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a b s t r a c t

The reconstruction of behavioural patterns performed by non-avian dinosaurs is an important task of
palaeontology in order to globally understand how these animals interacted with their environment.
Their relation with aquatic lifestyles has always been an intriguing question that has been extensively
studied during the last decades, especially focused on some specific groups. The present work describes a
new tracksite with 27 swimming tracks located in a fluvial setting from the Lower Cretaceous Urbion
Group of La Rioja (Spain). They are preserved as natural casts with sizes between 8.5 and 29.2 cm and a
predominant orientation. The tracks have been classified into 6 different morphotypes according to their
morphology, and grouped into 5 different categories depending on the different pes-substrate in-
teractions, following the proposal of Romilio et al. (2013). Some tracks were produced while the animal
was moving in partial or complete buoyancy, and displacement was conducted by water and sediment
impulsion, not just a mere paddling. Other tracks could be impressed in a bottom-walked, when the
trackmaker touched the digit tips on the ground vertically or sub-vertically. This new tracksite confirms
the capabilities of some groups of non-avian dinosaurs to interact with shallow water environments
where they could print their pedes as they moved, either in complete buoyancy or during a displacement
with some vertical component in the water column. It also contributes to the better understanding of
swimming track morphologies as especially dependent on pes-sediment interaction and environment
more than differences in pes configuration itself, causing the high variability of swimming footprints
even when they belong to the same trackway. The classification of swimming tracks and footprints into
categories dependent on the pes-substrate interaction could be a good guiding principle to avoid
problematics about ichnotaxonomical definition.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During the Mesozoic, dinosaurs became one of the most suc-
cessful vertebrates of their time, inhabiting a great variety of niches
rro-Lorb�es).
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on all continents and latitudes (see Benton, 2014). Beginning as
agile predators during the Triassic such as Eoraptor (Sereno et al.,
2012), Herrerasaurus (Novas, 1994), or Nyasasaurus (Nesbitt et al.,
2013), they spread all around the globe occupying almost every
continental environment. Even some evolved members of non-
avian dinosaurs, such as the Paraves, managed to fly (see Pei
et al., 2020; Serrano and Chiappe, 2021). It is important to note
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that non-avian dinosaurs, as well as other well-known groups of
sauropsids, are basically continental animals that, although
adapted to diverse environments, are mostly obliged to terrestrial
locomotion (Benton, 2004). This is confirmed by the abundant
presence of sauropsid tracks and traces from the Permian-Triassic
to the end of the Cretaceous (Lucas and Hunt, 2006; Klein and
Lucas, 2010; Falkingham et al., 2016). Consequently, the vast ma-
jority of the record shows distinctly terrestrial locomotion con-
sisting mainly of the presence of tracks and trackways. However,
that does not always seem to have been the case. Thomson and
Droser (2015) provided data from more than 100 localities with
sauropsid tracks that suggested a swimming behaviour and, inter-
estingly, it seems that this behaviour was more abundant during
the Triassic (Thomson and Lovelace, 2014; Thomson and Droser,
2015), something that has also been reflected in the Iberian
Peninsula record (Navarro and Moratalla, 2018).

The palaeoichnological record of dinosaurs is practically
cosmopolitan and its richness has allowed paleontologists to infer
very significant aspects related to their biodynamics and ethology
(e.g. Whyte and Romano, 2001; Lockley et al., 2018; Navarro-Lorb�es
et al., 2021a), the latter understood as deducing what the track-
maker was doing and where it was, that is, in which sedimentary
environment the tracks studied were produced. Regarding the
latter, it should be mentioned that the formation and, above all, the
preservation of dinosaur footprint sites requires special conditions.
In fact, most of them have been generated in lacustrine, marshy,
fluvial areas, small wetlands, etc., i.e. areas with an abundant
presence of water. So, it is possible to consider that, as happens
with extant terrestrial tetrapods, many non-avian dinosaurs were
capable to swim to a greater or lesser extent, living even in these
humid regions or certain adaptations being selected to easily cross
certain flooded areas.

However, their adaptation to aquatic ecosystems has been the
subject of discussion in recent years. Some discoveries have sug-
gested that at least one clade, Spinosauridae, could have had a
closer relationship with aquatic lifestyle because of their anatom-
ical features (Charig and Milner, 1997; Ibrahim et al., 2014, 2020;
Gimsa et al., 2016; Henderson, 2018; Arden et al., 2019; Gimsa and
Gimsa, 2021; Beevor et al., 2021; Fabbri et al., 2022; Sereno et al.,
2022; Myhrvold et al., 2022) and by isotopic reconstructions of
their diet (Amiot et al., 2010; Goedert et al., 2016; Trapman, 2018;
Henderson, 2018; Hassler et al., 2018; Gimsa and Gimsa, 2021). But,
what happened with the rest groups of dinosaurs? could they
present aquatic abilities?

Trace fossils are the result of an animal's behaviour in a given
environment (e.g., Falkingham, 2014; Melchor, 2015). A true
swimming behaviour could lack of an ichnological correlate if it
implies an animal floating with its entire body weight supported by
the water (Thomson and Lovelace, 2014) and there is no interaction
with the subaqueous substrate. Nevertheless, in ichnology, the
term “swim track” is used when the trackmaker contacts a sub-
aqueous substrate when its body is at least partially buoyed by
water (Lockley et al., 2010; Lee et al., 2019). Therefore, the ichno-
logical record can contribute to answer the questions raised above.
In dinosaurs, swim tracks have been described since the Early
Jurassic (Milner et al., 2006) in both saurischians (e.g., Whyte and
Romano, 2001; Ezquerra et al., 2007; Farlow et al., 2019) and or-
nithischians (e.g., Fujita et al., 2012; Romilio et al., 2013; Riguetti
et al., 2021). These kinds of tracks are difficult to analyze because
they are sometimes incomplete and irregular due to the exceptional
nature of the interaction (Milner and Lockley, 2016). The sum of all
the factors that affect aquatic locomotion e i.e. water level, water
salinity, buoyancy force, irregularities in the subaqueous substrate,
directional water streams, possible diving trackmaker, gravity and
reaction force emakes the swim tracks a particular record that can
2

present consecutive footprints with different features and shapes,
tracks suddenly disappearing due to the loss of contact pes-
substrate, or footprints that reflect poorly the trackmaker auto-
pod morphology (Bennett et al., 2014; Milner and Lockley, 2016).
Fortunately, the dinosaur ichnological record has several examples
of these kinds of tracks and it is possible to observe some inter-
esting patterns (see Milner and Lockley, 2016; Farlow et al., 2018;
and references therein).

Since the 1970s, the Cameros Basin (Late JurassiceEarly Creta-
ceous) has raised as an exceptional area to study dinosaur tracks
and footprints (P�erez-Lorente, 2015). To date, more than 10,000
footprints and more than 170 tracksites have been identified in La
Rioja (P�erez-Lorente, 2015), more than 180 tracksites in Soria
province (Hern�andez-Medrano et al., 2005) and around 20 track-
sites in the Burgos province (Torcida et al., 2001; Torcida
Fern�andez-Baldor et al., 2012, 2021), all of them in sediments of
the Cameros Basin. Among them, only two non-avian dinosaur
swimming tracks had been recognized in the Enciso Group (upper
Barremian-lower Aptian): Icnitas-4 (Pienkowski and Gierlinski,
1987; Casanovas et al., 1993; P�erez-Lorente, 2015) and La Virgen
del Campo-4 (Ezquerra et al., 2007; Ezquerra et al., 2010; P�erez-
Lorente, 2015). The scarcity of dinosaur swimming tracks is not
only relevant in the Enciso Group, but in the whole Cameros Basin
and in the paleoichnological record of the Iberian Peninsula. In
2020 and after days of heavy rains, a rockslide exposed a track-
bearing surface (the Laguna tracksite) (Fig. 1) near the town of
Laguna de Cameros, in the southern part of La Rioja province
(Spain). This tracksite, found in outcrops of the Urbi�on Group
(Valanginian-Aptian), was discovered and reported by a neighbour
of that village (Navarro-Lorb�es et al., 2021b). It preserved 27 natural
casts with lengths between 8.5 and 29.2 cm that present natatory
or pseudo-natatory features. This new finding is important not only
due to the scarcity of dinosaur swimming tracks mentioned before,
but because the Urbion Group presents few dinosaur tracksites
(around 20) when compared with other lithological groups from
the Cameros Basin like Enciso and Oncala (that combined present
more than 200 tracksites) (Díaz-Martínez et al., 2015).

The aim of this work is multiple. First, to describe and analyze
this new record, and compare it with other worldwide non-avian
dinosaur tracks that represent swimming behaviour, leading to
the analysis of how swimming tracks represent an exceptional case
of ichnological record. On the other hand, tracksite location and
conservation state put the tracksite at a serious risk of deterioration
that rendered necessary its digital preservation, a labour that has
been carried out during the last years in other tracksites of La Rioja
(Spain).

2. Geographical and geological setting

The Laguna tracksite is located in the Province of La Rioja
(Spain), near the village of Laguna de Cameros, situated close to the
Leza river. The southeastern riverbank near Laguna de Cameros is
enclosed by steep slopes almost vertical in some parts. The tracksite
appears in one of those areas as a layer exposing its base.

Geologically, it is located in the Cameros basin, a high subsi-
dence basin, produced during the second stage of the Late
JurassiceEarly Cretaceous Iberian Mesozoic Rift (Mas et al., 2002).

The Cameros Basin has been traditionally divided into two main
sectors: the northeastern and the southwestern sectors, which
show important differences in their stratigraphy and evolution. The
tracksite is located in the northeastern sector, which presents very
high rates of subsidence with more than 6500 m of sediments in
the depocentral areas (Martin-Chivelet et al., 2019). The age of
materials in the northeastern sector ranges from Tithonian to Early
Albian (Martin-Chivelet et al., 2019). The deposits of Northeastern



Fig. 1. General view of the Laguna tracksite layer. Natural casts can be observed at the bottom of the layer.
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sector have been traditionally divided into 5 stratigraphic groups:
Tera, Oncala, Urbí�on, Enciso and Oliv�an (Tischer, 1966) and in 8
depositional sequences (DS1eDS8) as proposed by Mas et al.
(2002).

The Laguna tracksite crops out in the Urbi�on Group, which was
deposited during the depositional sequences DS4eDS7 (Mas et al.,
1993). The Urbi�on Group is mainly siliciclastic, with fluvial deposits
composed of sandstones, siltstones and conglomerates that can
evolve laterally to lacustrine carbonates, sands and marls. The age
of the Urbion Group, according to depositional sequences, ranges
from late Berriasian to early Aptian (Mas et al., 2011). The Laguna
tracksite is located in the upper part of Urbion Group, specifically in
the so called Urbion Group D (Mas et al., 1993) deposited during the
DS7 (late Barremianeearly Aptian) (Mas et al., 2004). These de-
posits are mostly siltstones with thin sandstone intercalations,
interpreted as a fluvial system with alluvial plains predominance
and meandering channels (Salinas and Mas, 1990). During the DS7
the materials of the Urbi�on Group, considered as siliciclastic fluvial
deposits, are laterally equivalent to the materials of the Enciso
Group, interpreted as a siliciclastic-influenced lacustrine and pal-
ustrine environment (Mas et al., 1993, 2002, 2011).

The local stratigraphy is composed of a detritic series dominated
by siltstones and sandstones (Fig. 2). Lenticular layers are observed
along the column, with some levels presenting lateral changes in
thickness and rounded bases. This general configuration fits well
with regional interpretations of the Urbi�on Group as a fluvial sys-
tem with alluvial plains and a predominance of meandering
channels (Salinas and Mas, 1990). The footprints are located in a
sandy siltstone layer of 30 cm presenting amore or less tabular base
3

and amore sinuous top of the layer. Lateral changes in thickness are
appreciated but, at least locally, the layer presents continuity.
Footprints are natural casts and they seemed to have been filled in a
slow process indicated by parallel laminations observed in some of
the natural casts (Fig. 3B). The underlying layer (where original
footprints were printed) is a 10 cm of dark grey siltstones with thin
laminations (Fig. 3A). This level presents its major thickness
restricted to the area beneath the natural casts, changing drastically
its thickness in just a few decimetres and becoming a discontinuity
between the top and bottom layers. The configuration of this layer
could fit well with a briefly abandoned channel with a low energy
fill.

3. Conservation of the Laguna tracksite

The Laguna tracksite is situated on the riverbank of the Leza
river, the level base crops out exposing the natural casts of
footprints in a steep slope, with the underlying layer lost. This
fact puts the tracksite conservation in danger, exposing it to
degradation if gravity causes the falling of rocks; the same pro-
cess that allowed their discovery will lead to their destruction
(see García-Ortiz et al., 2014). The weakening of the slope that
will be caused by rock fall and fracturing of materials will
eventually lead to the gravitational fall of the track layer causing
its inevitable damage.

The advances in the scanning and photomodelling techniques
and their implementation in the case of palaeontology dand
especially palaeoichnologyd, provides a suitable way to preserve
the information about the palaeontological heritage. Furthermore,



Fig. 2. Geographical and geological location of the Laguna tracksite. (A) Location of La Rioja in the Iberian Peninsula. (B) Geological map of the southern part of La Rioja, with the main stratigraphical groups of the Cameros Basin
differentiated. (C) Local stratigraphic succession of the study area with the location of the natural casts layer and original tracking surface marked as “Footprint levels”. Modified from Doublet et al. (2003), Su�arez-Gonz�alez et al. (2013)
and Isasmendi et al. (2020).
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Fig. 3. Photographs of A) Detail of the natural casts layer (NCL) white arrow indicating some of the natural casts (NC) and showing the abrupt change in thickness of original
tracking layer (OTL). B) Detail of Laminations (Lm) present in some of the natural casts.
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the digital models not only preserve the information, but also
permit to share it with museums and researchers from all over the
world (Cayla et al., 2014; Díaz-Martínez et al., 2018; Herraiz et al.,
2019; Torices et al., 2020). Consequently, geometrical registration
and 3D modelling have become important tools in order to study
tracks and footprints (Falkingham et al., 2018), expanding the
classical 2D publication and registration of tracks to a three-
dimensional point of view. This improvement is important due to
the fact that any track or footprint presents a three-dimensional
topographic surface (Falkingham et al., 2018) and many times a
three-dimensional inner structure due to their complex origin as a
5

product of complex interaction pes-sediment (Falkingham and
Gatesy, 2014).

The palaeoichnological heritage of La Rioja ddue to the high
amount of tracksites present in the territory and, especially,
because of their situation exposed to weathering and landscape
evolutiond suffers from the problem of its physical conservation.
This issue drove the initiative to digitally register the tracksites as
they are studied and make them accessible to the public via open
repositories. In this respect, the Laboratory for the Geometric
Documentation of Heritage of the University of Basque Country and
the Chair of Palaeontology of the University of La Rioja collaborate
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in the development of a catalog of tracksites of La Rioja, with the 3D
models available through the repository ADDI of the University of
Basque Country (https://addi.ehu.es/) and geolocated in a specific
coverage provided by the Spatial Data Infrastructure (SDI) of the
Government of La Rioja (https://www.iderioja.larioja.org/) (Torices
et al., 2020).

4. Materials and methods

At the Laguna site, 27 swim tracks were identified. The tracks
were labelled as follows: first, the tracksite identification (e.g., “L”
from the Laguna tracksite); and second, separated by hyphen, the
footprint (e.g., “3”). For instance, L-3 is the footprint 3 of the Laguna
tracksite.

Due to the vulnerable situation of the Laguna tracksite in terms
of conservation, it was necessary to generate a photogrammetric 3D
model, in order to register and preserve the information of this
brittle site for the current study and future uses (do take into ac-
count the difficult accessibility to the area and that it is dangerous
due to rock falls).

In this case, for photogrammetric modelling the following steps
were taken.

- Creating a topographic reference network all around the sur-
rounding area to locate it in the official coordinate and reference
system (UTM zone 30 in ETRS89) and scale it properly.

- Photographic record of the tracksite and its near surroundings.
- Three-dimensional modelling of the tracksite.
- Delivery of the models to the La Rioja Government database and
publication in an open data repository (see the last section about
“open data sources”).

4.1. Establishment of topographic reference

As a previous step to the unambiguous and accurate location of
the site, it is necessary to establish a network of marks with precise
coordinates in the reference coordinate system. The reference
network consists of two types of points.

- 3 ground permanent benchmarks are defined by means of steel
nails. These points are used to reference the tracksite into the
official coordinate system and remain on site in case it is
necessary to return to the site in the future. The observationwas
performed bymeans of GNSS receivers (Topcon Hiperpro), i.e., by
satellite positioning.

- 9 control points for photogrammetric reference, consisting of
3 � 3 cm methacrylate targets that were temporally installed
over the site and its boundary. The coordinates of these points
were obtained by means of measures from a total station (Leica
TCE 1205)dset up and oriented in the official coordinate system
thanks to the ground permanent benchmarksd and were
removed after the photographs were taken.

All in all, the internal precision of the network defined by the
control points is 3 mm, good enough for the purposes of the three
dimensional modelling.

4.2. Photographic record

A Panasonic DC-GX800 camera provided with LUMIX G VARIO
12e32 mm F3.5e5.6 lens was used. The photographs were taken
with extensive overlapping between the shots, which facilitates
the work of the correlation algorithms run during the modelling
phase.
6

4.3. 3D modelling

The photogrammetric model was generated using the software
Agisoft Metashape®. The software works in successive steps: (1)
relative alignment of the images and generation of a sparse point
cloud of the represented area, (2) point cloud densification, (3)
messing, (4) texturing and (5) georeferencing. Next, from the three-
dimensional models, it is possible to derive new products such as
orthographic (2D) representations; either with photographic
texture or with a hypsometric scale of colours that highlights the
shape of the footprints (Fig. 4A,B).

4.4. Footprint orientation

The trackmaker movement patterns were examined by plotting
with PAST 4.03. In a rose diagram (following Díaz-Martínez et al.,
2020), the orientations of individual tracks were plotted due to
the absence of clearly preserved individual trackways (Fig. 4C). In
tracks where the anterior and posterior surfaces of the track are
recognized, the track direction is measured as the angle between
the course of the animal's movement, using the axis of the track
that is located along the digit III impression, and a local 0� (not
respect the magnetic North). For convenience, track direction was
oriented in a rose diagram relative to the nature of the exposure:
the projection into/out of the cliff represented in the 0�e180� axis
(being the 0� the out of the cliff orientation), and across the cliff
represented in the 90�e270� axis.

4.5. Depth profiles

Following the methodology of Romilio et al. (2013) where the
authors stablished different patterns of proximal-distal depth
profiles for dinosaur swimming footprints, the depth profiles of the
natural casts of the Laguna tracksite were analysed. These profiles
can help to understand the peculiar shapes and morphologies of
swimming tracks and footprints, probably linked to the distinctive
pes motions during their generation. Once the 3D model was
generated, longitudinal topography profiles of the digit impressions
were performed using the slice tool in ParaView 5.10.1 (Fig. 5). In
order to be more comprehensive when describing footprint gen-
eration processes, the depth profiles obtained from the natural
casts were inverted (Fig. 5), simulating the depth profiles of the
original footprints. The positions where the depth profiles were
performed are indicated in Fig. 5.

5. Footprint description

The footprints of the Laguna tracksite are preserved as convex
hyporeliefs in a decametric sandy-clay layer. Originally, the track-
makermodified a 10 cmmarly-siltstone level which is the tracking-
surface (sensu Forn�os et al., 2002). Moreover, some natural casts
have preserved longitudinal scale scratch marks or drag marks.
Scale scratch marks (sensu Milner et al., 2006) are millimetric
parallel striations that are usually found in true tracks (or natural
casts) and indicate the direction of both digits and pes motion. This
is due to the impression of both pes morphology and motion, when
the digits, scales and other irregularities of the skin can leave lon-
gitudinal striations of different sizes. These features, added to the
homogeneous lithology of the casts and the presence of parallel
infill laminations (Fig. 3B) allow to interpret the studied materials
as natural casts (infillings of true tracks). In total, 27 footprints have
been recognized (Fig. 4A-C). Although some of them have similar
morphology (see next section), there are no identified clear track-
ways. The dimensions of the Laguna tracksite (Fig. 4) are not

https://addi.ehu.es/
https://www.iderioja.larioja.org/


Fig. 4. Detail of the Laguna tracksite. A) Orthographic projection and normal. B) Hypsometric projection and normal. C) Graphical representation of footprint orientation in a rose diagram.
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Fig. 5. Different images of the best representatives of each Morphotype described in the tracksite: A) Morphotype 1 (L-12). B) Morphotype 2 (L-10). C) Morphotype 3 (L-9). D)
Morphotype 4 (L-20). E) Morphotype 5 (L-14). F) Morphotype 6 L-5). Each morphotype is represented with 3 different images: Top left: Captures of different footprints taken from
the hypsometric projection and normal model. Scale bar: 10 cm. Top right: Photographies of the footprints taken in the tracksite. Scale bar: 10 cm. Bottom: Proximal-distal depth
profiles of each digit impressions. The depth profile is represented inverted, in order to reflect real footprint profile. The position of each depth profile is represented by lines in top
left images.
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excessively large but it presents a relatively high footprint density
(5.91 footprints per square meter). Taking into account the rose
diagram information (Fig. 4C), the tracks present a predominant
direction of 30� (local angular value).
8

5.1. Footprint morphology

According to the general morphology, footprints have been
divided into 6 morphotypes.
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- Morphotype 1 (L-12, L-13, L-17, L-18, L-19, L-25) (Fig. 5A): The
tracks are 25e30 cm long and around 15 cmwide. They present
parallel impressions of two or three digits, scale scratch lines
(sensu Milner et al., 2006), evidence of claw impressions in the
distal parts and depressions in the proximal part of the foot-
print, whichwould represent sediment accumulation in the true
tracks. The best preserved of them are L-13 and L-12, which are
located in the middle part of the tracksite. Their depth profile
has a steeped proximal part with a flat base in the first third of
the footprint and a slope to the distal end, being deeper in the
proximal area.

- Morphotype 2 (L-10, L-6) (Fig. 5B): The footprint of this mor-
photype shows a traditional theropod footprint configuration. It
is mesaxonic and has three digit impressions converging in a
“heel”. Moreover, it has elongated digit impressions (specially
digit III) and evidence of sediment accumulation in the proximal
part behind the “heel”. Its depth profile is similar toMorphotype
1, being steeped in its proximal part, presenting a slope to the
distal part and with the proximal area deeper (Fig. 5B, Table 1).

- Morphotype 3 (L-2, L-3, L-4, L-8, L-9, L-11) (Fig. 5C): Footprints
with an elongated distal impression of digit III (or claw
impression) and short digit II and IV impressions, sometimes
showing just an oval or subcircular shape. Their depth profile
presents a long slope from the distal part to almost the proximal
end, reaching its deeper part in this area, and then a steeped
proximal edge. The sediment accumulation behind the “heel” is
also present but not as evident as in Morphotypes 1 and 2
(Fig. 5C, Table 1).

- Morphotype 4 (L-20, L-21) (Fig. 5D): Footprints with similar
lengths and widths, even in some cases being wider than long.
They present impressions of the three digits, with digit III longer
than the other two, but all of them show especially wide shapes.
These digit impressions show rounded shapes distally, with
slight mesaxony. The proximal end of the footprint is abrupt,
Table 1
Measurements taken in the Laguna tracksite. max L: Footprint maximum length. maxW: F
impression length. IV L: Digit IV impression length. II W: Digit II impression width. III
impression proximal depth. III distD: Digit III impression distal depth. min IIeIII: Minim
between digit II and III impressions. min IIIeIV: Minimum distance between digit III and
Distances measured in cm.

max L max W O II L III L IV L II W III W IV W

L-1 8.5 41 8.5 3.6
L-2 15.1 11.2 28 11.7 15.1 4.2 2.6 2
L-3 12.2 4 73 12.2 4
L-4 11.9 14.1? 62 7.2 11.9 2.5? 3.1 4.1 2.5
L-5 10.6 3.7 18 10.6 3.7
L-6 23.4? 12.4 22 17 23.4? 4.7 4.6?
L-7 63
L-8 17.6 12.3 37 7.1 17.6 7.8 3 3.1 2.9
L-9 13.9 14.6 30 6.9 13.9 6.3 2.5 4.8 3.3
L-10 27.1 10 62 ?? ?? ?? ?? ?? ??
L-11 8.8 9.2 �5 5.2 8.9 3.0? 2.5 3.8 2
L-12 29.2 16.2 37 22.5 29.2 23.6 3.9 4.1 4.5*
L-13 25.8 14.1 31 20.6 25.8 4.5 5.76
L-14 16.5 11.9 60
L-15
L-16
L-17 54
L-18
L-19 4
L-20 13.9 18.2 8 6.73 12 13.9 2.9 6.1 3.6
L-21 14 9.9 52 9.1 12 7.1 2.5 3.3 3.2
L-22 46
L-23
L-24 71
L-25 62
L-26 26
L-27
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with the three digit impressions ending in the same line and
sediment accumulation backward in the best-preserved foot-
print (L-20). Their depth profile is similar to Morphotype 3 with
a slope from the proximal part and proximal steeped end
(Fig. 5D, Table 1).

- Morphotype 5 (L-14, L-24) (Fig. 5E): Into this morphotype are
classified those footprints that show a more or less defined
tridactyl footprint contour, but present grooves (ridges in the
natural casts) deeper than the rest of the pes impression. They
present abrupt proximal and distal ends, being the proximal
ones the deepest. Their base is almost flat with a slight slope
that reaches their deeper part in the proximal part of digit III
impression.

- Morphotype 6 (L-1, L-5, L-22) (Fig. 5F): Impressions of isolated
digits (probably digit III) that sometimes present shallower
impressions of digits II and IV.

- Undefined (L-23, L-26, L-27): They are classified as footprints
due to their presence as elevations in the slab, but they are
poorly preserved. Moreover, the slab presents some subcircular
irregularities that could be caused by sedimentmobilization due
to water flow as the pes paddle near the sediment but not
touching it (L-16, L-15, L-7).

6. Discussion

6.1. Different Lower Cretaceous swimming traces from the Cameros
Basin

Swim tracks present great morphologic variations due to the
processes implied in their production (Whyte and Romano, 2001;
Romilio et al., 2013; Milner and Lockley, 2016). Because of this is
difficult to assess a specific producer as it occurs in many tracks
produced during terrestrial locomotion. The morphology of swim
tracks reflects complex dynamic processes that mask the main
ootprint maximumwidth. O: Orientation. II L: Digit II impression length. IIIL: Digit III
W: Digit III impression width. IV W: Digit IV impression width. III proxD: Digit III
um distance between digit II and III impressions. max IIeIII: Maximum distance

IV impressions. max IIIeIV: Maximum distance between digit III and IV impressions.

III proxD III distD min IIeIII max IIeIII min IIIeIV max IIIeIV

1.53 0.11

2.96 0.65
3.09 1.45 2 2.9 2.3? 2.3?
2.26 0.65
2.26 1.35 1.2 3.4?

2.2 1.17 0 1.9 0 1.8
2.51 1.07 2.9 2.9 3.2 3.2
2.36 0.44 ?? ?? ?? ??
1.19 0.68 1.1 1.1 1.2 1.2
4.28 1.64 0 1.8 0 1.5
4.03 1.16 0 1.5
5.01 2.86

3.52 2.98

4.99 2.76
2.01 1.25 1.2 1.2 0.5 0.5
3.32 1.74 0.5 0.5 0 1.2
2.65 2.03

5.12 4.58
1.62 2.06
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features of the animal feet. Just some features can be recognized
(digit thickness, foot width or claw and scale impressions) and
sometimes, even these features are difficult to measure and
recognize if the sediment conditions are not suitable for their
impression or there is an important lateral component in the
movement.

The paleoichnological record of the Cameros Basin (La Rioja,
Soria and Burgos provinces) makes this area one of the better places
in the world to study non-avian dinosaur tracks and footprints.
More than 250 tracksites (see Hern�andez-Medrano et al., 2005;
Torcida Fern�andez-Baldor et al., 2012; P�erez-Lorente, 2015) located
to date, only two of them show evidences of swimming non-avian
dinosaurs (both in the Enciso Group). The Laguna tracksite would
be the third record for the Cameros Basin, and the first one at the
Urbi�on Group.

The scarcity of tracksites with swimming evidence even in such
an ichnological rich area shows the exceptional nature of this kind
of footprints. The first interpretation of swimming behaviour in the
Enciso Group was made in the track EVP12, located in the Icnitas-4
tracksite (La Rioja) of the complex Villar-Poyales (Pienkowski and
Gierlinski, 1987; Casanovas et al., 1993; P�erez-Lorente, 2015). It is
composed by five footprints (EVP12.1-EVP12.5) that show a curious
shape evolution along the track: the first footprint (EVP12.1) pre-
sents a common morphology made by terrestrial locomotion, with
the pes morphology reflected in the impression showing three
digits of regular proportions convergent in the proximal area. The
second one (EVP12.2) has elongated digits, interpreted as the
product of the foot slipping in the mud (P�erez-Lorente, 2015). The
third footprint (EVP12.3) shows three elongated roughly parallel
toe impressions not convergent in the proximal area. These parallel
impressions are a common feature in swimming tracks, being one
of the definitory features in the ichnogenus Characichnos (Whyte
and Romano, 2001). The last two footprints (EVP12.4 and
EVP12.5) have tip toe and claw impressions with a characteristic
mud elevation in the back, probably due to the traction generated
during the interaction pes-substrate, again a common feature in
some non-avian dinosaur swimming tracks. The trackway shows an
evolution of the conditions from the first footprint presenting the
highest sole pressure in the sediment (P�erez-Lorente, 2015) and
progressively less pressure between pes and sediment due to
buoyancy force, with the second and third footprints showing
sliding toe and claw impressions and the last two presenting just
drag marks of claws and sediment accumulation backwards.
Several studies have interpreted this tracksite as evidence of a
dinosaur transitioning from walking to swimming in a submerged
slope (Pienkowski and Gierlinski, 1987; Casanovas et al., 1993;
P�erez-Lorente, 2015).

EVP12 was the first tracksite of the Cameros Basin attributable
to non-avian dinosaurs swimming behaviour, but years later
another example of non-avian dinosaur swimming trackway was
published in this exceptional area. The track (4LVC17) is located in
La Virgen del Campo-4 tracksite (La Rioja) and is one of the best
examples of non-avian dinosaur swimming tracks worldwide. The
footprints show a theropod swimming into a leftward water cur-
rent (Ezquerra et al., 2007; Ezquerra et al., 2010; P�erez-Lorente,
2015; Milner and Lockley, 2016). This trackway presents a set of
S-shaped scratch marks; showing claw impressions of two or three
fingers (Ezquerra et al., 2007) (Fig. 6). This track is distinctive due to
the orientation of the left and right sets of footprints. The left ones
are parallel to the trackway axis, while the right ones have an
approximate orientation of an inward rotated angle of 40� to the
trackway axis. The peculiar distribution of right and left footprints
is added to information extracted from ripple crests direction, be-
ing calculated a slow water current from the leftside at ~30� of
trackway axis (Ezquerra et al., 2007). Combined information led the
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authors to the conclusion that the animal was swimming into a
leftward water current with the body orientated approximately at
20� to the left of the trackway axis (Ezquerra et al., 2007). Other-
wise, a rotation of right pes at 40� of the sagittal plane of the animal
would have been anatomically difficult to justify (Ezquerra et al.,
2007). The footprints present features similar to those of Char-
acichnos, with parallel toe and claw impressions not convergent,
and sediment accumulation around the scratch marks. The foot-
prints are very similar in their characteristics along the track,
showing a similar water level along the tracking surface, differen-
tiating this track from the one of Icnitas-4, where the animal
entered into a submerged slope, progressively loosing contact with
the sediment while it began to swim.

The Laguna tracksite adds one more example of dinosaur
swimming tracks to the paleoichnological record of the Cameros
Basin. The variety of morphologies present in the three tracksites
(Icnitas-4, La Virgen del Campo-4 and Laguna) allow to observe the
heterogeneity of this kind of tracks, probably caused by the
different factors and physical complexities involved in the gener-
ation of swimming tracks: water level, buoyancy force, irregular-
ities in the subaqueous substrate, directional water streams,
displacements of the centre of buoyancy, gravity and reaction force.

6.2. Track formation dynamics

The morphotypes described in the Footprint description section
have been classified into five categories according to the track-
maker posture, grade of interaction pes-sediment and track depth
profile following the proposal of Romilio et al. (2013), but with
some modifications. The idea of this section is to link the Laguna
morphotypes (footprints with morphological common features)
and other morphologies present in the Cameros Basin swimming
tracks with their biodynamic origin, in order to explain the
different morphologies present in footprints with a similar bio-
dynamical generation (swimming). The categories proposed by
Romilio et al. (2013) have been applied in this classification, but
including a new category and adding a variant to Category 2 based
in the track morphologies seen in the Laguna tracksite.

- Category 1: Into this group are included footprints known
typically as “scratch marks”, where the biomechanical interac-
tion between pes and sediment is minimal or almost minimal.
This minimal interaction is related to the low influence that it
has in the displacement of the animal, being the displacement
highly performed by paddling or classical swimming. Into this
group would be classified the majority of 4LVC17 track foot-
prints, such as 4LVC17-7 (Fig. 6A), which present morphologies
typical of the ichnogenus Characichnos as being two to three
parallel straight or sinusoidal marks with a light sediment
elevation in their contours but without posterior relevant
sediment elevation. Romilio et al. (2013) already related 4LVC17
to this Category 1 for those footprints of the track that show
longitudinal scratches with a more or less symmetrical depth
profile, with slopes in the proximal and distal parts. The pos-
terior elevation showed by some swimming footprints (like
some examples of the Laguna tracksite as Morphotype 1 and
4LVC17-4, Fig. 6B) reveals amore functional interaction between
pes and sediment, having a higher influence in the animal
displacement. This “backward” sediment elevation would
discard a footprint from Category 1 in this paper proposal.

- Category 2: There are no evidences of footprints within this
category in the Laguna tracksite nor in other deposits of the
Cameros Basin, being described by Romilio et al. (2013) as “three
circle-shaped impressions in dorsal view, with steep distal and
proximal margins in the track depth profile width.” These tracks



Fig. 6. Photographs of 4LVC17 swimming footprints: A) 4LVC17-7 footprint. B) 4LVC17-4 footprint.
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were made by a buoyant trackmaker which pes entered and
exited the sediment in an almost unguligrade position, with
vertical movement and very little longitudinal component. As
noted by Romilio et al. (2013), some footprints within this
category can show proximal or distal drag marks made by the
digits and/or unguals.

- Category 3 (Morphotypes 1 (Fig. 5A) and 2 (Fig. 5B) of the
Laguna tracksite and 4LVC17-4 (Fig. 6B)) (Fig. 7B):Usually pre-
sent elongated digital impressions, some of them with rounded
elevations in the proximal part of the track. Their depth profile
shows a steeped proximal part and a slope to the distal part or a
similar depth profile but with a more or less horizontal base
located in the proximal area. The trackmaker placed the pes
more vertically at the proximal part during the touchdown
phase, probably due to the sediment resistance progressively
raised by sediment compaction during pes movement (Romilio
et al., 2013) and partial leg extension or due to the presence of a
slight slope thatmade the pes-substrate interaction shallower in
the distal part and deeper in the proximal one. This category
implies a deep interaction of pes-substrate scratching the sub-
strate with the digits. The Morphotype 1 of the Laguna tracksite
presents two to three elongated digit impressions, mesaxonic in
the distal part and truncated in the proximal one. The sediment
elevation (depression in the natural casts) is present immedi-
ately behind the footprint (Fig. 5A) with steeped proximal re-
gion and a slope in the distal part. Morphotype 2 (Fig. 5B)
footprints present elongated digit impressions and sediment
accumulation in the proximal part, the generation of footprints
into this morphotype would have implied more contact of the
pes with the substrate, impressing the “heel”.

- Category 4 (Morphotypes 3 (Fig. 5C), 4 (Fig. 5D) and 6 (Fig. 5F) of
the Laguna tracksite) Fig. 7A: The tracks are generally composed
11
of one to three subcircular to elliptical impressions in apical
view. The digit III impression is the most developed and the
deeper one (highest in the natural cast), with the track depth
profile showing steeped proximal and distal margins. These
tracks have been formed when the autopod entered in contact
with the substrate (touch-down phase sensu Thulborn and
Wade, 1989) in a subunguligrade position and craniocaudally
movement. After that, the pes exited (weight-bearing and kick-
off phases sensu Thulborn and Wade, 1989) the sediment in an
almost vertical position with little longitudinal component. The
range of movement described by the pes during footprint gen-
eration determines the elongation of digit impressions, from
shapes just oval or subcircular to more elliptical ones. However,
there are differences into this category that can lead to the
definition of two subcategories: while in the Laguna Morpho-
type 3 the trackmaker lightly scratched the substrate with the
distal part of the digits in the kick-off phase when propelling
forward in amore digitigrade position (new Category 4A, Fig. 5C,
Fig. 7A), in Morphotypes 4 and 6 the trackmaker made a more
vertical pressure with a more unguligrade contact during the
weight-bearing phase that could allow short and wide digital
impressions (new Category 4B, Figs. 5D, 5F).

- Category 5 (Morphotype 5 (Fig. 5E)) (Fig. 7C): The footprints
indicate a different position of the pes during the touch-down
phase and kick-off phase, with a more plantar-digitigrade
impression in the moment of contact (leaving the tridactyl pes
contour impression) and a more unguligrade position of the pes
when it left the substrate, leaving the impression of the exiting
point of digit III in a proximal position. The exiting point is also
the deepest part of the footprint, with lateral digits deepening in
the substrate, leaving drag marks from the initial position to the
final. This category is different from those proposed by Romilio



Fig. 7. Hypotheses for the different footprint group formation, with successive steps of foot movement and the generation of the depth profiles and footprint shape in apical view. A:
Category 3 formation hypothesis. B: Category 4A formation hypothesis. C: Category 5 formation hypothesis.

Fig. 8. Location of each morphotype in the tracksite surface.
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et al. (2013), so it is considered here as a new category. Never-
theless, the Category 3b of Romilio et al. (2013) shows some
common features, such as the trydactil-like contour, the distal
position of the digits in the touch-down phase, and the more
proximal position during the kick-off phase. Themain difference
is that Category 3b of Romilio et al. (2013) is produced with an
12
unguligrade entrance of the pes in the sediment and the distal
lengthening of the footprint when the digits exited (something
similar to the case described by Gatesy et al., 1999), and in the
newCategory5 the exitingpoint is located in theproximal area of
the footprint, somethingpossible if buoyancy is present, allowing
the existence of a vertical component in the animal movement.
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Indeed, the classification of swim tracks into categories depen-
dent on the pes-substrate interaction is a good guiding principle to
avoid problematics with ichnotaxonomical definitions. During
more than a decade, the only monospecific ichnogenus related to
non-avian dinosaur swimming tracks was Characichnos trydactilus
(Whyte and Romano, 2001). The original ichnogenus definition and
subsequent works have noted that this ichnotaxon can be related
not only to theropods but to various groups of vertebrates swim-
ming ((Milner and Lockley, 2016) and references therein), produced
by any trackmaker that used three digits to impress parallel ridges
or traces (Lockley and Foster, 2006). In this case, the Categories 3
and 4 share almost all the features proposed in the Characichnos
diagnosis, so, those tracks could be classified as C. trydactilus. On
the other hand, the tracks of the Category 1 present some of the
features characteristic of the ichnogenus Characichnos, but for
example the trackway 4LVC17 presents two rows of tracks, but not
parallel to each other as proposes the diagnosis of the ichnogenus.
The features of these tracks, which are well preserved, could be
used either to amend the diagnosis of Characichnos, or to propose a
new ichnospecies within this ichnogenus. Finally, the Categories 2
and 5 are outside of the diagnosis of Characichnos, therefore it could
be considered if it is also a variability and the diagnosis would have
to be amended, or if it is truly a new ichnogenus. Considering that
an ichnotaxonomic revision of swimming tracks is necessary,
together with the difficulty of cases where tracks belonging to the
same pathway can be labelled as different ichnotaxa (Lockley and
Foster, 2006), we have considered classifying traces from the
Laguna tracksite as Characichnos-like pending further findings and
works.

The length of the tracks is very variable (from 8.5 to 29.2 cm)
and mainly depends on the trackmaker posture and the movement
that it made when touching the substrate. The tracks of Category 3
are longer than those belonging to Category 4 and 5. In the former,
the trackmaker touched the substrate subvertically and scratched it
with the digits horizontally during pes movement. Nevertheless,
the trackmakers of Category 2 and 4 touched the substrate in a
subunguligrade posture producing high vertical pressure and little
horizontal movement, and in Category 5 the pes has a more
plantar-digitigrade impression when touching the substrate and a
vertical component when lifting it. In this case, the width of the
tracks is a more conservative measure. All the width data taken
from footprints with 3 digit impressions are between 9.2 and 18.2.
The highest width values range from 14.1 to 18.2 cm, while the rest
are in the range of 9.2 to 12.3 cm. If the assumption of the posture
and movement of the pes affects in less proportion the wideness of
the track, and the width of the track would be correlated with the
width of the pes, it is possible to deduce that the footprints at this
tracksite were left by trackmakers of similar pes configuration, but
with two different sizes. It is difficult to confirm if this differences in
size are related to different taxa or ontogenetical-sexual differences
of the same taxon.

The morphology and formation dynamics of the studied tracks
are particular and different from those expected by an animal
walking in a subaerial substrate. In general, they have clear digit
impressions (whit different configurations) and lack “heel” im-
pressions. These features have been related in the literature to
tracks made in aquatic environments (e.g., Whyte and Romano,
2001; Romilio et al., 2013; Thomson and Droser, 2015; Milner and
Lockley, 2016), so we propose that the Laguna tracks were made
underwater by swimming animals.

6.3. Trackmakers and behaviour inferred from the studied tracks

Swim tracks have been related to several groups of Mesozoic
vertebrates. Pseudosuchians leave tracks similar to those studied
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here, but normally they are tetradactylsepentadactyls and present
a quadrupedal gait arrangement (e.g., Vila et al., 2015; Navarro and
Moratalla, 2018; Castanera et al., 2022). Swimming tracks of turtles
have short and parallel claw impressions, and are smaller and also
tetradactylepentadactyl (e.g., Avanzini et al., 2005; Kim and
Lockley, 2016). Pterosaurs only impressed the pes tracks when
swimming and they are tetradactyls (Lockley and Wright, 2003;
Lockley and Schumacher, 2014). Nevertheless, some ichnogenera
related to swimming Crocodylomorpha can show morphologies
similar to those generated by non-avian dinosaurs, in part because
of the extramorphological dependence of this kind of tracks. Ich-
nogenera like Hatcherichnus (Foster and Lockley, 1997) related to
swimming or bottom-walking crocodylomorphs, can show tridac-
tyl pes impressions in some individual tracks, when just three digits
are clearly marked. But the digit impressions tend to be short in
length due to the presence of an interdigital web connecting digits
IIeIV (Lockley et al., 1992; Avanzini et al., 2010), a feature that is not
present in the natural casts of the Laguna tracksite. The manus
impressions of Hatcherichnus are trydactil, with impression of
digits IeIII, being digit I and II impressions nearly parallel and
slightly separated from digit III, being the latter the longest one
(Foster and Lockley, 1997; Avanzini et al., 2010). There are no ex-
amples in Laguna tracksite of non-mesaxonical trydactil footprints
that could correspond to Hatcherichnus manus impressions, and
there are no evidences of tetradactyl pes impressions. Other
swimming crocodylomorph ichnogenera like Indosuchipes
(Rajkumar et al., 2015), Antisuchipes (Mustoe, 2019) or Kangyuam-
pus Lockley et al., 2010 and Laiyangpus (Lockley et al., 2010) show
tetradactyl pes impressions with no mesaxony and use to be
associated with manus impressions. Among crocodylomorph
swimming tracks, the most similar morphologies to some of the
Laguna tracks can be found in the ichnogenus Albertasuchipes
(McCrea et al., 2004), with trydactil pes impressions that are very
similar to Morphotype 1-Category 3 Laguna tracks. This similarity
can be caused by the nature of footprint generation: both made by
an animal partially buoyed up in aquatic conditions (McCrea et al.,
2004). However, Albertasuchipes pes footprints are associated with
manus impressions, usually located immediately anterior to pes
(McCrea et al., 2004). . The size and configuration of the Laguna
trackswith tridactyl, mesaxonic pes impressions and the absence of
manus and tetradactyl pes footprints makes non-avian tridactyl
dinosaurs the most plausible trackmakers for the Laguna tracksite.
While large ornithopod swimming tracks have three separated,
broad and rounded distal digit impressions, and lack plantar im-
pressions (Fujita et al., 2012; Moklestad et al., 2018), small ornith-
opod ones are similar to those made by theropods: one to three
elongate, parallel sets of distal phalangeal digit or/and claw im-
pressions which may be straight, gently curved or slightly sinuous
(sensu Whyte and Romano, 2001; Milner and Lockley, 2016). Sharp
claw impressions have been generally related to theropod swim-
ming tracks (Milner et al., 2006; Ezquerra et al., 2007; Xing et al.,
2013) and were classified within the ichnogenera Characichnos
and Paravipus (Whyte and Romano, 2001;Mudroch et al., 2011). But
indeed, sharp claw traces were also found in some small ornith-
opod swimming trackways, such as in Wintonopus (sensu Romilio
et al., 2013; but see also Thulborn, 2013 for other interpretations)
and tracks similar to Dinehichnus (Lockley and Foster, 2006). In this
sense, it is not possible to assign the Laguna tracks to a particular
group of dinosaurs, so we relate them to undetermined bipedal
dinosaurs.

Swim tracks are produced when the animal is partially or
completely submerged in water with the body buoying and the pes
(and sometimes other parts of the body) entered in contact with
the subaqueous substrate (Milner and Lockley, 2016; Farlow et al.,
2018; Lee et al., 2019). McAllister (1989) and McAllister and Kirby
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(1998) proposed a series of criteria for the identification of foot-
prints that had potentially been produced in an underwater envi-
ronment: 1) reflecture of digits; 2) Z traces; 3) kick-off scours; 4)
impressions of only digital tips; 5) absence of a regular locomotion
pattern, etc. (see Navarro and Moratalla, 2018 for further reading).
In a broad sense, swim tracks can be divided into two groups
respecting the position of the trackmaker in the water sheet:
buoyancy tracks and punting tracks. Buoyancy tracks are produced
by animals floating on the water surface that touch the subaqueous
substrate with their autopod tips (e.g., Romilio et al., 2013; Milner
and Lockley, 2016). Although they are also identified in sauropods
and ankylosaurus (e.g., Farlow et al., 2018; Riguetti et al., 2021),
they are the typical swim tracks related to bipedal dinosaurs
characterized by subparallel long slender grooves and were usually
classified as Caracichnos (Whyte and Romano, 2001; Milner et al.,
2006; Ezquerra et al., 2007). Moreover, these tracks are useful to
know the bathymetry of that area because the acetabular height of
the trackmaker would be approximately the thickness of the water
(Melchor, 2015). On the other hand, punting tracks are those
impressed in subaquatic locomotion (bottomwalking) inwhich the
animal pushes off the bed of awater bodywith its limbs tomaintain
forward motion (Martinez et al., 1998; Bennett et al., 2014). Punting
has been applied across several extinct and extant tetrapods as
crocodilians (Farlow et al., 2018; Lee et al., 2019; Mustoe, 2019),
turtles (Gaillard et al., 2003; Avanzini et al., 2005), undetermined
Permian vertebrates (Brand and Tang,1991), placodonts (Xing et al.,
2020) and hippopotami (Bennett et al., 2014), but not yet in non-
avian dinosaurs.

In tracksites with swimming tracks of different sizes and pres-
ervation (e.g., Whyte and Romano, 2001; Romilio et al., 2013; Xing
et al., 2013; Farlow et al., 2018) changes in thewater level have been
proposed to explain the presence of these diverse tracks at the
same tracking surface. As commented above, considering the wide
of the tracks of the Laguna, their trackmakers present, at least, two
different sizes. This could be explained in two different ways: 1)
The footprints were made in two different moments, with variation
of the water level. 2) The trackmakers were able to move vertically
in the water column. L-14, which is quite a complete pes track,
allows calculating the acetabular height with footprint length
(16.5 cm). Applying Alexander (1976) approach (acetabular
height ¼ 4*Footprint length) the trackmaker, and hence the water
level, was at least 66 cm.

The tracks of Category 3 (morphotypes 1 and 2) are located in
the central area of the tracksite (Fig. 8) and due to their morphology
and formation dynamics can be related to buoyancy tracks, but the
reduced extension of the tracksite does not make it possible to
ensure if it is a consequence of different water depth areas or a
coincidental conservation-behaviour bias. They are classified as
Category 3 of Romilio et al. (2013) in which the scratches of the
digits in the substrate were formed while the animal body moved
partially or completely buoying with a mixed sediment and water
impulsion and not just a mere paddling. Within the Laguna track-
site, tracks of Category 4 (morphotypes 3, 4 and 6) are on the sides
of Category 3. The morphology of these tracks is very different from
the typical swim tracks. They are similar to those studied by
Romilio et al. (2013) (categories 2 and 4) interpreted as small or-
nithopods buoying. Here, we propose two different hypotheses for
the formation of these tracks: 1) variations in the water column or
changes in the position of the animal from a more buoyant position
or submerged one could provoke the impression of just the claws or
the tips of the digits; and 2) the trackmaker, which would be
bottom-walked, touched the digit tips on the ground vertically or
sub-vertically to balance an unstable pattern of gait or to maintain
the forward momentum of the glide alternating phases of thrust
and glide through the water. If we consider no differences in the
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water level and the size of the trackmakers, hypothesis 1 would be
the most correct option and Category 3 and 4 tracks are the
consequence of variation in the buoyancy swimming. However,
considering that the general shape and formation dynamics of
Category 4 tracks are similar to the called prod-marks shown by
Bennett et al. (2014) for punting swimming hippos and very
different from those of Caricichnos-like tracks, we propose that the
trackmakers have a different swimming behaviour. In addition to
prod-marks, Bennett et al. (2014) observed other tracks which had
the impression of the plantar-digital surface more developed in
bottom-walk hippopotami. The tracks of Category 5 (morphotype
5), which are located on the tracksite close to Category 3 ones,
present the same features cited by Bennett et al. (2014). Therefore,
in our opinion, it is necessary to explore through new ichnological
and other palaeontological evidence the possibility that at least
some dinosaurs could move underwater and not just float as pre-
viously thought.

6.4. Possible dinosaur trackmakers and swimming strategies

Almost since the beginning of palaeontology, dinosaurs were
related to aquatic ecosystems (Owen, 1841). Even many years later,
this possibility continued to be considered. For instance, sauropods
had been restricted to inhabit the water (aquatic or semiaquatic)
due to their immense size and their particular anatomical features
(see Romer, 1966; Coombs, 1975). Some hadrosaurs were consid-
ered amphibious due to their anatomy and feeding in swampy
pools or at their margins (see Osborn, 1912; Romer, 1966; Morris,
1981). Most of these hypotheses have been ruled out over the
years (see Alexander, 1985; Henderson, 2004) but other new pro-
posals have been pointed out. Interestingly, Tereschenko (2008)
summarized some anatomical features that would prove the
adaptation of some neoceratopsian to aquatic life (see also Ford and
Martin, 2010). The possible relationships with the aquatic envi-
ronments of theropods (members of dromaeosaurids, ornithomi-
mosaurs and spinosaurids) are an interesting subject of discussion
(Lee et al., 2014; Ibrahim et al., 2014, 2020; Cau et al., 2017; Fabbri
et al., 2022). Particularly, the habitat of spinosaurids is paying a lot
of scientific attention in the last few years. Anatomical (Ibrahim
et al., 2014, 2020; Vullo et al., 2016; Arden et al., 2019), osteolog-
ical (Aureliano et al., 2018; (Fabbri et al., 2022)) and isotopic (Amiot
et al., 2010; Goedert et al., 2016; Trapman, 2018; Henderson, 2018;
Hassler et al., 2018; Gimsa and Gimsa, 2021) data seem to show that
at least part of the spinosaurids (i.e. Spinosaurus and Baryonyx) have
had adaptations to aquatic life (but see also Henderson, 2018; Hone
and Holtz, 2021; Sereno et al., 2022 for other interpretations).

The dinosaur ichnological record hoards evidence of swimming
from at least the Lower Jurassic (Milner et al., 2006). Manus-only
and manus-dominated trackways had been originally associated
with sauropods swimming with the forelimb touching the bottom
and the hindlimb floating (Bird, 1944; Ishigaki, 1989; Farlow et al.,
2019; Demathieu et al., 2022). Nevertheless, some of these track-
ways have been questioned and explained by the under-tracking
hypothesis (e.g., Vila et al., 2005; Ishigaki and Matsumoto, 2009;
Falkingham et al., 2011, 2012). Other manus-only trackways have
been also proposed for swimming ankylosaurids (Riguetti et al.,
2021). Swim trackways have been also cited for both large (Fujita
et al., 2012; Moklestad et al., 2018) and small ornithopods
(Lockley and Foster, 2006; Romilio et al., 2013). Regarding thero-
pods, there are many examples, summarized in Milner and Lockley
(2016), which show Caracichnos-like swimming tracks. This record
is abundant since the LowereMiddle Jurassic (e.g., Whyte and
Romano, 2001; Milner et al., 2006), long before the appearance of
the mentioned above theropod clades with aquatic adaptations.
Nevertheless, all these examples of swimming tracks are typical
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ones left by animals through buoying on a water surface and do not
mean that they have adaptations to aquatic life, but rather that they
have the ability tomove at least circumstantially through thewater.
On the other hand, bottom-walking is known for extant aquatic and
semi-aquatic animals (Lee et al., 2019) such as crabs (Martinez et al.,
1998), chondrichthyans (Koester and Spirito, 2003; Maia et al.,
2012), turtles (Zug, 1971; Avanzini et al., 2005), crocodiles (Farlow
et al., 2018), hippopotami (Bennett et al., 2014). If Category 4 and
5 tracks were made by a trackmaker punting, it would imply the
capability of some non-avian dinosaurs to perform a bottom-walk
behaviour, a behaviour already known to be performed by other
groups.

The diversity of medium-sized bipedal dinosaurs in the Iberian
Peninsula during the Early Cretaceous is mainly composed of three
theropod groups, and two groups of small ornithopods: 1) Spino-
saurids have raised during the last decades as a very successful
group in Europe and especially in the remains found all along the
Iberian Peninsula. Their skeletal remains had led to the identifica-
tion of Baryonyx (Fuentes-Vidarte et al., 2001; Mateus et al., 2011)
as well as the description of two new spinosaurid species: Valli-
bovenatrix cani (Malafaia et al., 2020) and Iberospinus natarioi
(Mateus and Estraviz-L�opez, 2022). The maxilla fragment previ-
ously assigned as belonging to Baryonyx walkeri by Viera and
Torres, 1995, is now classified as Baryonychinae indet. (Isasmendi
et al., 2022) and could indicate the presence of a new bar-
yonychine taxon in the Early Cretaceous of Iberia. In addition,
Camarillasaurus was classified as a basal ceratosaur (S�anchez-
Hern�andez and Benton, 2014) but in the last years, new studies
have classified these remains as belonging to a spinosaurid and no
longer a ceratosaur (Rauhut et al., 2019; Barker et al., 2021; Samathi
et al., 2021). Besides the mentioned skeletal remains, isolated spi-
nosaurid teeth and bones are very common fossil remains in the
Lower Cretaceous of the Iberian Peninsula (e.g., Pereda-Suberbiola
et al., 2012; Alonso and Canudo, 2016; Gasca et al., 2018; Mateus
and Estraviz-L�opez, 2022; Isasmendi et al., 2022). 2) Carchar-
odontosaurids are also present in the Lower Cretaceous of the
Iberian Peninsula with the definition of Concavenator corcovatus
(Ortega et al., 2010; Cuesta et al., 2018a,b, 2019) and the recovery of
isolated teeth (Alonso et al., 2018) and skeletal remains (Gasca et al.,
2014). 3) Ceratosaurs have been reported from the Late Jurassic of
Portugal by findings of their isolated teeth as well as dental remains
assigned to cf. Abelisauridae in the Cenomanian of Algora. 4) Small
to medium sized ornithopods from the Iberian Peninsula are
referred to basal Euornithopods (previously classified into the
paraphyletical family “Hypsilophodontidae”) and Dryosaurids
(Pereda-Suberbiola et al., 2012 and references therein).

If part of the tracks studied herein were made by an aquatic or
semiaquatic animal, and taking into account the above-mentioned
state of knowledge about dinosaur adaptations of aquatic life,
maybe spinosaurids could be a good candidate as trackmaker of the
Laguna footprints.

7. Conclusions

The discovery of the new the Laguna tracksite in the Urbi�on
Group (Lower Cretaceous) is very significant given the scarcity of
non-avian dinosaur swimming tracks in the fossil record. The 27
studied footprints were classified into 6 morphotypes due to their
morphology. Moreover, thesemorphotypes were categorized into 5
categories based on the interaction pes-sediment and track depth
profile: Category 1, footprints with two to three elongated and
subparallel scratch marks, where the biomechanical interaction
between pes and sediment is minimal or almost minimal, with no
evidence of traction in the proximal part in form of elevated sedi-
ment and depth profiles with distal and proximal slopes, the
15
deepest part located between them; Category 2, penetrative digit
impressions with subcircular contour in apical view, presenting a
steeped proximal and distal depth profile and in some cases
showing proximal and/or distal drag marks; Category 3, elongated
subparallel fingerprints, some of them with rounded elevations in
the proximal part of the footprint, with a depth profile that shows
generally a steep proximal part and a slope towards the distal part;
Category 4, one to three subcircular to slight elongate impressions
in apical view, with the digit III impression the most developed and
the deeper one (highest in natural casts), with the track depth
profile showing steeped proximal and distal margins; and the new
Category 5, more or less defined tridactyl footprint contour, but
present grooves, deeper than in a common tridactyl footprint.
While Category 3 tracks were formedwhile the animal bodymoved
partially or completely buoying with a mixed sediment and water
impulsion and not just a mere paddling, Categories 2, 4 and 5 could
be impressed during a bottom-walk behaviour, when the track-
maker touched the digit tips on the ground vertically or sub-
vertically to balance an unstable pattern of gait or to maintain the
forward momentum.

The studied tracksite of Laguna, produced by an undetermined
bipedal non-avian dinosaur, provides new information about the
swimming capabilities of this group of vertebrates, and how the
high variability of this kind of footprints is more related to motion
and behaviour rather to different anatomical features present in the
trackmaker. This fact also emphasizes the problem of how to clas-
sify this kind of tracks, being an interesting option for the charac-
terization of tracks and footprints into categories depending on the
pes-substrate interaction in order to avoid ichnotaxonomical
problems in multishaped swimming track assemblies where more
than one ichnogenera could be recognized.

Open data sources

The 3D model of the exposed stratum dand an additional cast
located in a fallen rockd containing the tracks are available,
together with the descriptive report of the photogrammetric
documentation (in Spanish) at the open repository of the University
of the Basque Country (ADDI) https://addi.ehu.es/handle/10810/
53971 (Rodríguez-Miranda and Valle-Mel�on, 2021).

Data availability

Data will be made available on request.
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De Lôme, D., L€otgers, H. (Eds.), Der Jura und Wealden in Nordost-Spanien,
Beihefte zum Geologischen Jahrbuch, 44, pp. 123e164.

Torcida, F., Izquierdo, L.A., Montero, D., P�erez, G., Uri�en, V., 2001. Primera cita de
huellas de saur�opodos en Burgos (Espa~na). In: Colectivo Arqueol�ogico-Paleon-
tol�ogico Salense (Ed.), Actas I Jornadas internacionales sobre Paleontología de
Dinosaurios y su entorno, Salas de los Infantes, Burgos, pp. 427e434.

Torcida Fern�andez-Baldor, F., Díaz-Martínez, I., Huerta, P., Contreras-
Izquierdo, R., Izquierdo Montero, L.A., Montero Huerta, D., Uri�en-Montero, V.,
2012. Estudio previo del yacimiento de icnitas de dinosaurios de Las Sereas
(Cuenca de Cameros, Jur�asico Superior-Cret�acico Inferior). In: Huerta
Hurtado, P., Torcida Fern�andez-Baldor, F., Canudo Sanagustín, J.I. (Eds.), Actas
V Jornadas internacionales sobre Paleontología de Dinosaurios y su entorno,
pp. 197e204.

Torcida Fern�andez-Baldor, F., Díaz-Martínez, I., Huerta, P., Montero Huerta, D.,
Castanera, D., 2021. Enigmatic tracks of solitary sauropods roaming an extensive
lacustrine megatracksite in Iberia. Scientific Reports 11 (1), 16939.

Torices, A., Valle Mel�on, J.M., Elorriaga Aguirre, G., Navarro-Lorb�es, P., Rodríguez-
Miranda, A., 2020. Multiscale geometric 3D recording of palaeontological her-
itage in La Rioja (Spain): regional context, sites, tracks and individual fossils.
Journal of Iberian Geology 46, 465e474. https://doi.org/10.1007/s41513-020-
00132-1.

Trapman, T.H., 2018. Stable Isotope Analysis of Theropod Teeth from the Kem Kem
Beds, North Africa-Niche Differentiation Among Large Predatory Dinosaurs
(Master's thesis).

Viera, L.I., Torres, J.A., 1995. Presencia de Baryonyx walkeri (Saurischia, Theropoda)
en el Weald de La Rioja (Espana), Nota previa. Munibe 47, 57e61.

Vila, B., Oms, O., Galobart, �A., 2005. Manus-only titanosaurid trackway from
Fumanya (Maastrichtian, Pyrenees): further evidence for an underprint origin.
Lethaia 38 (3), 211e218.

Vila, B., Castanera, D., Marmi, J., Canudo, J.I., Galobart, �A., 2015. Crocodile swim
tracks from the latest Cretaceous of Europe. Lethaia 48 (2), 256e266.

Vullo, R., Allain, R., Cavin, L., 2016. Convergent evolution of jaws between spino-
saurid dinosaurs and pike conger eels. Acta Palaeontologica Polonica 61 (4),
825e828.

Whyte, M.A., Romano, M., 2001. A dinosaur ichnocenosis from the Middle Jurassic of
Yorkshire, UK. Ichnos 8, 223e234.

Xing, L.D., Lockley, M.G., Zhang, J.P., Milner, A.R.C., Klein, H., Li, D.Q., Persons IV, W.S.,
Ebi, J.F., 2013. A new Early Cretaceous dinosaur track assemblage and the first
definite non-avian theropod swim trackway from China. Chinese Science
Bulletin 58, 2370e2378. https://doi.org/10.1007/s11434-013-5802-6.

Xing, L., Klein, H., Lockley, M.G., Wu, X.C., Benton, M.J., Zeng, R., Romilio, A., 2020.
Footprints of marine reptiles from the Middle Triassic (Anisian-Ladinian)
Guanling Formation of Guizhou Province, southwestern China: the earliest
evidence of synchronous style of swimming. Palaeogeography, Palae-
oclimatology, Palaeoecology 558, 109943.

Zug, G.R., 1971. Buoyancy, Locomotion, Morphology of the Pelvic Girdle and Hin-
dlimb, and Systematics of Cryptodiran Turtles. In: Miscellaneous Publications
Museum of Zoology, University of Michigan, 142, pp. 1e98.

http://refhub.elsevier.com/S0195-6671(23)00044-7/sref97
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref97
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref97
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref97
https://doi.org/10.1371/journal.pone.0014642
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref99
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref99
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref100
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref100
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref100
https://doi.org/10.1007/s41513-018-0068-0
https://doi.org/10.1007/s41513-018-0068-0
https://doi.org/10.1038/s41598-021-02557-9
https://doi.org/10.1038/s41598-021-02557-9
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref103
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref104
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref104
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref104
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref105
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref105
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref105
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref105
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref105
https://doi.org/10.1038/nature09181
https://doi.org/10.1038/nature09181
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref107
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref107
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref107
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref108
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref108
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref108
https://doi.org/10.1016/j.cub.2020.06.105
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref110
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref111
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref111
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref111
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref112
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref112
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref112
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref112
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref113
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref113
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref113
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref113
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref114
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref114
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref114
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref114
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref115
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref115
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref115
http://hdl.handle.net/10810/53971
http://hdl.handle.net/10810/53971
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref117
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref117
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref118
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref118
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref118
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref118
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref118
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref119
https://doi.org/10.1080/08912963.2021.18743.72
https://doi.org/10.1080/08912963.2021.18743.72
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref121
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref122
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref122
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref122
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref122
https://doi.org/10.7554/eLife.80092
https://doi.org/10.1016/j.cub.2021.03.058
https://doi.org/10.1016/j.cub.2021.03.058
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref125
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref126
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref126
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref126
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref127
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref127
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref127
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref127
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref128
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref129
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref129
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref129
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref129
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref130
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref130
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref130
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref130
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref131
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref132
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref133
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref134
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref134
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref134
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref134
https://doi.org/10.1007/s41513-020-00132-1
https://doi.org/10.1007/s41513-020-00132-1
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref136
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref136
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref136
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref137
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref137
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref137
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref138
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref138
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref138
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref138
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref138
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref139
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref139
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref139
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref139
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref140
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref140
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref140
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref140
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref141
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref141
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref141
https://doi.org/10.1007/s11434-013-5802-6
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref143
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref143
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref143
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref143
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref143
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref144
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref144
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref144
http://refhub.elsevier.com/S0195-6671(23)00044-7/sref144

	Dinosaur swim tracks from the Lower Cretaceous of La Rioja, Spain: An ichnological approach to non-common behaviours
	1. Introduction
	2. Geographical and geological setting
	3. Conservation of the Laguna tracksite
	4. Materials and methods
	4.1. Establishment of topographic reference
	4.2. Photographic record
	4.3. 3D modelling
	4.4. Footprint orientation
	4.5. Depth profiles

	5. Footprint description
	5.1. Footprint morphology

	6. Discussion
	6.1. Different Lower Cretaceous swimming traces from the Cameros Basin
	6.2. Track formation dynamics
	6.3. Trackmakers and behaviour inferred from the studied tracks
	6.4. Possible dinosaur trackmakers and swimming strategies

	7. Conclusions
	Open data sources
	Data availability
	Acknowledgements
	References


