short time between 
them, attested by the absence of soil structures.

The castellón formation in the canyon of the santa ana river

The exposed layer with tracks is N175° along strike and dips 45°. 
The local stratigraphic section starts with the bottom of the 
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Ipaguazú Formation (21°29ʹ37.88” S; 64°13ʹ44.79” W; 1403 m a.s.l.), 
whereas it ends with the top of the Ichoa Formation (21°30ʹ19.14” S; 
64°12ʹ47.97” W; 1296 m a.s.l.) (Figure 1A-B). An almost continuous 
stratigraphic succession of 1077 m in total thickness, including the 
Castellón Formation, is exposed in the studied area, which is part of 
the western limb of the Entre Ríos syncline (Figure 1C-E). The 
Tacurú Group is represented by 726 m of continental deposits. The 
basal unit of the Group, the Tapecua Formation, has a total thick
ness of 85 m, while the topmost unit, the Ichoa Formation, is 205 m 
thick. The intermediate unit, the track-bearing Castellón 
Formation, has a total thickness of 436 m in the area.

In the canyon of the Santa Ana River area, the lower portion of 
the Castellón Formation starts with a basal graded lag, overlain by 
an interbedded light grey to whitish, locally light orange, fine- 
grained sandstone beds, ranging between 4 and 10 m in thickness, 
and pelitic layers less than one metre in thickness. Desiccation 
cracks characterise the top surface of both sandy and pelite layers. 
Along the section, sandstones and pelites show constant texture and 
grain size, but progressively become thinner and thicker, respec
tively. Upward, the succession shows a sharp change in the style of 
sedimentation, evidenced by an increase in the grain size of the 
exposed rocks (Figure 2A-B, E-H). The stratigraphic section, where 
the tracks are preserved is, characterised by prevailing light grey to 
reddish brown, parallel- to cross-laminated, medium-grained sand
stones locally displaying desiccation cracks (Figure 2C) at the top- 
surfaces, within which coarse-grained sandstones and lenses of 
conglomerate occur interspersed (Figure 2D). Sandstone beds 
often reach and exceed thickness of 15 m, interbedded with 
brown to reddish pelite beds.

Eight track-bearing levels (hereafter TBL), displaying foot
prints seemingly produced by bipedal and quadrupedal track
makers, have been recognised in the upper portion of the 
succession, about 220 m in thickness (Figure 3). Five of the 
TBL are concentrated in less than 15 m of strata. The first TBL 
(TBL1) occurs at the top surface of a 25-m-thick interval of 
reddish brown, medium- to coarse-grained sandstone beds. This 
surface is overlayed by an interval consisting of less than a metre 
of reddish brown, faintly laminated pelites, filling the tracks, and 
about five metres of light grey to pinkish, medium-grained sand
stones. The top surface of this interval is the second TBL (TBL2) 
displaying tracks with roughly similar morphology as the pre
vious TBL. The third TBL (TBL3) occurs two metres above in 
a light grey sandstone with footprints filled with pelites. The top 
surfaces of TBL1, TBL2 and TBL3 show desiccation cracks. The 
overlying layer of pelites have a thickness of one metre and 
preserve dinosaur tracks at the top (TBL4). The fifth TBL 
(TBL5) is found at the top surface of a 5-m-thick layer formed 
by a light grey, coarse-grained sandstone. Similarly, pelites overlie 
the sandstones and fill the tracks. The stratigraphic section con
tinues upward with a 20-m-thick interval of light grey, medium- 
to coarse-grained sandstones, with interspersed pelite layers each 
not exceeding 50 cm in thickness, with the sixth TBL (TBL6) on 
top. Light-grey, massive, well-sorted, and coarse-grained sand
stones, organised in metric layers and intensely fractured perpen
dicularly to the main bedding, lie above and reach a thickness of 
45 m, followed by two metres of reddish-brown pelites. The 
succession continues upward with 55 m of light-grey coarse- 
grained sandstones, each about five metres in thickness, overlain 
by two metres of reddish-brown pelites. The following sandy 
interval, 25 m in thickness, is coarse-grained and light-grey in 
colour, with thin interspersed conglomerate lenses. The seventh 
track-bearing level (TBL7) is preserved on the top surface of this 
interval, covered by three metres of reddish-brown pelites. The 
eighth track-bearing level (TBL8) occurs on top of a 12 m thick 

layer of light-grey, coarse-grained sandstone. The succession con
tinues with 30 metres of light-grey, fine- to medium-grained, 
cross-stratified sandstones referred to as Ichoa Formation.

Materials and methods

The studied site crops out in the Canyon of the Santa Ana River, at 
about 6.5 km from Entre Ríos town, close to the main road between 
Entre Ríos and Tarija. TBL1 is at GPS position 21°29ʹ59.01” S; 64° 
13ʹ12.71” W; 1330 m a.s.l. As mentioned above, TBL1 shows the 
effects of erosion due to periodical runoff waters in the rainy 
season, which also triggers landslides of the overlying Pleistocene 
deposits and deposit of eluvium-colluvium on the surface of the 
track-bearing layer. Thus, track morphology is prone to significant 
change with time due to weathering and runoff processes (see 
Marty et al. 2016). However, the studied tracks are well preserved 
and do not show deformation due to shearing. The sitemap pro
duced in this study is based on the combination of several 
photographs.

Sauropod trackways were labelled as SrTn, where n is 
a consecutive number identifying the trackway; individual tracks 
were identified and numbered with the letter p or m, for pes and 
manus track, followed by a number. Sauropod tracks of small and 
medium size were groupwise numbered as Ssg1 to 3. Tridactyl 
tracks were labelled as Tr, followed by a consecutive number iden
tifying the track (Figure 4). Tracks were measured using a metric 
ruler and following guidelines by Leonardi (1987); interpretive 
drawings of some footprints were made on acetate film and later 
digitised in Adobe Illustrator 24.0.1. Photographs were taken with 
a digital camera Canon PowerShot SX60 HS.

Parameters measured were pes length (PFL), pes width 
(PFW), oblique pace length (OPL), stride length (SL), pace angu
lation and trackway ratio (PTR and MTR for pes and manus), 
and the ratio between the side width and the overall width of 
a trackway expressed as percentage (Romano et al. 2007) 
(Figure 5). Ratios between widths of pes and manus angulation 
patterns (WAP/WAM) and between width of pes angulation 
pattern and pes length (WAP/PFL) were also calculated (Marty  
2008). Heteropody was calculated according to Lockley et al. 
(1994a) and heteropody index (HI) according to the relation of 
González Riga and Calvo (2009), who estimated the HI as manus 
length x manus width/pes length x pes width and expressed as 
percentage. Gleno-acetabular distance was estimated according to 
Leonardi (1987), assuming amble gait for the producer. Height at 
the hip (h) for the sauropod producer of SrT3 trackway was 
estimated following the equation by Alexander Rmc (1976) and 
Lockley et al. (1986), but see Lockley et al. (1986), Thulborn 
(1990) and González Riga (2011) for different equations. 
Acetabular heigth for the producers of tridactyl tracks was esti
mated based on the equations by Thulborn (1990) for theropods 
and ornithopods. Moreover, we tentatively estimated the speed of 
the producer of SrT3 trackway by using the relation of Alexander 
Rmc (1976), who found that Froude’s number v2/(gh) and non- 
dimensional speed (relative stride length) λ/h (Thulborn and 
Wade 1984) are related by the relation λ/h≏2.3[v2/(gh)]0.3, 
where λ is the stride length, h is the height at the hip, v is the 
speed and g the acceleration of free fall. The absolute speed v is 
then calculated as a function of λ and h as follows: v≏0.25g°.5λ
1.67h−1.17 (Alexander 1976, but see Ruiz and Torices 2013 for 
a similar relation). The equation of Thulborn and Wade (1984) 
for running dinosaurs, originating from the relation found by 
Serraiotto (1977) for running ungulates, was not applied consid
ering the result of non-dimensional speed, suggesting crossing in 
walking gait (see below)
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Results

Surface, tracks and trackway configuration

The surface of TBL1 shows abundant and uniformly distributed 
polygonal desiccation cracks, although better developed in the 
central area of the studied surface (Figure 6), and a high degree of 
dinoturbation (see Lockley and Conrad 1989). Forty-eight tracks of 

large dimension (PFL>60 cm; MFL>50) were found arranged in 
three trackways, hereafter SrT1, consisting of 17 tracks with 9 pedes 
and 8 manus; SrT2, consisting of 12 tracks with 7 pedes and 5 
manus; and SrT3, consisting of 19 tracks with 9 pedes and 10 
manus (Figure 4B). We found about 300 tracks of small and med
ium size, according to size classes of Marty 2008 (pes footprint 
length between 25 cm and 56 cm), some of which are arranged in 

Figure 2. Washed bulks and sedimentary features of Castellón Formation; (a, b) Fine-grained sand; (c) Polygonal cracks at the top-surface of a sandstone layer; (d) 
Conglomerate lens within a sandstone layer; (e-h) Coarse-grained sand. Scale bars (a-b, e-h) equal to 2 mm.
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sets suggesting a quadrupedal trackmaker, possibly arranged in 
trackways, but whose identification is hindered by data presently 
available. Additionally, in the same level as sauropod trackways Srt2 
and SrT3, we found few tridactyl theropod footprints and also two 
large ornithopod pes trackways.

The large sauropod trackways are aligned sub-parallel to each 
other, but SrT2 exhibits an opposite direction of motion with respect 
to SrT1 and SrT3. Most of the small tracks are oriented in roughly the 

same direction of movement as SrT1 and SrT3, although some exhibit 
a different transversal direction of motion as well as a different 
degree of morphological detail (Figures 4 and 6). On the east side 
of the surface, some smaller tracks, both shallow and deeper, occur 
inside the pes tracks of SrT3, suggesting that one or more dinosaur 
walked stepping on previously printed tracks of SrT3 (Figure 4B – 
tracks m2, p4 and p5; see white rectangle in Figure 6A). No small 
footprints of similar orientation with that reconstructed for SrT3 lie 

Figure 3. Stratigraphic section of the upper portion of Castellón Formation, where different track-bearing levels were recognised.
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Figure 4. (a) Panoramic photo of the track-bearing level 1 (TBL1) and schematic drawing (b) of dinosaur tracks. SrT1 to SrT3 refer to sauropod trackways; Tr1 to Tr5 refer to 
tridactyl tracks assigned to theropods. Or1 to Or3 refer to tridactyle tracks here assigned to ornithopodan producers. Ssg1 to 3 indicate the groups of small sauropod 
trackways. Arrows indicate direction of movement of the sauropod producers. Dinosaur tracks drawn in black are interpreted as small to medium sized sauropod footprints 
(see text).
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within the area of SrT3. A reason for this absence is the presence of 
an obstacle during the movement of the trackmaker, like a large bush 
or the large sauropod that produced SrT3 trackway. Another possi
bility is that a firmer substrate prevented smaller trackmakers from 
forming footprints. In the former case, the absence of smaller foot
prints should be considered as an indirect evidence of synchronism 
of crossings; in the latter, absence would entail variable synchronous 

conditions of the substrate but not necessarily a synchrony of cross
ings between larger and smaller producers

Ichnological description

The trackway SrT3 exhibits manus and pes prints in slightly better 
detail than the other trackways. For manus, mean footprint length 

Figure 5. (a-c) Field operations on TBL1 aimed to interpret some of the sauropod footprints impressed on the surface; (d) Main ichnological parameters measured in the 
field. Blue and green solid lines indicate two consecutive oblique pace lengths, for manus and pes print respectively.
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is 34.75 cm (38 cm, 22 cm, 35 cm, 44 cm), mean footprint width is 
61.25 cm (67 cm, 54 cm, 54 cm, 70 cm), oblique pace length is 
157 cm and stride length is 246 cm. Manus prints are semicircular 
to crescent-shaped in morphology, wider than long, sometimes 
with two or three short, well-separated digit impressions. In few 
cases, the impression of digit I seems preserved, roughly medially 
oriented and exhibiting slightly tapered ends and a suboval outline 
(red arrows in Figure 6A). Some manus tracks were marginally 
overprinted by pes prints, and that left the crescent shape of the 
former. Pes prints are longer than wide and up to about three times 
longer than manus prints, but comparatively as wide as the latter.

For pedes, mean footprint length is 94.25 cm (100 cm, 100 cm, 
84 cm, 93 cm), mean footprint width is 75.6 cm (82 cm, 70 cm, 
75 cm), oblique pace length is 155 cm and stride length is 245 cm. 
The outline is sub-ovoidal to roughly sub-rectangular in shape. 
Most pes tracks show three claw impressions with tapered ends; 
exceptionally, they may show four, but in this case, digit I is printed 
in a more proximal position compared to the others, and digit 
traces are straight or slightly laterally oriented (i.e. externally diver
gent). Claw impressions appear almost antero-laterally oriented 
and are sub-equal in dimension. Measured pace angulations are 
96° for pedes and 87° for manus. Both manus and pedes footprints 
are slightly outwardly rotated with respect to footprint midline. Pes 
and manus trackway ratio (PTR and MTR) that characterise the 
trackway gauge have mean values 41% and 37%, respectively, pla
cing trackway SrT3 in the medium gauge category (Romano et al.  
2007). WAP/WAM ratio is 0.6, meaning that manus tracks are 
positioned farther away from the trackway midline than pes tracks 
(Marty 2008). WAP/PFL ratio is 1.55, which would indicate wide- 
gauge category, even if the value is close to the arbitrary boundary 
between medium-gauge and wide-gauge trackways, fixed at 1.2, 
while very wide-gauge trackway are considered those with ratio 

equal or higher than 2.0 (Marty 2008). Heteropody is 1:3.3 and 
heteropody index is 30%. Mean gleno-acetabular distance is 
3.60 m considering amble gait for the producer, 3.61 m considering 
pace gait condition and 2.87 m considering lateral sequence single- 
foot walk condition, both according to Lallensack and Falkingham 
(2022). Estimate of the height at the hip is 3.8 m. The ratio stride 
length/height at the hip (λ/h) for the footprints of SrT3 trackway is 
0.65 and suggests that the trackmaker walked the surface in walking 
gait (Thulborn and Wade 1984) at an estimated speed of 2.7 km/h.

The other two trackways composed of large-sized tracks (i.e. 
SrT1 and SrT2 in Figure 6B-C) show less morphological details than 
SrT3; however, their general three-dimensional morphology is that 
of the typical sauropod tracks. Manus tracks in SrT1 trackway have 
a crescent shape and lack clear digit impressions. Pes tracks are 
mainly sub-ovoidal, with some characterised by three claw impres
sions oriented anteriorly or slightly laterally, as seen in pes tracks of 
the SrT3 trackway. Differently from the pes of SrT3 trackway, some 
pes tracks of SrT1 overlap manus tracks in the more proximal sets. 
SrT2 trackway consists of manus-pes sets without anatomical details 
but showing a similar outline to the other two trackways and 
a greater manus-pes distance (no marginal overlapping was 
observed).

Tracks of overall smaller dimension, as above mentioned, are 
primarily differentiated on the basis of faintness of impression, 
which in cases could account for the timing of surface crossing. 
These tracks do not exhibit anatomical details (e.g. digit 
impressions) but a simple, sub-circular morphology, more pre
cisely in pes tracks. Manus tracks appear as sub-circular or as 
crescent-shaped impression distally deeper (i.e. over the area 
supposedly of the acropodials), a feature common in tetrapod 
tracks, but related to kick-off phase and then not particularly 
diagnostic in terms of ichnotaxonomy or producer 

Figure 6. (a) Close-up of SrT3 trackway. Note the plethora of small-sized sauropod footprints evident on the left side of the trackway. Red arrows indicate digit I impression 
in pes footprints; (b-c) SrT1 (left) and SrT2 (right) trackways. Note polygonal cracks affecting the top-surface of the TBL1 and two tridactyl tracks on the right side of SrT2 
trackway.
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identification. General appearance of these footprints and their 
mutual arrangement as observed and interpreted in the field 
point to a producer similar to those that formed larger quad
rupedal trackways, even if a different producer cannot be com
pletely discarded.

Tridactyl tracks

The limited occurrence of theropod tracks and two ornithopod 
trackways in the studied exposure is enigmatic. Theropod tracks 
are variate in size in the different bearing levels of the area but 
homogeneous in the TBL1 described site, with 25 cm in length and 
with deep digit impressions and slightly diverging digits (Figure 8A, 
B). Estimate of height at the hip is about 1 metre. Other small 10-cm 
tracks assigned to theropods were recorded in the TBL2 (height at 
the hip about 40 centimetres), and the larger isolated 40-cm track in 
the TBL3 (Figure 8D), suggesting a height at the hip of about 
1.60 metres. In TBL5 ,several monodactyl, didactyl and tridactyl 
traces are preserved and randomly oriented (Figure 8E). Most digit 
traces are very narrow and tapered in their proximal and distal tips, 
likely suggesting a waterlogged substrate. Putative producers of 
these traces could be small-sized non-avian theropods or, most 
probably, birds scratching a water body bottom. TBL10, at several 
hundred metres from TBL1, also includes diverging and diverse 5 to 
20 cm theropod tracks (Figure 8F). The estimate of height at the hip 
for the producer of larger tracks is about 80 centimetres. The only 
available measure of stride length is 126 cm; SL/h (equal to 1.6) 
suggests a walking producer.

In TBL1, two independent trackways probably made by 
ornithopod dinosaurs (Figure 8G-I) are impressed were 
recorded. The two recognised trackways are distant about 
10 metres from each other and in non-parallel directions. 
They both exhibit two or three large tracks each with rounded, 
petal-shaped digits and a large, wide pad trace characterising 
the proximal footprint portion. These ornithopod tracks are 
particularly large (45 cm in length, suggesting a height at the 
hip of about 1.80 metres) and show deep distal rounded digit 
impressions. The only available measure of stride length 
resulted in about 176 centimetres. SL/h is 0.97, suggesting 
a walking producer also in this case. The left trackway shows 
some degree of outward rotation of the tracks. Footprint mor
phology in this case could be considered slightly modified by 
current weathering, particularly affecting the heel and, in gen
eral, the proximal portion of the better preserved track, and no 
evidence of hoofs or ungual claws are visible, resembling some
how specimens of Iguanodontipus isp. (Pascual-Arribas et al.  
2009) and Caririchnium (Leonardi 1984) but not entirely iden
tifiable with none of them. The most similar track is that of 
Sinoichnites youngi Kuhn, 1958, from the Middle Jurassic of 
China. In this case, they can be considered as 
Iguanodontipodidae indet. Both types are well marked, and 
therefore, we expect that more of them should have been pre
served. One possibility for the lack of more tridactyl tracks is 
that they were obliterated by the sauropods walking on the 
same area after the theropods and ornithopods or that the 
substrate was not homogeneously compliant. Still, there are 
several areas in the exposure where no sauropod tracks are 
preserved and tridactyl tracks could have been formed. 
Nevertheless, it is possible that both theropods and ornithopods 
walked on the same surface and the sauropods did later, which 
would explain the absence of the former. This enigmatic 
absence may be resolved when further rock surface becomes 
exposed due to erosion or excavation of the overburden.

Discussion

Tracks of SrT1 and SrT3 trackways appear as slightly deeply 
impressed than those of SrT2, with some footprints to the right 
side of SrT1 overlapping the area where polygonal cracks are per
vasive (Figure 6). The three trackways show no important differ
ence in size and can be included in the large size class of Marty 
(2008). The depth of impression of these tracks could indicate that 
the trackmaker walked on the surface during the process of desicca
tion but when the substrate still had a sufficient degree of moisture 
content to allow track impression, and we hypothesise that walking 
occurred before that of the trackmaker of SrT2. Assuming that the 
surface was not re-inundated after desiccation, the similarity 
between SrT3 and SrT1trackways likely indicates a temporal proxi
mity. Yet, the slightly different depth of impression and detail 
suggest that trackmakers deformed the substrate during different 
times. We infer from track distribution coupled with track mor
phology that the trackmaker of trackway SrT2 walked synchro
nously or shortly after the desiccation event, as evidenced by 
polygonal cracks broken by the trackmaker feet and by the lack of 
displacement of track edges.

Moreover, tracks did not induce cracking in the sediment and 
did not favour enucleation of polygonal cracks from their margins, 
thus giving a further indirect indication that during trampling, the 
substrate was not characterised by high water content (Carvalho 
and Leonardi 2020). The high density of smaller tracks prevents 
trackway identification for their respective trackmakers, but based 
on the different degrees of morphological details, it is possible to 
differentiate between those shallow and deep tracks.

A common feature associated with almost all the tracks on TBL1 
is the morphology and extent of expulsion rims, which are low and 
narrow, most likely indicating a compact and quite firm substrate 
characterised by high cohesiveness and low water content (de Souza 
Carvalho and Leonardi 2020). Of the three trackways, SrT2 exhibits 
the least developed expulsion rims to occur, among other, in fluvial- 
lacustrine environments (de Souza Carvalho and Leonardi 2020).

Ichnotaxonomy of SrT3 trackway

The ichnotaxonomy of sauropod footprints is controversial 
(Lockley et al. 1994a; Castanera et al. 2011), and a thorough discus
sion of the plethora of ichnotaxa erected to this date is beyond the 
aim of this article. Nonetheless, footprints from the TBL1 exhibit 
anatomical features that can be compared with some of ichnotaxa 
that are related to sauropod producers (Figure 7). Few trackway 
parameters are commonly considered in the ichnotaxonomic dis
cussion of sauropod tracks, and following Wright (2005), we pri
marily consider manus and pes morphological features and gauge 
to compare our material with other sauropod tracks.

A commonly used classification of sauropod tracks has been 
based on trackway gauge, with the distinction of narrow-gauge 
and wide-gauge categories based on the inner width of the trackway 
(Farlow 1992). Using this criterion, two ichnogenera 
Parabrontopodus and Brontopodus, respectively, have been estab
lished and later adopted in a revised sauropod ichnotaxonomy 
(Lockley et al. 1994a). Paradigmatic representatives of wide-gauge 
conditions are Brontopodus birdi Farlow, Pittman and Hawthorne  
1989 (Figure 7A) and Rotundichnus muenchehagensis Hendricks  
1981 (Figure 7B) from the Lower Cretaceous of Texas and 
Germany, respectively. Representatives of narrow-gauge conditions 
are the ichnotaxa Breviparopus taghbaloutensis Dutuit and 
Ouazzou, 1980 (Figure 7C) and Parabrontopodus mcintoshi 
Lockley et al. 1994a (Figure 7D) from the Upper Jurassic of 
Morocco and Colorado, respectively. As a result of this 

10 G. MÉNDEZ TORREZ ET AL.



ichnotaxonomic framework, sauropod footprints were referred to 
as Parabrontopodus or Brontopodus according to the trackway 
gauge (Lockley et al. 1994a), and many other sauropod tracks and 
trackways were later classified accordingly (e.g. Gierlinski et al.  
2004; Moreno; Benton 2005; Lockley et al. 2002a; Vila et al. 2008). 
On the other hand, gauge configurations and shift between different 
gauge conditions have been largely discussed and turned out to be 
possibly related to different biological taxa, different ontogeny (e.g. 
Xing et al. 2015; Meyer et al. 2018) and different gait and behaviour 
(e.g. Lockley 2001; Castanera et al. 2012) with obvious repercussion 
on the ichnotaxonomic framework, depending on the adopted 
philosophy in classification.

Moreover, the morphology of other wide-gauge sauropod ich
notaxa presents some challenges about the direct relationship 
between wide-gauge condition and the ichnogenus Brontopodus 
(e.g. Dalla Vecchia and Tarlao 2000; Calvo and Mazzetta 2004; 
González Riga and Calvo 2009) because it is not possible to identify 
Brontopodus based solely on trackway gauge, and to this date, 
several descriptions based on manus and pes morphology have 
been adopted and preferred to distinguish sauropod tracks (e.g. 
Díaz-Martínez et al. 2018; Tomaselli et al. 2021; Torcida Fernández- 
Baldor et al. 2021).

The ichnogenus Breviparopus Dutuit and Ouazzou 1980 is gen
erally considered a valid ichnotaxon for narrow-gauge trackway 
configurations (Farlow 1992), even if the ichnotaxon is not formally 
erected (Marty et al. 2010). The ichnogenus include specimens 
exhibiting narrow-gauge trackways with pes tracks exceeding the 
trackway midline, marked heteropody, manus tracks with semicir
cular or crescent shape lacking digit impressions, placed in front of 
and/or possibly slightly overprinted by pes tracks but away from the 
midline with respect to the pes tracks. The latter exhibit an oval 
shape with at least four digit impressions, displacement rims and 
claw marks (Dutuit and Ouazzou 1980; Ishigaki 1989; Marty et al.  
2010).

The ichnogenus Parabrontopodus Lockley et al. 1994a was 
erected on a trackway from the Upper Jurassic Morrison 
Formation and later suggested to be a junior synonym of 
Breviparopus (Wright 2005 but see Marty et al. 2010). The ichno
genus include narrow-gauge sauropod trackways with medium to 
large size footprints (over 50 cm in overall footprint length), high 
degree of heteropody of about 1:4 or 1:5 (Lockley et al. 1994a), 
similar to Breviparopus (Marty et al. 2010), with pes tracks longer 
than wide and outwardly rotated, equipped with outwardly rotated 
claw impressions on digits I, II and III, and semicircular manus 
tracks (Lockley et al. 1994a; Marty et al. 2010; Schumacher and 
Lockley 2022).

The ichnotaxon Brontopodus birdi Farlow, Pittman and 
Hawthorne 1989 is based on a trackway from the Aptian-Albian 
of Texas. The ichnogenus include medium- to wide-gauge track
ways, with pes and manus tracks distanced from the midline, small 
to large size footprints (from 50 cm to over 100 cm in overall 
footprint length), manus tracks as long as wide, medial to the 
midline with respect to pes tracks and possibly outwardly rotated, 
crescent-shaped, clawless, with digit impressions I and V separated 
by digits II and III; pes tracks longer than wide, equipped with 
laterally directed claw marks associated to digit impressions I–III 
and showing a small claw, and pad marks or callosities on digit 
impressions IV and V (Farlow et al. 1989; Lockley et al. 1994a; 
Romano et al. 2007; Dos Santos Vf et al. 2009).

With Brontopodus, our material has in common the large size of 
tracks, longer than wide pes tracks, number of claw impressions 
and, to a lesser degree, the trackway gauge and heteropody. The 
studied material, however, differs from Brontopodus in the orienta
tion of claw marks in pes tracks, the relative dimensions of manus 

tracks and, mainly, the completely different manus track morphol
ogy with respect to the U-shaped morphology typical of 
Brontopodus tracks and the presence of claw marks in manus tracks. 
Similarly, we exclude the ichnotaxon Rotundichnus münchehagensis 
(Hendricks 1981; Lockley et al. 2004) (Figure 7B) for its wider 
gauge, higher heteropody and manus morphology, and 
Gigantosauropus asturiensis Mensink and Mertmann 1984 for its 
lower heteropody (Lockley et al. 2007).

Considering the whole set of features used to differentiate the 
aforementioned ichnotaxa and those that we observed in the foot
prints of SrT3 trackway, we exclude the ichnogenera Breviparopus 
(see Figure 7C) and Parabrontopodus (see Figure 7D-E) primarily 
based on the trackway gauge, heteropody and position of pes prints 
with respect to the trackway midline. At the same time, the studied 
material shares with the ichnogenus Parabrontopodus the large size 
of tracks and number of claw impressions. However, we do not 
consider these features sufficiently characteristic as to allocate our 
material in this ichnotaxon. We exclude the ichnospecies 
Parabrontopodus barkhausensis (formerly Elephantopoides bar
khausensis Kaever and Lapparent 1974; see Meyer et al. 2021) 
(Figure 7E) because the narrower trackway gauge and the higher 
heteropody.

We exclude Sauropodichnus giganteus Calvo 1991, considered 
a nomen dubium by Lockley et al. (1994a), on the basis of the 
trackway gauge and the manus morphology exhibited in 
Argentina by additional material from the Cenomanian 
Candeleros Formation (Calvo and Mazzetta 2004) (Figure 7F).

We also exclude Titanopodus mendozensis González Riga and 
Calvo 2009 for having lower MTR and PTR (wider gauge), 
a different orientation of claw marks in pes tracks, the manus 
morphology and the absence of claw impressions (Figure 7H). 
Nevertheless, our material exhibits a similar heteropody with tracks 
included in this ichnotaxon. Moreover, footprints and trackways 
from the Maastrichtian-Danian Yacoraite Formation (Maimará and 
Valle del Tonco localities, Argentina) are here considered different 
from the studied material because of the general outline of manus 
tracks and heteropody (Cónsole-Gonella et al. 2017; Díaz-Martínez 
et al. 2018). Our material only shares a similar PTR with the 
footprints from Valle del Tonco (Díaz-Martínez et al. 2018), 
which nevertheless display a different manus morphology. 
A slightly higher value of PTR and MTR characterises 
Teratopodus malarguensis Tomaselli et al. 2022 (medium-gauge 
category). Tracks from Santa Ana river differ in manus morphol
ogy, which is symmetrical and kidney-shaped in this ichnotaxon. 
Studied material also differs from tracks included in the ichnotaxon 
Oobardjidama foulkesi Salisbury et al. 2016; Castanera et al. 2016 
from the Lower Cretaceous Broome Sandstone (western Australia) 
mainly due to pes track morphology, that is piriform and 
asymmetrical.

The studied material from the Santa Ana River also differs from 
sauropod tracks reported from the Upper Cretaceous of Bolivia 
(Leonardi 1994; Meyer et al. 2001; Lockley et al. 2002a; 
Apesteguía et al. 2007). Sauropod footprints from the Campanian 
Chaunaca Formation (Humaca) described by Lockley et al. (2002a) 
display high heteropody, wide gauge and inward rotation of the 
manus. The Santa Ana River tracks, on the contrary, have a low 
heteropody, a narrow gauge. Additionally, they have a different pes 
and manus outline morphology from the sauropod tracks described 
by Leonardi (1989, 1994) in the Campanian Toro Toro Formation. 
The only similarity is the presence of at least three claw impressions 
anteriorly directed, as already noted by Meyer et al. (2018). The 
ichnotaxon Calorckosauripus lazari Meyer et al. 2018 from the 
middle Maastrichtian El Molino Formation include wide/inter
mediate gauge trackways (Figure 7I) with a lower PTR and 
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a higher heteropody than footprints from Tarija. Manus tracks 
included in Calorckosauripus display a different morphology from 
our material, likely mirroring a columnar structure of the fore 
autopods of the trackmaker. Therefore, for this difference in 
manus morphology, we exclude Calorckosauripus as possible 
attribution.

Vila et al. (2005; 2008, 2013) reported many sauropod trackways 
from the Maastrichtian Tremp Formation of Spain. Pes tracks show 
four claw impressions laterally oriented and symmetrical, sub- 
rectangular to U-shaped manus tracks without claw impressions. 
Moreover, those trackways show a wider gauge with respect to the 

SrT3 trackway. Heteropody is similar to our material, but not 
enough to compare the two records.

The following two ichnotaxa are the ones that share more 
features with the material under study. The first is Polyonyx 
gomesi dos Santos et al. 2009 from the Middle Jurassic of 
Portugal (Dos Santos Vf et al. 2009) (Figure 7G). This ichno
taxon includes trackways displaying a wider gauge and higher 
heteropody than our material. The number and orientation of 
claw impressions, as well as the general outline of pes tracks, are 
similar to our material, but definitely the large size of digit 
I impression of manus tracks in P. gomesi allows a distinction 

Figure 7. Schematic drawings of sauropod and ornithopod ichnotaxa selected for comparison (a) Brontopodus birdi (redrawn from Farlow et al. 1989); (b) Rotundichnus 
muenchehagensis (redrawn from Lockley et al. 2004); (c) Breviparopus taghbaloutensis (redrawn from Ishigaki and Matsumoto 2009); (d) Parabrontopodus mcintoshi 
(redrawn from Lockley et al. 1994b); (e) Parabrontopodus (Elephantopoides) barkhausensis (redrawn from Diedrich 2010); (f) Sauropodichnus giganteus (redrawn from Calvo 
and Mazzetta 2004); (g) Polyonyx gomesi (redrawn from Dos Santos Vf et al. 2009); (h) Titanopodus mendozensis (redrawn from González Riga and Calvo 2009); (i) 
Calorckosauripus lazari (redrawn from Meyer et al. 2018); (j) Iniestapodus burgensis (redrawn from Torcida Fernández-Baldor et al. 2021); (k) ornithopod track Or2; (l) 
Sinoichnites youngi (redrawn from Ferrusquía-Villafranca et al. 2007) Scale bar: 1 m (a-j); 20 cm (k-l).
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with the studied material. Finally, the ichnotaxon Iniestapodus 
burgensis Torcida Fernández‑Baldor, Fidel, Díaz-Martínez, 
Huerta, Montero Huerta, Castanera 2021, from the Tithonian– 
Berriasian Rupelo Formation (Burgos Province, Spain) has been 
based on tetradactyl, rectangular pes tracks with evidence of four 
sharp claw impressions, the most medial ones (digits I and II) 
anteriorly oriented and the other two (digits III–IV) laterally 
oriented, with digit I impression backwardly oriented and smaller 

than digit II and III impressions (Torcida Fernández-Baldor et al.  
2021; see also, 2015 for a preliminary discussion of these foot
prints) (Figure 7J). Iniestapodus burgensis trackway is medium- 
gauge and the heteropody similar to our material. However, the 
different pes track morphology, the configuration of digit I in 
manus tracks, and to a lesser extent the shorter manus-pes dis
tance in SrT3 trackway (a feature probably depending on gait, 
thus maybe of scarce significance in ichnotaxonomic terms), 

Figure 8. Tridactyl tracks and trackways. (a) Close-up of a peculiar couple of tracks, produced by a pes and manus small sauropod pair (left), and a 25 cm theropod pes 
(right), both in the TBL1. Scale bar: 10 cm; (b) detail of the mentioned theropod track. Scale bar: 10 cm; (c) trackway of small, 10 cm tracks assigned to theropods in TBL2; (d) 
Close-up of a large, isolated 40 cm track in the TBL3. Scale bar: 20 cm; (e) sector of small probably swimming theropod/avian tracks in the TBL5. Scale bar: 5 cm; (f) View of 
several trackways from 5 to 20 cm in the TBL10. Scale bar: 30 cm; (g) panoramic view of several tridactyl tracks on TBL1, with the already mentioned theropod trackway in 
the middle (t) and two purported ornithopod trackways (O) to the sides, both with tracks of 45 cm in length. Scale bar: 1 m; (h,i) oblique (actual) and orthogonal (digital) 
views of one of the ornithopod tracks on the right side of SrT2 trackway and close-up. Scale bar: 20 cm.
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prevent the allocation of SrT3 trackway in this ichnotaxon with 
confidence. Thus, we prefer not to designate our material with 
any of the described ichnotaxa, postponing ichnotaxonomic allo
cation to further analyses, which must include the other large and 
small footprints on the TBL 1 surface and a comprehensive 
revision of sauropod ichnotaxa.

Trackmaker identification of SrT3 trackway

Sauropods, firstly appeared in the Late Triassic (Sereno 1999; Yates 
and Kitching 2003; McPhee et al. 2014), were a Mesozoic radiation 
of herbivorous dinosaurs including gigantic forms among the lar
gest known terrestrial animals (Wilson 2002; Upchurch et al. 2004; 
Sander and Clauss 2008; Sander et al. 2010; Rauhut et al. 2011; 
González Riga et al. 2016; Carballido et al. 2017), achieving an 
almost global distribution by Middle Jurassic time (Weishampel 
et al. 2004). The clade experienced a major extinction event at the 
Jurassic-Cretaceous boundary (Barrett et al. 2009), with a further 
loss of diversity among remaining lineages during the Early 
Cretaceous, with the exception of rebbachisaurids and titanosaurs 
(Mannion and Upchurch 2010), these latter highly diversified dur
ing the Cretaceous (Salgado et al. 1997; Salgado 2001; Curry Rogers  
2005).

The identification of sauropod trackmakers is difficult mainly 
because the track morphology may not match the anatomical 
details of pedes and manus, as evidenced by studies focused on 
osteology (e.g. Tschopp et al. 2015) or because pes morphology as 
the only proxy is insufficient (e.g. Torcida Fernández-Baldor et al.  
2021). Trackways from the Santa Ana River study area exhibit 
typical sauropod features, i.e. quadrupedal gait and huge dimension 
of manus and pes tracks (Carrano and Wilson 2001; Wilson 2005). 
If gauge condition of SrT3 trackway is considered, then according to 
Day et al. (2004) the producer should be within brachiosaurids and 
basal titanosaurs, even if it must be considered that data about 
manus claw impressions are missing. However, as mentioned 
above, trackway gauge in general does not seem to be 
a particularly reliable and enough feature for producer identifica
tion. A good example is provided by wide-gauge trackways that 
were originally related to brachiosaurid producers (Lockley et al.  
1994b) and later referred to titanosauriformes on the basis of 
osteological features of the femoral shaft (Wilson and Carrano  
1999). Subsequently, this type of gauge configuration has been 
deemed not exclusive of titanosauriformes sauropods on a purely 
ichnological basis (Dos Santos Vf et al. 2009). Moreover, 
Henderson (2006) suggested that this condition could reflect 
a more anteriorly directed position of the centre of mass, thus 
weakening the reliability of the wide-gauge condition as an indica
tor of a Titanosauriformes producer.

The number and dimension of ungual phalanges in pes tracks 
can be used to discriminate between sauropod producers. If claw 
impressions of Tarija tracks are considered, we can exclude basal 
sauropods for their relative dimension of ungual phalanges, 
decreasing in length from digit I to IV, and for a more anterior 
position of digit I (e.g. Nair and Salisbury 2012). In general, basal 
eusauropods and Eusauropoda have three large and broad ungual 
phalanges, anterolaterally oriented, decreasing in size from digit I to 
III. According to Wright (2005), the impression of digit IV claw in 
Eusauropoda, if formed, should be small, as for instance observed in 
the non-neosauropod eusauropod Janenschia from the Late Jurassic 
Tendaguru Formation of Tanzania (Mannion et al. 2019). Also, the 
number of ungual phalanges in some Late Jurassic–Early 
Cretaceous non-titanosaurian Titanosauriformes varies, with 
some having three (e.g. Gobititan; You et al. 2003) and others 
four (e.g. Cedarosaurus; D’Emic 2013), and nevertheless, their 

hind feet display claws without large differences in overall size. 
Titanosauriformes also exhibit a reduced manus ungual phalanx 
I (Salgado et al. 1997; Wilson and Sereno 1998; Carrano and Wilson  
2001), a feature possible, yet not confirmed, in our material.

Diplodocidae are excluded for having a small manus/pes size 
ratio (Apesteguía 2005) and two claws on digit I and II (Remes  
2009), while tracks of SrT3 display at least three claw impressions. 
Moreover, Diplodocidae would produce narrow gauge trackways. 
At the same time, some diplodocids show ungual phalanges on 
digits I–III (Apatosaurus Marsh 1877), but they can be excluded 
because ungual phalanges of more proximal elements (i.e. digit 
I and II) are larger than that of digit III (Remes 2009), a condition 
not clearly observed in the studied material. Similarly, 
Dicraeosauridae can be excluded because, even if they display 
four claws in the foot (a condition possible in the studied material), 
digit size decreases from digit I to digit IV, and digit I is equipped 
with a robust claw. Camarasaurus Cope 1887, as representative of 
Macronaria, can be discarded as a possible producer of SrT3 track
way for having well-developed claws on digits I–III, but decreasing 
in size and the claw of digit III very short.

Titanosauria is discarded due to the derived anatomy of both 
fore and hind autopod. The clade experimented a loss of ungual 
phalanges in the hind autopod, retaining two claws of comparable 
dimensions related to digit I and II and a digit III claw smaller, or 
roughly similar in size, while digit IV lacks ungual phalanges 
(Bonnan 2005; Wright 2005), and generally also a loss of ungual 
phalanges in the fore autopod (Salgado et al. 1997; Day et al. 2002; 
Mannion and Otero 2012). The clade is also discarded based on the 
configuration of the manus track morphology in SrT3 trackway, 
because digit impressions seem quite separated from each other and 
likely mirror a non-columnar arrangement of metacarpals.

We tentatively suggest that the SrT3 trackway was made by 
a member of non-Neosauropoda Eusauropoda (e.g. Patagosaurus 
fariasi Bonaparte 1979), most likely a somphospondyl producer 
(see Salgado et al. 1997), although we cannot discard a member 
within Titanosauriformes. Further studies are needed to better 
associate the Santa Ana River tracks to a possible sauropod 
trackmaker.

Sauropod tracks as palaeoecological proxy

It is commonly deemed that tracks and traces may provide abun
dant information about the behaviour of their producers (Sarjeant  
1975; Thulborn 1990; Lockley 1991). The ichnological record pre
serves several, well-constrained cases of ecological interactions 
between the same type of producers (e.g. Lockley et al. 2016) and 
among different species, the latter including, for instance, ichnolo
gical evidence on body-fossils, as attack marks (e.g. de Valais et al.  
2020). Possibly the most impressive case is gregarious behaviour, or 
group activity (Ostrom 1972), one of the infraspecific relationships 
within the broad category of social behaviour (see Díaz-Martínez 
et al. 2020 and references therein). Gregarious behaviour among 
dinosaurs has been inferred from parallel trackways in various 
groups (e.g. Ostrom 1972; Currie and Sarjeant 1979; Currie 1983; 
Carpenter 1992; Barnes and Lockley 1994; Cotton et al. 1998; 
Heredia et al. 2020). Based on the body-fossil evidence, gregarious 
behaviour has been assumed in several studies of ornithopods (e.g. 
Rogers 1990), ceratopsids (e.g. Qi et al. 2007), theropods (e.g. Coria 
and Currie 2006) and sauropods (e.g. Coria 1994) and has been 
proposed as an ethological trait for the clade Dinosauria (Novas 
et al. 2012).

The distribution of sauropod tracks and trackways on the TBL1 
surface offers the opportunity to assess the potential relation 
between trackway pattern and trackmaker behaviour. Ichnosites 
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displaying sauropod tracks and trackways are reported (Lockley 
et al. 1994b) from numerous sites around the world, including 
Argentina (e.g. Calvo 1991; Calvo and Mazzetta 2004; Díaz- 
Martínez et al. 2018; Tomaselli et al. 2021), Bolivia (Leonardi  
1989, 1994; Lockley et al. 2002a), Brazil (Leonardi 1989, 1994), 
China (e.g. Lockley et al. 2002b; Xing et al. 2015), Italy (Leonardi 
and Mietto 2000; Avanzini et al. 2003; Nicosia et al. 2007; Petti et al.  
2008), Madagascar (Wagensommer et al. 2010, 2012); Morocco 
(Ishigaki 1989), Portugal (Lockley and Dos Santos 1993; Dos 
Santos Vf et al. 1994, 2009), South Korea (Lim et al. 1989, 1994), 
Spain (Castanera et al. 2014, 2016; Torcida Fernández-Baldor et al.  
2021), Switzerland (Meyer 1990, 1993; Marty 2008; Sciscio et al.  
2022), United Kingdom (Day et al. 2004), United States (Bird 1944; 
Lockley et al. 1986; Farlow 1987; Lockley and Rice 1990) and 
Uruguay (Mesa 2012). In some cases, sauropod trackways are dis
cussed as reliable evidence for gregarious behaviour (Pittman and 
Gillette 1989; Barnes and Lockley 1994; Lockley et al. 1994c, 2002a, 
b; Day et al. 2004; Castanera et al. 2011; 2014; García-Ortiz and 
Pérez-Lorente 2014) and, in general, the global sauropod track 
record likely suggesting gregarious behaviour is found in tracksites 
bearing either small-sized footprints or small- and large-sized foot
prints (Myers and Fiorillo 2009), as in the case of TBL1.

In general, there is a high degree of uncertainty in the inter
pretation of gregarious behaviour mainly because a reliable track
maker attribution, as discussed above, and ontogenetic age 
estimation are very often difficult to achieve from tracks (Myers 
and Fiorillo 2009). Additionally, traits of the trackways including 
aspects related to the formation and preservation of tracks and 
post-formational variation (see Gatesy and Falkingham 2017), 
bear important information on how behaviour is reflected on the 
ichnites preserved on the same surface.

Some authors claim that the occurrence of tracks in high density 
showing the same morphology can be considered as a valid feature 
attesting herd behaviour (García-Ortiz and Pérez-Lorente 2014; 
Díaz-Martínez et al. 2020; but see Ostrom 1972).

Typical ichnological clues thought to suggest gregarious beha
viour, especially when occurring collectively, are 1) similarity 
between tracks belonging to different trackways, 2) subparallel 
orientation of trackways, 3) regular spacing between trackways (it 
also should be consistent with estimate of producers’ overall dimen
sion), 4) similar speed values, 5) pace cadence, 6) stride, 7) lack of 
superposition or little overlap and 8) uniform depth (Thulborn and 
Wade 1984; Lockley et al. 1986; Castanera et al. 2011, 2014; Heredia 
et al. 2020).

The inference of behaviour is further supported by the co- 
occurrence of several of the above conditions, yet the complexity 
of the process of track formation, including mechanisms of loco
motion and track preservational features, complicates the interpre
tation of behaviour based on the observable track morphology. 
Morphological similarity between tracks of different trackways, 
assuming different trackmakers of the same type, is an important 
condition. To be precise, the term ‘type’ should be replaced with 
‘species’ (of course the biological, not palaeontological species), in 
the discussion about gregarism as social behaviour within the limits 
of its definition (see Immelmann and Beer 1989; Gould and McKay  
1990; Pond et al. 2011). Obviously, this does not imply that gregar
ious behaviour cannot be inferred from fossil footprints; it is exactly 
the opposite, but we must be aware of the limitations in interpreta
tion based on observable morphological traits.

Morphological similarity as a proxy for group behaviour should 
be evaluated considering that 1) substrate properties can be syn
chronically different on the same trampled surface, promoting 
formation of synchronous but morphologically different trackways 
and 2) substrate properties can re-occur diachronically over 

a relatively short interval of time, promoting formation of diachro
nous but morphologically similar trackways. Thus, morphologic 
similarity by itself is not sufficient for inferring herd behaviour, 
and synchronous formation of trackways related to group beha
viour must take into account external (both ichnological and non- 
ichnological) data. Among possible data external to morphology are 
those related to the timing of wandering, for instance, the identifi
cation of multiple (two are sufficient) overlaps performed by two 
different trackmakers, whose tracks are distinguishable, and in 
which the printing of tracks reversed in subsequent overlaps (e.g. 
trackmaker A treads upon footprint of trackmaker B, then track
maker B treads upon footprint of trackmaker A; e.g. Romano et al.  
2019). This possible situation would most likely ensure synchrony 
of wanderings, and curiously it cannot be satisfied when one looks 
only at parallel trackways.

The parallel or subparallel orientation of trackways may also be 
explained with the existence of physical barriers (i.e. a shoreline) 
that, obviously, can influence direction of roaming of solitary indi
viduals, determining a configuration of tracks and trackways that 
suggest group or coordinate movement, as stressed by Ostrom 
(1972) and Getty et al. (2017). According to the former author, 
divergent trackways occurring on the same trampled surface bear
ing also parallel trackways undermine this explanation and makes 
the interpretation of gregarious behaviour more parsimonious 
(Ostrom 1972). However, divergent and perpendicular trackways 
are observed in present time ecosystems with topographic con
straints, for instance, in lakeshore environments (García-Ortiz 
and Pérez-Lorente 2014), thus significantly weakening the putative 
parsimony.

The occurrence of regular spacing between trackways and lack of 
superposition or little overlap between tracks curiously suggests 
a ‘need for order’ or ‘troop deployment’, thus inferring gregarious 
behaviour in the producers. This clue probably works when one 
hypothesises gregarious behaviour only within a homogeneous 
herd in terms of producers’ overall dimensions. We consider that 
the same applies to uniform depth as further clue for inferring 
gregarious behaviour.

Finally, the other evidence invoked for gregarious behaviour are 
similar speed values, pace cadence and stride between trackways. 
Pace cadence and stride, similarly to the latter conditions, can work 
within homogeneous herd in terms of trackmaker’s overall dimen
sions but oblige to reject tout court such an interpretation if the 
trampled surface bear tracks of ‘the same type of producer’ but of 
different size classes, inferable from different track sizes.

Tracks of similar dimensions on the TBL1 surface share similar 
outlines but some appear faintly impressed. Close proximity and/or 
overlap with similar but more deeply impressed footprints most 
likely indicate that several episodes of dinosaurs walking on the 
surface occurred, preferentially on two areas of the surface that are 
highly dinoturbated. For these trackmakers, the scenario may have 
been a more or less elongated pond, suggested by the physical 
characteristics of the exposed site, which obviously is a minimal 
percentage of the overall landscape at the time of impression. This 
pond, after the passage of SrT1, SrT3 and smaller tracks, would have 
undergone desiccation, after which the SrT2 trackmaker walked on 
the surface, overriding polygonal cracks.

Excluding SrT2 for its own direction of travel, SrT1 and SrT3 
occur in subparallel alignment; yet, in our opinion, possible gregar
iousness may not be definitely inferred for these two trackmakers. 
The configurations that seem to us most interesting to explore and 
test concerns that of 1) SrT1 and SrT3 respectively associated to 
most of those smaller footprints made by the autopodia of both the 
right and left side and 2) small footprints considered as a different 
evidence not in temporal association with the larger one. For these 
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smaller footprints, an analysis of patterns of orientation is still 
lacking but, at first glance and considering single tracks, they should 
follow a comparable orientation. A thorough analysis of track over
riding and depth of impression, by means of digital techniques, will 
probably help in disentangling this issue.

We propose that the quadruped configuration of the small tracks 
(rounded manus and pes prints) corresponds to sauropods. 
Although we cannot provide anatomical details, the only other 
possible candidate could be ankylosaurian thyreophores, but the 
configuration of their tracks, which is very well known in South 
America (e.g. Leonardi 1989; McCrea et al. 2001), is completely 
different from the tracks presented here.

The record from the Santa Ana River suggests gregarious beha
viour for only the trackmakers of smaller footprints; in this case, 
insufficient evidence for recognition of age classes and possible 
relationship between large and small footprints prevents determin
ing whether the record is an example of segregation in sauropod 
herds according to age (Myers and Fiorillo 2009); 2) The possible 
gregarious behaviour among producers of small and large overall 
size may indicate parental care among sauropods. Interestingly, 
complex social behaviour in Dinosauria, including social cohesion 
and age-segregation within herd structures, have been recently 
suggested to have originated in sauropodomorphs during the 
Triassic (Pol et al. 2021) and could support the latter hypothesis.

The presence of large tridactyl tracks here assumed as made by 
ornithopodan trackmakers could be also problematic, since some 
large ornithopod tracks have been assumed as indicative for the 
Cretaceous, especially for North America (Díaz-Martínez et al.  
2015, Fig.2) but not necessarily for Gondwanan regions (e.g. 
Fernandes and Carvalho 2007; Díaz-Martínez et al. 2015, 
Figure 2). Although the record of Jurassic specimens of 
Iguanodonichnus and Camptosaurichnus was discussed by Díaz- 
Martínez et al. (2015), it has also been supported for the Late 
Jurassic-Early Cretaceous Botucatú Formation (e.g. Fernandes and 
Carvalho 2007), for the Upper Jurassic of Portugal (Mateus and 
Milán 2008), and the Late Jurassic of Yemen (Schulp et al. 2008). 
Similar both in shape and size massive ornithopod tracks were 
recorded in rocks of the Chacarilla Formation of northern Chile 
(Rubilar Rogers et al. 2008). Actually, the most similar track results 
that of Sinoichnites youngi Kuhn, 1958 from the Middle Jurassic of 
China. More information is still necessary to understand the dis
tribution of large ornithopodans in both supercontinents.

Conclusions

The first Jurassic or earliest Cretaceous dinosaur ichnosite from 
Bolivia is here reported consisting of abundant dinosaur foot
prints in eight different stratigraphic levels within the Castellón 
Fm in the Entre Ríos area (O’Connor Province, Autonomous 
Department of Tarija). The ichnosite from Tarija extends the 
record of ichnological localities in Bolivia throughout the three 
periods of the Mesozoic Era. The best exposed track-bearing 
surface preserves more than 300 sauropod tracks, both adult 
and juveniles, herein presented, plus one theropod trackway 
and two ornithopod trackways. The absence of additional tridac
tyl tracks is enigmatic, probably due to obliteration by sauropods 
walking on the track-bearing surface at an early stage. Some large 
footprints are arranged in three medium-gauge trackways, and 
numerous tracks of smaller size concentrated in different, highly 
dinoturbated portions of the surface, most of these seemingly 
associated to at least two sub-parallel trackways.

The best detailed trackway displays large pedes, sub-ovoidal to 
roughly sub-rectangular in outline, with three or four claw impres
sions, and sub-circular manus tracks with two or three digit 

impressions. Trackway parameters indicate a producer about 
3.80 m tall at the hip, moving on the surface in walking gait. 
Although SrT3 trackway bear similarities with other known saur
opod ichnotaxa, this trackway as well as the rest of the Santa Ana 
River tracks are unique and no identification of the possible track
maker has been achieved. Pes and manus morphology, as well as the 
purported Upper Jurassic age, points to a non-neosauropod eusaur
opod trackmaker, yet a titanosauriform producer may not be 
discarded.

The peculiar distribution of some large and small tracks on the 
studied surfaced BTL1 provides some clues for inferring gregarious 
behaviour, stressing the importance of walk synchronism among 
producers, a condition that appears not directly satisfied by those 
ichnological clues that are accepted and currently used.

Acknowledgments

Paolo Citton is deeply acknowledged for a lot of work and comments provided 
in the making of this paper. Ignacio Díaz-Martínez is warmly thanked for 
discussion about ichnotaxonomy of sauropod tracks. Jens N. Lallensack, Ismar 
de Souza Carvalho, two anonymous reviewers and the Editor in Chief are 
acknowledged for their comments and suggestions that contributed improving 
the manuscript. Dr. Víctor Ramos provided some references concerning the age.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Sebastián Apesteguía http://orcid.org/0000-0002-0414-0524

References

Alexander RMcN. 1976. Estimates of speeds of dinosaurs. Nature. 261 
(5556):129–130. doi:10.1038/261129a0.

Anderson FW. 1985. Ostracod faunas in the Purbeck and Wealden of England. J 
Micropalaeontol. 4(2):1–67. doi:10.1144/jm.4.2.1.

Anderson FW, Bazley RAB. 1971. The Purbeck beds of the Weald (England). 
Bull Geol Surv G Br. 34:1–174.

Apesteguía S. 2005. Evolution of the titanosaur metacarpus. In: Tidwell V, 
Carpenter K, editors. Thunder Lizards, the Sauropodomorph Dinosaurs. 
Bloomington, USA: Indiana University Press; p. 321–345.

Apesteguía S, de Valais S, Meyer CA. 2007. Asignación unívoca de grandes 
huellas cuadrúpedas a saurópodos Titanosaurios en la Formación El Molino 
(Maastrichtiano) en Cal Orck’o (Bolivia). In: Abstract book 5th Reunión 
Argentina de Icnología and 3rd Reunión de Icnología del MERCOSUR. 
Ushuaia, Argentina: CADIC-CONICET; p. 46.

Apesteguía S, de Valais S, Ríos Cordero G, Medina Ramírez O. 2011. New 
ichnological record from the late Campanian Toro Toro formation at Toro 
Toro, Potosí (Bolivia): first probable dromaeosaurid tracks from South 
America. Amegh. 48(4):662–667. doi:10.5710/AMGH.v48i4(341).

Apesteguía S, Gallina PA. 2011. Tunasniyoj, a dinosaur tracksite from the 
Jurassic-Cretaceous boundary of Bolivia. Ann Braz Acad of Scien. 83 
(1):267–277. doi:10.1590/S0001-37652011000100015.

Apesteguía S, Riguetti F, Citton P, Veiga GD, Poiré DG, de Valais S, Zacarías G. 
2021. The Ruditayoj-Tunasniyoj fossil area (Chuquisaca, Bolivia): a Triassic 
chirotheriid megatracksite and reinterpretation of purported thyreophoran 
tracks. Hist Biol. 33(11):2883–2896. doi:10.1080/08912963.2020.1833328.

Avanzini M, Leonardi G, Mietto P. 2003. Lavinipes cheminii ichnogen., ichnosp. 
nov, a possible sauropodomorph track from the lower Jurassic of the Italian 
Alps. Ichnos. 10(2–4):179–193. doi:10.1080/10420940390256195.

Barnes FA, Lockley MG. 1994. Trackway evidence for social sauropods from the 
morrison Formation, Eastern Utah (USA). Gaia. 10:37–41.

Barrett PM, McGowan AJ, Page V 2009. Dinosaur diversity and the rock record. 
Proceedings of the Royal Society B. 276:2667–2674.

Benton M 2005
Bertolini G, Marques J, Hartley AJ, DaRosa AAS, Scherer CM, Basei MAS, 

Frantz JC. 2020. Controls on Early Cretaceous desert sediment provenance 
in South-West Gondwana, Botucatu Formation (Brazil and Uruguay). 
Sedimentology. 67(5):2672–2690. doi: 10.1111/sed.12715.

16 G. MÉNDEZ TORREZ ET AL.

https://doi.org/10.1038/261129a0
https://doi.org/10.1144/jm.4.2.1
https://doi.org/10.5710/AMGH.v48i4(341)
https://doi.org/10.1590/S0001-37652011000100015
https://doi.org/10.1080/08912963.2020.1833328
https://doi.org/10.1080/10420940390256195
https://doi.org/10.1111/sed.12715


Bertrand H, Fornari M, Marzoli A, García-Duarte R, Sempere T. 2014. The 
Central Atlantic Magmatic Province extends into Bolivia. Lithos. 188:33–43. 
doi:10.1016/j.lithos.2013.10.019.

Bird RT. 1944. Did Brontosaurus ever walk on land? Nat Hist. 53:61–67.
Bonaparte JF. 1979. Dinosaurs: a Jurassic Assemblage from Patagonia. Science. 

205(4413):1377–1379. doi:10.1126/science.205.4413.1377.
Bonnan MF. 2005. Pes anatomy in sauropod dinosaurs: implications for func

tional morphology, evolution, and phylogeny. In: Tidwell V, Carpenter K, 
editors. Thunder−Lizards, The Sauropodomorph Dinosaurs. Bloomington, 
USA: Indiana University Press; p. 346–380.

Calvo JO. 1991. Huellas de dinosaurios en la Formación Rio Limay (Albiano– 
Cenomaniano?), Picun Leufu, Provincia de Neuquén, República Argentina. 
Ornithischia–Saurischia: sauropoda–Theropoda. Amegh. 28(3–4):241–258.

Calvo JO, Mazzetta GV. 2004. Nuevos hallazgos de huellas de dinosaurios en la 
Formación Candeleros (Albiano-Cenomaniano), Picún Leufú, Neuquén, 
Argentina. Amegh. 41(4):545–554.

Carballido JL, Pol D, Otero A, Cerda IA, Salgado L, Garrido AC, Ramezani J, 
Cúneo NR, Krause JM. 2017. A new giant titanosaur sheds light on body mass 
evolution among sauropod dinosaurs. Proc of the Royal Soc B. 284:201–219.

Carpenter K. 1992. Behavior of hadrosaurs as interpreted from footprints in the 
“mesaverde” group (campanian) of Colorado, Utah, and Wyoming. 
Contributions Geology, Univ Wyoming. 29(2):81–96.

Carrano MT, Wilson JA. 2001. Taxon distributions and the tetrapod track 
record. Paleobiology. 27(3):564–582. doi:10.1666/0094-8373(2001)0270564: 
TDATTT2.0.CO;2.

Carvalho IS, Leonardi G. 2020. Fossil footprints as biosedimentary structures for 
paleoenvironmental interpretation: examples from Gondwana. Journal of 
South Amer Earth Sci. doi:10.1016/j.jsames.2020.102936

Castanera D, Barco JL, Díaz-Martínez I, Herrero-Gascón J, Pérez-Lorente F, 
Canudo JI. 2011. New evidence of a herd of titanosauriform sauropods from 
the lower Berriasian of the Iberian range (Spain). Palaeogeogr Palaeoclimatol 
Palaeoecol. 310(3–4):227–237. doi:10.1016/j.palaeo.2011.07.015.

Castanera D, Dos Santos Vf, Piñuela L, Pascual C, Vila B, Canudo JI, 
Moratalla JJ. 2016. Iberian Sauropod tracks through time: variations in 
sauropod manus and pes track morphologies. In: Falkingham PL, Marty D, 
Richter A, editors. editors.Dinosaur tracks: the next steps. Bloomington: 
Indiana University Press; p. 121–137.

Castanera D, Pascual C, Canudo JI, Hernández N, Barco J. 2012. Ethological 
variations in gauge in sauropod trackways from the Berriasian of Spain. 
Lethaia. 45(4):476–489. doi:10.1111/j.1502-3931.2012.00304.x.

Castanera D, Vila B, Razzolini N, Dos Santos Vf, Pascual C, Canudo JI, 
Santos VF. 2014. Sauropod trackways of the Iberian Peninsula: palaeoetolo
gical and palaeoenvironmental implications. J of Iber Geol. 40(1):49–59. 
doi:10.5209/rev_JIGE.2014.v40.n1.44087.

Chandler MA, Rind D, Ruedy R. 1992. Pangaean climate during the Early 
Jurassic: GCM simulations and the sedimentary record of paleoclimate. 
Geol Soc Am Bull. 104(5):543–569. doi:10.1130/0016-7606(1992)1040543: 
PCDTEJ2.3.CO;2.

Cónsole-Gonella C, de Valais S, Marquillas RA, Sánchez MC. 2017. The 
Maastrichtian–Danian Maimará tracksite (Yacoraite Formation, Salta 
Group), Quebrada de Humahuaca, Argentina: environments and ichnofacies 
implications. Palaeogeogr Palaeoclimatol Palaeoecol. 468:327–350. doi:10. 
1016/j.palaeo.2016.11.008.

Coria RA. 1994. On a monospecific assemblage of sauropod dinosaurs from 
Patagonia: implications for gregarious behavior. GAIA. 10:209–213.

Coria RA, Currie PJ. 2006. A new carcharodontosaurid (Dinosauria, 
Theropoda) from the Upper Cretaceous of Argentina. Geodiv. 28(1):71–118.

Cotton W, Cotton J, Hunt A. 1998. Evidence for social behavior in ornithopod 
Dinosaurs from the Dakota Group of Northeastern New Messico, U.S.A. 
Ichnos. 6(3):141–149.

Currie PJ. 1983. Hadrosaur trackways from the Lower Cretaceous of Canada. 
Acta Palaeontol Polon. 28:63–73.

Currie PJ, Sarjeant WAS. 1979. Lower Cretaceous dinosaur footprints from the 
Peace River Canyon, British Columbia, Canada. Palaeogeogr Palaeoclimatol 
Palaeoecol. 28:103–115. doi:10.1016/0031-0182(79)90114-7.

Curry Rogers KA. 2005. Titanosauria: a phylogenetic overview. In: Curry 
Rogers KA, Wilson JA, editors. The sauropods: evolution and paleobiology. 
Berkeley: University of California Press; p. 50–103.

Dalla Vecchia FM, Tarlao A. 2000. New dinosaur tracks sites in the Albian (Early 
Cretaceous) of the Istrian peninsula (Croatia). Parte II – paleontology. 
Memorie di Scienze Geologiche. 52(2):227–292.

Day JJ, Gale AS, Norman DB, Powell HP, Upchurch P. 2002. Sauropod track
ways, evolution, and behavior. Science. 296:1659.

Day JJ, Norman DB, Gale AS, Upchurch P, Powell HP. 2004. A middle Jurassic 
dinosaur trackway site from Oxfordshire, UK. Palaeontol. 47(2):319–348.

D’Emic MD. 2013. Revision of the sauropod dinosaurs of the Lower Cretaceous 
Trinity Group, southern USA, with the description of a new genus. Syst 
Palaeontol. 11:707–726. doi:10.1080/14772019.2012.667446

de Valais S, Díaz-Martínez I, Citton P, Maniel I, de la Fuente M. 2020. 
A predation attempt in a Late Cretaceous pleurodire turtle from Patagonia. 
Cret Res. 107:104290. doi:10.1016/j.cretres.2019.104290

Díaz-Martínez I, de Valais S, Cónsole-Gonella C. 2018. New sauropod tracks 
from the Yacoraite Formation (Maastrichtian–Danian), Valle del Tonco 
tracksite, Salta, northwestern Argentina. of Iber Geol. 44:113–127. doi:10. 
1007/s41513-017-0035-1

Díaz-Martínez I, Pereda-Suberbiola X, Pérez-Lorente F, Canudo JI. 2015. 
Ichnotaxonomic review of large ornithopod dinosaur tracks: temporal and 
geographic implications. PLoS One. 10(2):e0115477. doi:10.1371/journal. 
pone.0115477.

Díaz-Martínez I, Suarez-Hernando O, Larrasoaña JC, Martínez-García BM, 
Baceta JI, Murelaga X. 2020. Multi-aged social behaviour based on artiodactyl 
tracks in an early Miocene palustrine wetland (Ebro Basin, Spain). Sci 
Reports. 10:1099. doi:10.1038/s41598-020-57438-4 1

Diedrich C. 2010. Upper Jurassic tidal flat megatracksites of Germany—coastal 
dinosaur migration highways between European islands, and a review of the 
dinosaur footprints. Palaeobio Palaeoenv. 91:129–155. doi:10.1007/s12549- 
010-0044-y

Dos Santos Vf, Lockley MG, Meyer CA, Carvalho J, de Carvalho Am G, 
Moratalla JJ. 1994. A new sauropod tracksite from the middle Jurassic of 
Portugal. Gaia. 10:5–13.

Dos Santos Vf, Moratalla JJ, Royo-Torres R. 2009. New sauropod trackways 
from the Middle Jurassic of Portugal. Acta Palaeontol Polon. 54(3):409–422. 
doi:10.4202/app.2008.0049.

Dutuit JM, Ouazzou A. 1980. Découverte d’une piste de Dinosaure sauropode 
sur le site d’empreintes de Demnat (Haut-Atlas marocain). Mém Soc Géol 
Fr., Nouv. Sér. 139:95–102.

Farlow JO. 1987. Lower Cretaceous dinosaur tracks, Paluxy River Valley, Texas. 
south- central section, geol soc of America. Texas, USA: Baylor University; p. 
1–50.

Farlow JO. 1992. Sauropod tracks and trackmakers: integrating the ichnological 
and skeletal records. Zubía. 10:89–138.

Farlow JO, Pittman JG, Hawthorne JM. 1989. Brontopodus birdi, Lower 
Cretaceous sauropod footprints from the US Gulf Coastal plain. In: 
Gillette DD, Lockley GM, editors. Dinosaur tracks and traces. Cambridge: 
Cambridge University Press; p. 371–394.

Fernandes MA, Carvalho IS. 2007. Pegadas fosseis da Formaçao Botucatu 
(Jurassico Superior - Cretaceo Inferior): o registro de um grande dinossauro 
Ornithopoda na Bacia do Parana. In: Paleontologia: cenarios de Vida. 
Carvalho IS, Cassab RCT, Schwanke C, Org editors Rio de Janeiro. Vol. 
1 Editora Interciencia 425–432. 2007

Ferrusquía-Villafranca I, Bravo-Cuevas V, Jimenez-Hidalgo E. 2007. The 
Xochixtlapilco dinosaur ichnofauna, Middle Jurassic of Oaxaca, southeastern 
Mexico: Description and paleontologic significance. Contributions in 
Science. 515:1–40.

Gallego OF, Martins-Neto RG. 2006. The Brazilian Mesozoic conchostracan 
faunas: its geological history as an alternative tool for stratigraphic 
correlations. Geociências. 25(2):231–239.

García-Ortiz E, Pérez-Lorente F. 2014. Palaeoecological inferences about dino
saur gregarious behaviour based on the study of tracksites from La Rioja area 
in the Cameros Basin (Lower Cretaceous, Spain). Iber Geol. 40:113–128.

Gatesy SM, Falkingham PL. 2017. Neither bones nor feet: track morphological 
variation and ‘preservation quality’. Vert Paleontol. doi:10.1080/02724634. 
2017.1314298

Gayet M, Marshall LG, Sempere T, Meunier FJ, Cappetta H, Rage JC. 2001. 
Middle Maastrichtian vertebrates (fishes, amphibians, dinosaurs and other 
reptiles, mammals) from Pajcha Pata (Bolivia). Biostratigraphic, palaeoeco
logic and palaeobiogeographic implications. Palaeogeogr Palaeoclimatol 
Palaeoecol. 169:39–68. 1–2 10.1016/S0031-0182(01)00214-0

Getty PR, Aucoin C, Fox N, Judge A, Hardy L, Bush AM. 2017. Perennial lakes as 
an environmental control on theropod movement in the Jurassic of the 
Hartford Basin. Geosciences. 7(1):13. doi:10.3390/geosciences7010013.

Gierlinski G, Pienkowski G, Niedzwiedzki G. 2004. Tetrapod track assemblage 
in the Hettangian of Sottyków, Poland, and its paleoenvironmental back
ground. Ichnos. 11:195–213.

González Riga BJ. 2011. Speeds and stance of titanosaur sauropods: analysis of 
Titanopodus tracks from the Late Cretaceous of Mendoza, Argentina. Anais 
da Acad Brasil de Ciênc. 83(1):279–290.

González Riga BJ, Calvo JO. 2009. A new wide-gauge sauropod track site from 
the Late Cretaceous of Mendoza, Neuquén Basin, Argentina. Palaeontol. 52 
(3):631–640.

González Riga BJ, Lamanna MC, Ortiz LD, Calvo JO, Coria JP. 2016. A gigantic 
new dinosaur from Argentina and the evolution of the sauropod hind foot. 
Sci Rep. 6:19165. 1 10.1038/srep19165

Gould E, McKay G. 1990. El maravilloso mundo de los animales. Volumen 1. 
Introducción al mundo de los mamíferos. Madrid, Spain: National 
Geographic Society y RBA Publicaciones; p. 240.

HISTORICAL BIOLOGY 17

https://doi.org/10.1016/j.lithos.2013.10.019
https://doi.org/10.1126/science.205.4413.1377
https://doi.org/10.1666/0094-8373(2001)0270564:TDATTT2.0.CO;2
https://doi.org/10.1666/0094-8373(2001)0270564:TDATTT2.0.CO;2
https://doi.org/10.1016/j.jsames.2020.102936
https://doi.org/10.1016/j.palaeo.2011.07.015
https://doi.org/10.1111/j.1502-3931.2012.00304.x
https://doi.org/10.5209/rev_JIGE.2014.v40.n1.44087
https://doi.org/10.1130/0016-7606(1992)1040543:PCDTEJ2.3.CO;2
https://doi.org/10.1130/0016-7606(1992)1040543:PCDTEJ2.3.CO;2
https://doi.org/10.1016/j.palaeo.2016.11.008
https://doi.org/10.1016/j.palaeo.2016.11.008
https://doi.org/10.1016/0031-0182(79)90114-7
https://doi.org/10.1080/14772019.2012.667446
https://doi.org/10.1016/j.cretres.2019.104290
https://doi.org/10.1007/s41513-017-0035-1
https://doi.org/10.1007/s41513-017-0035-1
https://doi.org/10.1371/journal.pone.0115477
https://doi.org/10.1371/journal.pone.0115477
https://doi.org/10.1038/s41598-020-57438-4
https://doi.org/10.1007/s12549-010-0044-y
https://doi.org/10.1007/s12549-010-0044-y
https://doi.org/10.4202/app.2008.0049
https://doi.org/10.1080/02724634.2017.1314298
https://doi.org/10.1080/02724634.2017.1314298
https://doi.org/10.1016/S0031-0182(01)00214-0
https://doi.org/10.3390/geosciences7010013
https://doi.org/10.1038/srep19165


Henderson DM. 2006. Burly gaits: centers of mass, stability and the trackways of 
sauropod dinosaurs. J Vert Paleontol. 26:907–921.

Hendricks A. 1981. Die Saurierfährten von Münchehagen bei Rehburg-Loccum 
(NW-Deutschland). Abhandl Landesmus Nat Münst. 43:1–22.

Heredia AM, Díaz-Martínez I, Pazos PJ, Comerio M, Fernández DE. 2020. 
Gregarious behaviour among non-avian theropods inferred from trackways: 
a case study from the Cretaceous (Cenomanian) Candeleros Formation of 
Patagonia, Argentina. Palaeogeogr Palaeoclimatol Palaeoecol. (538):109480. 
doi:10.1016/j.palaeo.2019.109480.

Hunt AP, Lucas SG. 2006. Tetrapod ichnofacies of the Cretaceous. In: Lucas SG, 
Sullivan RM editors. Late Cretaceous vertebrates from the Western Interior. 
Vol. 35: New Mexico: Museum of Natural History and Science Bulletin, Late 
Cretaceous vertebrates from the Western Interior; p. 61–67.

Immelmann K, Beer C. 1989. A dictionary of ethology. Cambridge, 
Massachusetts, USA: Harvard University Press; p. 335.

Ishigaki S. 1989. Footprints of swimming sauropods from Morocco. In: 
Gillette DD, Lockley MG, editors. Dinosaur tracks and traces. Cambridge: 
Cambridge University Press; p. 83–86.

Ishigaki S, Matsumoto Y. 2009. “Off-tracking” like phenomenom observed in 
the turning sauropod trackway from the Upper Jurassic of Morocco. Memoir 
of the Fukui Prefectural Dinosaur Museum. 8:1–10.

Jacay J, Sempere T, Carlier G, Carlotto V 1999. Late Paleozoic - Early Mesozoic 
plutonism and related rifting in the Eastern Cordillera of Perû. IV 
International Symposium on Andean Geodynamics. Güttingen, Germany, 
pp. 358–363.

Kaever M, de Lapparent AF. 1974. Les traces de pas de dinosaures du Jurassique 
de Barkhausen (Basse Saxe, Allemagne). Bull Soc Géol Fr. 16:516–525.

Kusiak ME 2008. El Mesozoico del Sistema Subandino de Bolivia: Evolución 
Sedimentaria y Síntesis de la Cuenca, Facultad de Ciencias Exactas 
y Naturales (U.B.A, Tesis Doctoral, Buenos Aires). 173 pp.

Kusiak ME, Mascle G, Ramos VA. 2014. Mesozoic magmatism associated to 
extensional processes at the Bolivian subandean rift basins and the impor
tance of their geochronological location in South American paleogeography. 
IX Congreso de Exploración y Desarrollo de Hidrocarburos. Trabajos 
Técnicos. 2:639–658.

Lallensack JN, Falkingham PL. 2022. A new method to calculate limb phase from 
trackways reveals gaits of sauropod dinosaurs. Curr Biol. doi:10.1016/j.cub. 
2022.02.012 32 7 1635–1640.e4

Leonardi G. 1984. Le impronte fossili di Dinosauri [The fossil footprints of 
dinosaurs. In: Bonaparte JF, Colbert EH, Currie PJ, de Ricqlès AJ, Keilan- 
Jaworowska Z, Leonardi G, Morello F, Taquet P, editors. Sulle Orme dei 
Dinosauri. Venezzia, Italy: Erizzo Editrice; p. 164–186.

Leonardi G. 1987. Glossary and manual of tetrapod footprint palaeoichnology. 
Brasilia (Brazil): Departamento National da Produçao Mineral.

Leonardi G. 1989. Inventory and statistics of the South American dinosaurian 
ichnofauna and its paleobiological interpretation. In: Gillette DD, 
Lockley MG, editors. Dinosaur Tracks and Traces.Cambridge, 
Massachusetts: Cambridge University Review; p. 333–336.

Leonardi G. 1994. Annotated atlas of South America tetrapod footprints: devo
nian to Holocene: with an appendix on Mexico and Central America. Brasilia 
(Brazil): Companhia de Pesquisa de Recurso Minerais.

Leonardi G, Mietto P, Eds. 2000. Dinosauri in Italia. Le orme giurassiche dei 
Lavini di Marco (Trentino) e gli altri resti fossili italiani. Pisa: Accademia 
Editoriale; p. 497.

Lim S-K, Lockley MG, Yang S-Y, Fleming RF, Houck K. 1994. A preliminary 
report on sauropod tracksites from the Cretaceous of Korea. Gaia. 
10:109–117.

Lim S-K, Yang S-Y, Lockley MG. 1989. Large dinosaur footprint assemblages 
from the Cretaceous Jindong Formation of Southern Korea. In: Gillette DD, 
Lockley MG, editors. Dinosaur tracks and traces. Cambridge: Cambridge 
University Press; p. 333–336.

Lockley MG. 1991. Tracking Dinosaurs: a New Look at an Ancient World. 
Cambridge, Massachussets, USA: Cambridge University Press.

Lockley MG. 2001. Trackways-dinosaur locomotion. In: Briggs DEG, 
Crowther P, editors. Paleobiology: a Synthesis. Oxford: Blackwell; p. 412–416.

Lockley MG, Conrad K. 1989. Paleoenvironmental context, preservation and 
paleoecological significance of dinosaur tracksites in the western USA (edi
tors. Gillette DD, Lockley MG). Cambridge: Dinosaur Tracks and Traces. 
Cambridge University Press; p. 121–134.

Lockley MG, Dos Santos VF. 1993. A preliminary report on sauropod trackways 
from the Avelino Site, Sesimbra Region, Upper Jurassic, Portugal. Gaia. 
6:38–42.

Lockley MG, Farlow JO, Meyer CA. 1994a. Brontopodus and Parabrontopodus 
ichnogen. nov. and the significance of wide- and narrow-gauge sauropod 
trackways. Gaia. 10:135–146.

Lockley MG, Houck KJ, Prince NK. 1986. North America’s largest dinosaur 
trackway site: implications for Morrison Formation paleoecology. Geol Soc 
of America Bull. 97:1163–1176.

Lockley MG, Lires J, García-Ramos JC, Piñuela L, Avanzini M. 2007. Shrinking 
the World’s Largest Dinosaur Tracks: observations on the Ichnotaxonomy of 
Gigantosauropus asturiensis and Hispanosauropus hauboldi from the Upper 
Jurassic of Asturias, Spain. Ichnos. 14:247–255. doi:10.1080/ 
10420940601050048.

Lockley MG, McCrea RT, Buckley LG, Lim JD, Matthews NA, Breithaupt BH, 
Houck KJ, Gierlinski GD, Surmik D, Kim KS, et al. 2016. Theropod court
ship: large scale physical evidence of display arenas and avian-like scrape 
ceremony behaviour by Cretaceous dinosaurs. Sci Rep. 6:18952. doi:10.1038/ 
srep18952 1

Lockley MG, Meyer CA, Dos Santos VF. 1994c. Trackway evidence for a herd of 
juvenile sauropods from the Late Jurassic of Portugal. In: Dos Santos VF, 
Meyer CA, Hunt AP, editors. Aspects of Sauropod Paleobiology (Lockley 
MG. Vol. 10. Lisbon, Portugal: GAIA; p. 27–35.

Lockley MG, Meyer CA, Hunt AP, Lucas SG. 1994b. The distribution of saur
opod tracks and trackmakers. Gaia. 10:233–248.

Lockley MG, Rice A. 1990. Did “Brontosaurus” ever swim out of sea?: evidence 
from brontosaur and other dinosaur footprints. Ichnos. 1:81–90.

Lockley MG, Schulp AS, Meyer CA, Leonardi G, Kerumba Mamani D. 2002a. 
Titanosaurid trackways from the Upper Cretaceous of Bolivia: evidence for 
large manus, wide-gauge locomotion and gregarious behaviour. Cret Res. 
23:383–400.

Lockley MG, Wright JL, Thies D. 2004. Some observations on the dinosaur 
tracks at Münchehagen (Lower Cretaceous), Germany. Ichnos. 2:261–274.

Lockley MG, Wright J, White D, Matsukawa M, Jianjun L, Lu F, Hong L. 2002b. 
The first sauropod trackways from China. Cret Res. 23:363–381.

Lucas SG. 2007. Tetrapod footprint biostratigraphy and biochronology. Ichnos: 
an J Plant Animal Env Sci. 14:5–38. 1–2 10.1080/10420940601006792

Mannion PD, Otero A. 2012. A reappraisal of the late cretaceous Argentinean 
sauropod dinosaur Argyrosaurus superbus, with a description of a new tita
nosaur genus. JVert Paleontol. 32(3):614–638.

Mannion PD, Upchurch P. 2010. A quantitative analysis of environmental 
associations in sauropod dinosaurs. Paleobiology. 36(2):253–282.10.1666/ 
08085.1

Mannion PD, Upchurch P, Schwarz D, Wings O. 2019. Taxonomic affinities of 
the putative titanosaurs from the Late Jurassic Tendaguru Formation of 
Tanzania: phylogenetic and biogeographic implications for eusauropod dino
saur evolution. Zool Jour of the Linn Soc. 20:1–126.

Marquillas RA, Salfity JA, Matthews SJ, Matteini M, Dantas E. 2011. U-Pb zircon 
age of the Yacoraite Formation and its significance to the Cretaceous- 
Tertiary boundary in the Salta Basin, Argentina. In: Salfity JA, 
Marquillas RA, editors. Cenozoic Geology of the Central Andes of 
Argentina. Salta, Argentina: SCS, Publisher; p. 227–246.

Marsh OC. 1877. Notice of new dinosaurian reptiles from the Jurassic 
formations. Am J Sci. 3(14):514–516.

Martin GPR. 1940. Ostracoden des norddeutschen Purbeck und Wealden. 
Senckenbergiana. 22:275–361.

Marty D 2008. Sedimentology, taphonomy, and ichnology of Late Jurassic 
dinosaur tracks from the Jura carbonate platform (ChevenezdCombe 
Ronde tracksite, NW Switzerland): insights into the tidal-flat palaeoenviron
ment and dinosaur diversity, locomotion, and palaeoecology. In: GeoFocus 
21. University of Fribourg, Fribourg, p. 278 (PhD Thesis).

Marty D, Belvedere M, Meyer CA, Mietto P, Paratte G, Lovis C, Thüring B. 2010. 
Comparative analysis of Late Jurassic sauropod trackways from the Jura 
Mountains (NW Switzerland) and the central High Atlas Mountains 
(Morocco): implications for sauropod ichnotaxonomy. Hist Biol. 22(1– 
3):109–133. doi:10.1080/08912960903503345.

Marty D, Falkingham PL, Richter A. 2016. Dinosaur track terminology: 
a glossary of terms. In: In: Falkingham PL, Marty D, Richter A, editors. 
Dinosaur Tracks The next steps. Bloomington and Indianapolis: Indiana 
University Press; p. 399–402.

Marzoli A, Renne PR, Piccirillo EM, Ernesto M, Bellini G, De Min A. 1999. 
Extensive 200-million-year- old continental flood basalts of the central 
Atlantic magmatic Province. Science. 284:616–618.

Mateus O, Milán J. 2008. Ichnological evidence for giant ornithopod dinosaurs 
in the Upper Jurassic Lourinhã Formation. Portugal Oryctos. 8:47–52.

Mather KF. 1922. Front ranges of the Andes between Santa Cruz and 
Embarcación. Bulletin of Geological Society of America. 33:703–764.

McBride SL, Robertson RCR, Clark AH, Farrar E. 1983. Magmatic and metallo
genetic episodes in the northern tin belt, Cordillera real, Bolivia. Geol Runds. 
72:685–713.

McCrea RT, Lockley MG, Meyer CA. 2001. Global distribution of purported 
ankylosaur track occurrences. In: In: Carpenter K, editor. The armored 
Dinosaurs. Bloomington: Indiana University Press; p. 413–453.

McPhee BW, Yates AM, Choiniere JN, Abdala F. 2014. The complete anatomy 
and phylogenetic relationships of Antetonitrus ingenipes (Sauropodiformes, 
Dinosauria): implications for the origins of Sauropoda. Zool J Linn Soc. 
171:151–205. 1 10.1111/zoj.12127

18 G. MÉNDEZ TORREZ ET AL.

https://doi.org/10.1016/j.palaeo.2019.109480
https://doi.org/10.1016/j.cub.2022.02.012
https://doi.org/10.1016/j.cub.2022.02.012
https://doi.org/10.1080/10420940601050048
https://doi.org/10.1080/10420940601050048
https://doi.org/10.1038/srep18952
https://doi.org/10.1038/srep18952
https://doi.org/10.1080/10420940601006792
https://doi.org/10.1666/08085.1
https://doi.org/10.1666/08085.1
https://doi.org/10.1080/08912960903503345
https://doi.org/10.1111/zoj.12127


Mégard F. 1978. Etude géologique des Andes du Pérou Central. Mém ORSTOM. 
86:301.

Mensink H, Mertmann D. 1984. Dinosaurier-Fährten (Gigantosauropus astur
iensis n.g. n.sp.; Hispanosauropus hauboldi n.g. n.sp.) im Jura Asturiens bei 
la Griega und Ribadesella (Spanien). Neues Jahrb Geol Palaontol Abh. 
7:405–415.

Mesa V. 2012. Icnofósiles de la Formación Tacuarembó (Jurásico 
Tardío-Cretácico Temprano) de Uruguay: descripción, tafonomía 
e inferencias paleoambientales. Universidad de la República, Facultad de 
Ciencias Programa de Desarrollo de las Ciencias Básicas (PEDECIBA) Área 
Biología, Subárea Zoología.

Meyer CA. 1990. Sauropod tracks from the Upper Jurassic Reucheette 
Formation (Kimmeridgian: Lommiswil, Kt. Solothurn) of northern 
Switzerland. Eclogae Geol Helv. 83:389–397.

Meyer CA. 1993. A sauropod dinosaur megatracksite from the Late Jurassic of 
northern Switzerland. Ichnos. 3:29–38. 1 10.1080/10420949309386371

Meyer CA, Belvedere M, Englich B, Lockley MG. 2021. A reevaluation of the 
Late Jurassic dinosaur tracksite Barkhausen (Wiehengebirge, Northern 
Germany). PalZ. 95:537–558. doi:10.1007/s12542-021-00562-x 3

Meyer CA, Hippler D, Lockley MG. 2001. The Late Cretaceous vertebrate 
ichnofacies of Bolivia—facts and implications. Asociación Paleontológica 
Argentina, Publicación Especial. 7:133–138.

Meyer CA, Marty D, Belvedere M. 2018. Titanosaur trackways from the Late 
Cretaceous El Molino Formation of Bolivia (Cal Orck’o, Sucre). Ann Soc 
Geol Polon. 88:223–241.

Meyer CA, Marty D, Thüring B, Thüring S, Belvedere M. 2020. The Late 
Cretaceous dinosaur track record of Bolivia – review and perspective. J of 
South Am Earth Sci. doi:10.1016/j.jsames.2020.102992

Meyer CA, Thüring B, Thüring S, Marty D, et al., 2016 Dinosaur tracks from a 
Cretaceous alluvial plane (Aroiflla Formation, Bolivia) European Association 
of Vertebrate Palaeontologists Meeting, pp. 6–10 July ,Haarlem, The 
Netherlands Holwerda F. Koninklijke, The Netherlands: Haarlem, The 
Netherlands Holwerda F. Koninklijke; pp. 6–10.

Moretti I, Labaume P, Sheppard SMF, Boulègue J. 2002. Compartmentalisation 
of fluid migration pathways in the sub-Andean Zone, Bolivia. 
Tectonophysics. 348(1–3):5–24.10.1016/S0040-1951(01)00246-3

Myers TS, Fiorillo AR. 2009. Evidence for gregarious behaviour and age segre
gation in sauropods. Palaeogeogr Palaeoclimatol Palaeoecol. 274:96–104.

Nair JP, Salisbury SW. 2012. New anatomical information on Rhoetosaurus 
brownei Longman, 1926, a gravisaurian sauropodomorph dinosaur from 
the Middle Jurassic of Queensland, Australia. J Vert Paleontol. 32 
(2):369–394.

Nicosia U, Petti FM, Perugini G, Porchetti D, Sacchi S, E CMA, Mariotti N, 
Zarattini A. 2007. Dinosaur tracks as paleogeographic constraints: new sce
narios for the Cretaceous geography of the Periadriatic region. Ichnos. 
14:69–90.

Novas FE, Ezcurra MD, Agnolin FL, Pol D, Ortíz R. 2012. New Patagonian 
Cretaceous theropod sheds light about the early radiation of Coelurosauria. 
Rev Del Mus Arg de Cien Nat. 14(1):57–81.

Ostrom JH. 1972. Were some dinosaurs gregarious? Palaeogeogr Palaeoclimatol 
Palaeoecol. 11:287–301. 4 10.1016/0031-0182(72)90049-1

Padula LE, Reyes FC. 1958. Contribución al Lexico estratigrafico de las Sierras 
Subandinas-Republica de Bolivia [Contribution to the stratigraphic Lexicon 
of the Subandean Sierras-Republic of Bolivia. In: Boletin Técnico YPFB. Vol. 
1. La Paz, Bolivia: YPFB; p. 9–70.

Pascual-Arribas C, Hernández-Medrano N, Latorre-Macarrón P, Sanz-Pérez E. 
2009. El icnogénero Iguanodontipus en el yacimiento de “Las Cuestas I” 
(Santa Cruz de Yanguas, Soria, España). Studia Geologica Salmanticensia. 
45:105–128.

Petti FM, D'Orazzi Porchetti S, Conti MA, Nicosia U, Perugini G, Sacchi E. 2008. 
Theropod and sauropod footprints in the early cretaceous (Aptian) 
Apenninic Carbonate Platform (Esperia, Lazio, Central Italy): afurther con
straint on the palaeogeography of the Central Mediterranean area. Studi 
Trentini di Scienze Naturali, Acta Geologica. 83:323–334.

Pinto ID, Sanguinetti YT. 1987. Lower Cretaceous ostracodes from Bolivia. 
X Congreso Brasileiro de Paleontología. Río de Janeiro. 2:761–781.

Pittman JG, Gillette DD. 1989. The Briar Site: a new sauropod dinosaur tracksite 
in Lower Cretaceous beds of Arkansas, USA. In: Lockley MG, Gillette DD, 
editors. Dinosaur Tracks and Traces. New York: Cambridge University 
Review; p. 313–332.

Pol D, Mancuso AC, Smith RMH, Marsicano CA, Ramezani J, Cerda IA, Otero A, 
Fernandez V. 2021. Earliest evidence of herd-living and age segregation amongst 
dinosaurs. Sci Rep. 11:20023. doi:10.1038/s41598-021-99176-1 1

Pond WG, Ullrey DE, Kirk Baer C. 2011. Encyclopedia of Animal Science. 
Florida, USA: CRC Press; p. 952.

Qi Z, Barrett PM, Eberth DA. 2007. Social behaviour and mass mortality in the 
basal ceratopsian dinosaur Psittacosaurus (Early Cretaceous, people’s 
Republic of China). Palaeontol. 50(5):1023–1029.

Rauhut OWM, Fechner R, Remes K, Reis K. 2011. How to get big in the 
Mesozoic: the evolution of the sauropodomorph body plan. In: Klein N, 
Remes K, Gee CT, Sander PM, editors. Biology of Sauropod Dinosaurs: 
understanding the Life of Giants. Bloomington: Indiana University Press; p. 
119–148.

Remes K. 2009. Taxonomy of Late Jurassic diplodocid sauropods from 
Tendaguru (Tanzania). Fossil Record. 12(1):23–46.10.1002/mmng. 
200800008

Riguetti F, Citton P, Apesteguía S, Zacarías G, Pereda-Suberbiola X. 2021. New 
ankylosaurian trackways (cf. Tetrapodosaurus) from an uppermost 
Cretaceous level of the El Molino Formation of Bolivia. Cretaceous 
Research. 124:104810. doi:10.1016/j.cretres.2021.104810

Rogers RR. 1990. Taphonomy of three dinosaur bone beds in the upper 
Cretaceous two medicine formation of northwestern Montana; evidence for 
drought-related mortality. PALAIOS. 5(5):394–413.

Romano M, Citton P, Salvador I, Arobba D, Rellini I, Firpo M, Negrino F, 
Zunino M, Starnini E, Avanzini M. 2019. A multidisciplinary approach to 
a unique palaeolithic human ichnological record from Italy (Bàsura Cave). 
Cave). eLife. 8:e45204. doi:10.7554/eLife.45204.

Romano M, Whyte MA, Jackson SJ. 2007. Trackway ratio: a new look at track
way gauge in the analysis of quadrupedal dinosaur trackways and its implica
tions for ichnotaxonomy. Ichnos. 14:257–270. 3–4 10.1080/ 
10420940601050014

Rubilar Rogers D, Moreno K, Blanco N, Calvo JO. 2008. Theropod dinosaur 
trackways from the lower cretaceous of the chacarilla formation, Chile. 
Revista Geológica de Chile. 35(1):175–184.

Rubiolo D, Seggiaro R, Gallardo E, Disalvo A, Sánchez M, Turel A, Ramallo E, 
Sandruss A, Godeas M. 2003. Hoja geológica 2366-ii/2166-iv, la quiaca. 
provincias de jujuy y salta. 2366-ii/2166-iv. Buenos Aires: instituto de 
geología y recursos minerales, servicio geológico minero Argentino; p. 113.

Ruiz J, Torices A. 2013. Humans running at stadiums and beaches and the 
accuracy of speed estimations from fossil trackways. Ichnos. 20:31–35. 1 10. 
1080/10420940.2012.759115

Salgado L. 2001. Los saurópodos de Patagonia: sistemática, evolución y 
paleobiología. Dinosaurios y su Entorno; Burgos (Spain). Colectivo 
Arqueológico-Paleontológico de Salas; p. 139–168.

Salgado L, Coria RA, Calvo JO. 1997. Evolution of titanosaurid sauropods I: 
phylogenetic analysis based on the postcranial evidence. Amegh. 34:3–32.

Salisbury SW, Romilio A, Herne MC, Tucker RT, Nair JP. 2016. The dinosaurian 
ichnofauna of the lower cretaceous (valanginian–barremian) broome sand
stone of the walmadany area (james price point), dampier Peninsula, Western 
Australia. J Vert Paleontol. 36(1):1–152. doi:10.1080/02724634.2016. 
1269539.

Sander PM, Christian A, Clauss M, Fechner R, Gee CT, Griebeler E-M, 
Gunja H-C, Hummel J, Mallison H, Perry SF, et al. 2010. Biology of the 
sauropod dinosaurs: the evolution of gigantism. Biol Rev. 86:117–155.

Sander PM, Clauss M. 2008. Sauropod gigantism. Science. 322:200–201. doi:10. 
1126/science.1160904 5899

Sarjeant WAS. 1975. Fossil tracks and impressions of vertebrates. In: Frey RW, 
editor. The study of trace fossils: a synthesis of principles, problems, and 
procedures in ichnology. Berlin Heidelberg (Berlin, Heidelberg): Springer; p. 
283–324.

Schlatter L, Nederloff M. 1966. Bosquejo de la geología e paleogeografía de 
Bolivia. Servicio Geologíco de Bolivia, Boletín. 8:149.

Schulp AS, Al-Wosabi M, Stevens NJ, Stepanova A.2008. First dinosaur tracks 
from the Arabian Peninsula. PLoS One. 3(5):e2243.10.1371/journal.pone. 
0002243.PMID: 18493306

Schumacher BA, Lockley MG. 2022. North America’s largest assemblage of Late 
Jurassic dinosaur trackways, a new look at the Purgatoire Valley dinosaur 
tracksite (Dinosaur Lake). Morrison Formation (southeastern Colorado, 
United States): Hist Bio. doi:10.1080/08912963.2022.2081567.

Sciscio L, Belvedere M, Meyer CA, Marty D. 2022. Sauropod trackway morpho
metrics: an exploratory study using highway A16 Excavation at the 
Courtedoux-Tchâfouè Track Site (Late Jurassic, NW Switzerland). Front 
Earth Sci. 10:805442. doi:10.3389/feart.2022.805442

Sempere T. 1995. Phanerozoic evolution of Bolivia and adjacent regions. In: 
Tankard AJ, Suárez-Soruco R, Welsink HJ, editors. Petroleum Basins of 
South America. AAPG Memoir. 62. Tulsa, USA: American Association of 
Petroleum Geologists; p. 207–230.

Sempere T, Arispe O, Bertrand H, Carlotto V, Fornari M, Garcia R, Jacay J, 
Jimenez N, Marzoli A, Meyer CA, et al. 2003. Adelgazamiento litosfeico 
durante el intervalo Pérmico Superior – cretácico Medio en Peru y Bolivia, 
y sus consecuencias para la orogenia andina [Lithospheric thinning during 
the Upper Permian - Middle Cretaceous interval in Peru and Bolivia, and its 
consequences for the Andean orogeny. Revista Técnica YPFB. Vol. 21. La 
Paz, Bolivia: YPFB; 173–199

HISTORICAL BIOLOGY 19

https://doi.org/10.1080/10420949309386371
https://doi.org/10.1007/s12542-021-00562-x
https://doi.org/10.1016/j.jsames.2020.102992
https://doi.org/10.1016/S0040-1951(01)00246-3
https://doi.org/10.1016/0031-0182(72)90049-1
https://doi.org/10.1038/s41598-021-99176-1
https://doi.org/10.1002/mmng.200800008
https://doi.org/10.1002/mmng.200800008
https://doi.org/10.1016/j.cretres.2021.104810
https://doi.org/10.7554/eLife.45204
https://doi.org/10.1080/10420940601050014
https://doi.org/10.1080/10420940601050014
https://doi.org/10.1080/10420940.2012.759115
https://doi.org/10.1080/10420940.2012.759115
https://doi.org/10.1080/02724634.2016.1269539
https://doi.org/10.1080/02724634.2016.1269539
https://doi.org/10.1126/science.1160904
https://doi.org/10.1126/science.1160904
https://doi.org/10.1371/journal.pone.0002243
https://doi.org/10.1371/journal.pone.0002243
https://doi.org/10.1080/08912963.2022.2081567
https://doi.org/10.3389/feart.2022.805442


Sempere T, Carlier G, Carlotto V, Jacay J. 1998. Rifting Pérmico superior- 
Jurásico medio en la Cordillera Oriental de Perú y Bolivia. Memorias XIII 
Congreso Geológico Boliviano. Potosí. 1:31–38.

Sempere T, Carlier G, Soler P, Fornari M, Carlotto V, Jacay J, Arispe O, 
Néraudeau D, Cárdenas J, Rosas S, et al. 2002. Late Permian–Middle 
Jurassic lithospheric thinning in Peru and Bolivia, and its bearing on 
Andean-age tectonics. Tectonophysics. 345:153–181. 1–4 10.1016/S0040- 
1951(01)00211-6

Sempere T, Herail G, Oller J. 1988. Los aspectos estructurales y sedimentarios 
del Oroclino Boliviano. Actas 5° Congreso Geológico de Chile. 1:127–142.

Sereno PC. 1999. The evolution of dinosaurs. Science. 284:2137–2147. 5423 10. 
1126/science.284.5423.2137

Serraiotto A 1977. Relevamiento geológico en los ríos Iruya, Pescado, Porongal y 
afluentes principales. Hoja 6729 . Yacimientos Petrolíferos Fiscales. Servicio 
Nacional de Geologia y Técnico de. MinasMinas: La Paz.

Starck D. 1995. Silurian–Jurassic stratigraphy and basin evolution of north
western Argentina. In: Tankard AJ, Suárez S, Welsink HJ, editors. 
Petroleum basins of South America: AAPG Memoir 62. Tulsa, USA: 
AAPG; p. 251–267.

Suárez Riglos M, Carvalho IS. 2018. Conchostracos cretácicos de La Formación 
Castellon, Subandino Sur de Bolivia. In: Riglos MS, Farjat AD, Ángel Pérez 
Leyton M, editors. Fósiles y Facies de Bolivia. Santa Cruz de la Sierra: 
Sincronía Diseño & Publicidad; p. 114–123.

Thulborn RA. 1990. Dinosaur Tracks. London: Chapman and Hall.
Thulborn RA, Wade M. 1984. Dinosaur trackways in the Winton Formation 

(mid-Cretaceous) of Queensland. Mem of the Queensl Mus. 21:413–517.
Tineo DE. 2017. Sedimentología y estratigrafía del Mioceno de las Sierras 

Subandinas Australes argentinas y su extensión boliviana. Universidad 
Nacional de La Plata.

Tomaselli MB, Ortiz David LD, González Riga BJ, Coria JP, Mercado CR, 
Guerra M, Sánchez Tiviroli G. 2021. New titanosaurian sauropod tracks 
with exceptional preservation of ungueal phalangeal prints from the 
Upper Cretaceous of Argentina. Cretaceous Research. doi:10.1016/j.cre 
tres.2021.104990.

Tomé ME, Araripe R, Oliveira D, Barreto A, Prado L, Pedrosa F, 
Pereira P, Nascimento LR, Ch N. 2022. Early Cretaceous Ostracoda 
(Crustacea) from south-centralAraripe Basin, Brazil with descriptions 
of seven new species. Zootaxa, 5159(4):535–557. http://zenodo.org/ 
record/6786092 

Tomezzoli RN. 1996. Estratigrafía del Grupo Cuevo (Pérmico-Triásico Inferior) 
y del Grupo Tacurú (Jurásico) en las márgenes del río Bermejo (Orán, Salta 
y Tarija, Bolivia). Rev de la Asoc Geol Arg. 51(1–4):37–50.

Torcida Fernández-Baldor F, Díaz-Martínez I, Contreras R, Huerta P, 
Montero D, Urién V. 2015. Unusual sauropod tracks in the 
Jurassic-Cretaceous interval of the Cameros Basin (Burgos, Spain). J of Iber 
Geol. 41(1):141–154. doi:10.5209/rev_JIGE.2015.v41.n1.48660.

Torcida Fernández-Baldor F, Díaz-Martínez I, Huerta P, Montero Huerta D, 
Castanera D. 2021. Enigmatic tracks of solitary sauropods roaming an exten
sive lacustrine megatracksite in Iberia. Sci Rep. 11:16939. doi:10.1038/ 
s41598-021-95675-3 1

Tschopp E, Wings O, Frauenfelder T, Brinkmann WA. 2015. Articulated bone 
sets of manus and pedes of Camarasaurus (Sauropoda, Dinosauria). 
Palaeontol Electron. 18(2, 44A):1–65.

Upchurch P, Barrett PM, Dodson P. 2004. Sauropoda. In: Weishampel DB, 
Dodson P, Osmólska H, editors. The Dinosauria. 2nd ed. Berkeley: 
University of California Press; p. 259–322.

Vila B, Oms O, Galobart A. 2005. Manus-only titanosaurid trackway from 
Fumanya (Maastrichtian, Pyrenees): further evidence for an underprint 
origin. Lethaia. 38(3):211–218.

Vila B, Oms O, Galobart A, Bates KT, Egerton VM, Manning PL. 2013. Dynamic 
similarity in titanosaur sauropods: ichnological evidence from the Fumanya 
dinosaur tracksite (southern Pyrenees). PLoS One. 8(2):e57408.

Vila B, Oms O, Marmi J, Galobart A. 2008. Tracking Fumanya footprints (Maastrichtian, 
Pyrenees): historical and ichnological overview. Oryctos. 8:115–130.

Wagensommer A, Latiano M, Leroux G, Cassano G, D’Orazi Porchetti S. 2012. 
New dinosaur tracksites from the Middle Jurassic of Madagascar: ichnotax
onomical, behavioural and palaeoenvironmental implications. 
Palaeontology. 55(1):109–126.10.1111/j.1475-4983.2011.01121.x

Wagensommer A, Latiano M, Nicosia U. 2010. First report of dinosaur foot
prints from Madagascar: two tracksites from the Middle Jurassic Bemaraha 
Formation. Ichnos. 17:127–136. 2 10.1080/10420941003659527

Weishampel DB, Barrett PM, Coria RE, Le Loeuff J, Gomani ES, Zhao Z, Xu X, 
Sahni A, Noto C. 2004. Dinosaur distribution. In: Weishampel DB, 
Dodson P, Osmólska H, editors. The Dinosauria. 2nd ed. Berkeley: 
University of California Press; p. 517–606.

Wilmsen M, Fürsich FT, Seyed-Emami K, Majidifard MR. 2021. The Upper 
Jurassic Garedu Red Bed Formation of the northern Tabas Block: elucidating 
Late Cimmerian tectonics in east-Central Iran. Int J Earth Sci (Geol 
Rundsch). 110:767–790. 3 10.1007/s00531-021-01988-z

Wilson JA. 2002. Sauropod dinosaur phylogeny: critique and cladistic analysis. 
Zoological J of the Linn Soc. 136:217–276.

Wilson JA. 2005. Overview of Sauropod Phylogeny and Evolution. In: 
Rogers KAC, Wilson JA, editors. The Sauropods: evolution and 
Paleobiology. Berkeley: University of California Press; p. 15–49.

Wilson JA, Carrano MT. 1999. Titanosaurs and the origin of “wide-gauge” 
trackways: a biomechanical and systematic perspective on sauropod locomo
tion. Paleobiology. 25:252–267. 2 10.1017/S0094837300026543

Wilson JA, Sereno P. 1998. Early evolution and higher level phylogeny of 
sauropod dinosaurs. J Vertebr Paleontol. 18(2):1–68.

Wright JL. 2005. Steps in understanding sauropod biology – the importance of 
sauropod tracks. In: Curry Rogers KA, Wilson JA, editors. The sauropods: 
evolution and paleobiology. Berkeley and Los Angeles: University of 
California Press; p. 252–280.

Xing L, Lockley MG, Bonnan MF, Marty D, Klein H, Liu Y, Zhang J, Kuang H, 
Burns ME, Li N. 2015. Late Jurassic-Early Cretaceous trackways of 
small-sized sauropods from China: new discoveries, ichnotaxonomy and 
sauropod manus morphology. Cret Res. 56:470–481.

Xu H, Liu Y-Q, Kuang H-W, Liu Y-X, Peng N. 2017. Jurassic–Cretaceous 
terrestrial transition red beds in northern North China and their implication 
on regional paleogeography, paleoecology, and tectonic evolution. 
Palaeoworld. 26:403–422. 2 10.1016/j.palwor.2016.05.007

Yates AM, Kitching JW. 2003. The earliest known sauropod dinosaur and the 
first steps towards sauropod locomotion. Proc of the Royal Soc of London B. 
270:1753–1758.

You H, Tang F, Luo Z. 2003. A new basal titanosaur (Dinosauria: Sauropoda) 
from the Early Cretaceous of China. Acta Geologica Sinica. 77(4):424–429.

20 G. MÉNDEZ TORREZ ET AL.

https://doi.org/10.1016/S0040-1951(01)00211-6
https://doi.org/10.1016/S0040-1951(01)00211-6
https://doi.org/10.1126/science.284.5423.2137
https://doi.org/10.1126/science.284.5423.2137
https://doi.org/10.1016/j.cretres.2021.104990
https://doi.org/10.1016/j.cretres.2021.104990
http://zenodo.org/record/6786092
http://zenodo.org/record/6786092
https://doi.org/10.5209/rev_JIGE.2015.v41.n1.48660
https://doi.org/10.1038/s41598-021-95675-3
https://doi.org/10.1038/s41598-021-95675-3
https://doi.org/10.1111/j.1475-4983.2011.01121.x
https://doi.org/10.1080/10420941003659527
https://doi.org/10.1007/s00531-021-01988-z
https://doi.org/10.1017/S0094837300026543
https://doi.org/10.1016/j.palwor.2016.05.007

	Abstract
	Introduction
	Geological setting
	The castellón formation in the canyon of the santa ana river

	Materials and methods
	Results
	Surface, tracks and trackway configuration
	Ichnological description
	Tridactyl tracks

	Discussion
	Ichnotaxonomy of SrT3 trackway
	Trackmaker identification of SrT<sub>3</sub> trackway
	Sauropod tracks as palaeoecological proxy

	Conclusions
	Acknowledgments
	Disclosure statement
	ORCID
	References

