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ARTICLE
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ABSTRACT—Forelimb posture in sauropod dinosaurs is still poorly understood. Although a laterally directed (semisupi-
nated) manus is the plesiomorphic condition in sauropodomorphs, the sauropod track record prevailingly shows anterolat-
eral to anterior manus orientations, suggesting a high degree of manus pronation. The ?Middle Jurassic Tafaytour
tracksites described herein preserve at least 10 trackways, nine of which show laterally oriented, and in two examples even
posterolaterally oriented, manual impressions. Located in the Argana Basin of the Western High Atlas, Morocco, the
tracksite yields hundreds of footprints on a highly bioturbated surface, including examples with well-preserved digit and
claw impressions. Footprint morphology and trackway configuration vary greatly between trackways. A literature review
indicates that laterally directed manual impressions are restricted to small- and medium-sized trackmakers. Statistical ana-
lysis was performed on a larger sample (n¼ 79) of small sauropod trackways from around the world, indicating that lateral
manual orientations are correlated with low locomotion speeds and narrow trackway gauges. Manus pronation in sauro-
pods is hypothesized to occur when the forelimb is actively contributing to the propulsion of the animal, which would be
the case at faster speeds or at wider trackway gauges where the center of mass is located more anteriorly. We present
new approaches to the quantitative analysis of trackway data. Mean configuration plots allow for direct graphical compari-
sons of different trackways. Two types of trackway asymmetries are defined and quantified. The apparent glenoacetabular
distance (GAD) represents a feasible proxy for body size, at least for the smaller sauropod trackmakers analyzed herein.
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INTRODUCTION

One of the most notable events in the evolution of herbivor-
ous nonavian dinosaurs is the transformation from the plesio-
morphic obligatory bipedal to a quadrupedal mode of
locomotion. Such secondary quadrupedalism is rare in tetrapod
evolution, occurring only in silesaurids and in several dinosaur-
ian lineages, including thyreophorans, ornithopods, ceratop-
sians, and sauropodomorphs (Remes, 2008; Maidment and
Barrett, 2012; VanBuren and Bonnan, 2013). The plesiomor-
phic condition in the tetrapod forearm is semisupination, i.e.,
animals with a parasagittal limb posture would show a laterally
facing manus if it was not for additional anatomical adaptations
that rotate the manus to a more anterior orientation (Bonnan,
2003). Therian mammals possess the ability to actively pronate
their forearm by pivoting the radius around the ulna; as a

result, the radius crosses the ulna in anterior view (Darcus and
Salter, 1953; Bonnan, 2003). Pronation allows for anteriorly
directed digits, which can be used to generate forward thrust
during quadrupedal locomotion (Bonnan and Senter, 2007). In
dinosaurs and all other tetrapod groups apart from mammals
and chameleons, full pronation is not possible (Bonnan, 2003;
VanBuren and Bonnan, 2013; Hutson, 2014). Indeed, bipedal
dinosaurs such as basal sauropodomorphs and theropods prob-
ably were unable to rotate their manus in a way so that the
palm of the hand is facing ventrally (e.g., Bonnan, 2003;
Bonnan and Senter, 2007; Milner et al., 2009; Mallison, 2010a,
2010b), raising the question if, and how, an anterior manus
orientation was achieved in secondarily quadrupedal dinosaurs.

Reconciling sauropod forelimb osteology with manual print
orientations has proved to be difficult (Bonnan, 2003).
Articulation of the limb elements would suggest a semisupi-
nated manus orientation, as proposed by Borsuk-Białynicka
(1977) for the titanosaur Opisthocoelicaudia. Such a manus
orientation, however, is at odds with the track record, which
indicates a much more pronated manus (Bonnan, 2003).
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According to Bonnan (2003), the manual supination angle
ranges from as little as 5�–10� to as much as 55� in known
sauropod trackways. Trackway evidence for a semisupinated
manus was lacking until recently. In the few existing reports
(Ishigaki, 1985, 2007, 2009; Marty, 2008; Xing et al., 2010, 2013,
2014a, 2015a, 2015b, 2016a; Kim and Lockley, 2012; Zhang
et al., 2012; Marty et al., 2013; Enniouar et al., 2014; Mazin
et al., 2016), this conspicuous feature was often considered a
mere curiosity and comparisons with similar tracks from other
parts of the world have rarely been made.
The ?Middle Jurassic Tafaytour tracksites in Morocco described

herein yield at least 10 trackways of small- to small medium-sized
sauropod trackmakers, including nine trackways with unusually
high manual supination angles, exceeding 100� in three examples.
This indicates that these sauropods walked with semisupinated
forelimbs, which is the plesiomorphic condition in dinosaurs. Here,
we aim to provide a detailed description of the Tafaytour sauropod
trackways based on high-resolution photogrammetric data.
Statistical analyses were performed on the Tafaytour trackways
and other small- to small medium-sized (pedal impression length
<60 cm) sauropod trackways (n¼ 79) from around the world, in
order to test for covariation of independent trackway parameters,
with special emphasis on the manual supination angles.
Furthermore, we present and discuss new approaches for the
quantitative study of sauropod dinosaur trackways.

LOCALITY

The present site consists of two, nearly vertically oriented
roadcut surfaces along the national road between Agadir and

Marrakech, near Tafaytour, ca. 14 km WSW of Imi-N-Tanout
(Fig. 1). The site is located within the Argana Basin, a
70� 20 km large, NNE–SSW trending depositional area on the
southwestern margin of the Western High Atlas mountain
range, which exposes Permian, Triassic, and Jurassic continen-
tal deposits (Tixeront, 1974). The tracksites have been referred
to the Ameskroud Formation, which is between 100 and 500 m
in thickness and can be divided into two members, the lower
Imerhrane Member and the upper Ait Mbarek Member
(Enniouar et al., 2014). The Imerhrane Member is around 70
m in thickness and consists of playa mudstones, siltstones, and
sandstones. The Ait Mbarek Member consists of quartzite con-
glomerates deposited by braided river systems (Enniouar et al.,
2014). The present tracksites have been generally considered
to be part of the Imerhrane Member, which is Middle Jurassic
in age (Jenny et al., 1981; Ishigaki, 2007, 2009; Enniouar et al.,
2014). However, a possible Lower Cretaceous age of the track-
sites cannot be excluded at present (Soulaimani and Ouanaimi,
2011; A. Fekkak, pers. comm., November 2017).

Discovered during construction of the road in 1980 or 1981,
the tracks were briefly reported by Jenny et al. (1981). The
tracksites were studied by one of us (S.I.) in 1984, 1988, and
2009, when six trackways were identified (Ishigaki, 1985, 2007,
2009). Enniouar et al. (2014) provided illustrations and a brief
description of the two clearest trackways (herein, Trackways
A1 and A2, as explained below). The majority of footprints,
and nine of the 10 trackways, occur at Tracksite A (31�605200'N,
8�5805500W), which is 54 m in length and up to 6 m in height.
The layers dip at ca. 80� toward the north. The bed containing
the tracks is 15 cm in thickness, consists of red or gray-white
fine sandstone, and is sandwiched between massive red silt-
stone beds (Ishigaki, 2007). Tracksite B, located 750 m east of
Tracksite A (31�604900N, 8�5802800W), is only 1.5 m in length
and 5 m in height and contains a single trackway (Ishigaki,
2007). As in Tracksite A, the track-bearing layer is a fine sand-
stone sandwiched between red and massive siltstone beds dip-
ping at approximately 80� toward the north; the sandstone is
gray-white in color and 50 cm in thickness (Ishigaki, 2007).
Henceforth, we refer to the nine trackways of Tracksite A as
Trackways A1–A9, with the numbering based on the position
of the trackways from west to east, and to the single trackway
of Tracksite B as Trackway B1.

D�ıaz-Mart�ınez et al. (2010) provided several examples of
dinosaur tracksites in the Central High Atlas of Morocco that
had been degraded by weathering and erosion in recent years.
Degradation can occur as continuous and gradual weathering
of the whole surface, slowly erasing the topography of the
tracks (Henderson, 2006b), or as patchy, localized erosion of
larger pieces. In order to assess alteration of Tracksite A, we
compared photographs taken by one of us (S.I.) in 1988 with
our more recent data from 2015. Although effects of gradual
weathering are not apparent, the site was affected by localized
mechanical removal of parts of the tracking layer. Destroyed
parts include a large section measuring 140� 60 cm in area,
which contained the excellently preserved fifth left manual
impression (LM5) of Trackway A1 (Fig. S8 in Supplementary
Data 1), as well as a smaller area measuring 60� 25 cm, which
previously contained LM1 of Trackway A1. The shape and
location of both now missing impressions have been recon-
structed based on the 1988 data. Erosion, however, also uncov-
ered many new footprints at the base of the roadcut since
1988, including one new trackway (Trackway A9). The vulner-
ability of ichnological sites highlights the value of three-dimen-
sional digitalization techniques such as photogrammetry, which
allow for securing large amounts of scientific data in short
amounts of time (e.g., Bennett et al., 2013).

FIGURE 1. Geographic location of the Tafaytour tracksites in Morocco.
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MATERIALS AND METHODS

Terminology

Terminology in this work follows, unless otherwise noted,
that of Leonardi (1987) and Marty (2008). ‘Small-sized’ sauro-
pod footprints are defined to be <50 cm in length following
Marty (2008), whereas ‘small medium-sized’ tracks are
50–60 cm in length. A variety of terms exist to describe the
rotation of a footprint relative to the direction of travel
(Thulborn, 1990). The term ‘positive rotation’ describes a rota-
tion away from the trackway midline, whereas ‘negative
rotation’ refers to a footprint pointing toward the trackway
midline (Leonardi, 1987). Although commonly used, these
terms are ambiguous and are often used in the converse sense
(Thulborn, 1990). The alternative terms ‘inward rotation’ and
‘outward rotation’ are unambiguous. For dinosaur manual
prints, however, they may lead to the incorrect perception that
the manus has been rotated away from an originally anterior
(pronated) orientation, despite the fact that a lateral (supi-
nated) manual orientation is plesiomorphic for quadrupedal
dinosaurs. We here follow Bonnan (2003) in employing the
term ‘supination angle’ for sauropod manual tracks, where the
fully pronated, and thus anteriorly directed, manus has a supin-
ation angle of 0�. In inward rotated manual tracks, the manual
supination angle is negative. The terms ‘anterior,’ ‘posterior,’
medial,’ and ‘lateral’ are used to describe location and orienta-
tion of footprints relative to the trackway midline but refer to
the footprint axis when the morphology of the footprints them-
selves is described.
Gait terminology in this work follows that of Hildebrand

(e.g., Hildebrand, 1965, 1980, 1989; see also Biknevicius and
Reilly, 2006, for a review), which, according to Pfau et al.
(2011), reflects the current consensus in studies dealing with
different groups of tetrapods. It has to be noted that studies on
fossil tracks often use a different terminology, which frequently

becomes a source of confusion. The ‘primitive alternate pace’
and the ‘amble,’ as defined in Leonardi (1987:48), are, respect-
ively, termed a ‘walking trot’ and a ‘pace’ in Hildebrand’s clas-
sification scheme.

Photogrammetry and Measurements

Tracksite A was photogrammetrically documented by two of
us (J.N.L. and O.W.) during the field trip of the First
International Congress on Continental Ichnology, held in El
Jadida in April 2015. Our description of Tracksite B is based
on data collected by one of us (S.I.) in 1988. For the photo-
grammetry of Tracksite A, two sets of photographs made by
two separate cameras (a Sony DSC-RX100M2 and a Canon
EOS 70D) were taken simultaneously, each aiming to cover
the whole track surface. The photographs were taken under
stable light conditions without direct sunlight and approxi-
mately perpendicular to the track surface; a camera extension
pole was used to reach the higher sections of the surface. The
model was scaled based on two meter sticks placed on opposite
ends of the surface. The on-site photogrammetric documenta-
tion was completed within 1 hour. Our photogrammetric model
was calculated based on a total of 383 photographs (data pro-
vided via figshare; see Table 1). Despite the two independent
sets of photographs, a small region at the base of the surface
remained poorly resolved as a result of insufficient coverage by
close-up photographs. The inclusion of additional photographs
made at the same time by other members of the field trip
improved the resolution, whereas photographs made at differ-
ent dates lead to a diminished model quality, probably due to
different light conditions. For future work, we suggest taking at
least three independent sets of photographs at larger tracksites
to avoid insufficient photographic coverage. Poorly resolved
regions in models generated using the first set can then easily

TABLE 1. Additional data available via figshare.

Description Size URL

Photographs used for 3D model generation 2.96GB http://dx.doi.org/10.0.23.196/m9.figshare.5766348
Photogrammetric 3D Models (.ply) 458MB http://dx.doi.org/10.6084/m9.figshare.5766366
Orthophoto 186MB http://dx.doi.org/10.6084/m9.figshare.5766372
High-resolution sitemaps 209MB http://dx.doi.org/10.6084/m9.figshare.5766384

Data analyzed herein, Tracksite A.

FIGURE 2. Photogrammetric orthophoto and site map of Tafaytour Tracksite A, showing Trackways A1–A9, five possible, unnumbered track-
ways, and many footprints without a clear trackway association. A, photogrammetric orthophoto. B, interpretative site map with recognized track-
ways highlighted in red and possible additional trackways in highlighted in blue.
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be improved by including matching photographs from subse-
quent sets of photographs.
The photogrammetric model itself as well as orthophotos

were generated using Agisoft PhotoScan Professional 1.0.4
(www.agisoft.com), following the general procedure outlined in
Mallison and Wings (2014). The horizontal plane of the model
was automatically determined using the free software
CloudCompare 2.6 (www.cloudcompare.org). Depth-color
maps were generated using the free software ParaView 5.0
(www.paraview.org). A combination of orthophotos and depth-
color maps highlighted both the topography and the texture of
the track surface, allowing for the detection of trackways that

had not been noted before, as well as for the generation of a
detailed site map (Figs. 2, 3; Figs. S2–S6 in Supplementary
Data 1). Photogrammetric models, orthophotos, and depth-
color maps used for analysis are available in full resolution via
figshare (Table 1).

Trackway parameters and footprint dimensions were calcu-
lated based on xy-coordinates taken from the combined depth-
color maps and the site map using the free software Inkscape
0.48 (www.inkscape.org). Five coordinates were defined for
each footprint, describing the footprint length, footprint width,
and the footprint center (usually the intersection between both
lines), with the latter being used as the reference point for

FIGURE 3. Detail of the easternmost section of Tafaytour Tracksite A, showing Trackways A1 and A2 in detail. A, photogrammetric orthophoto.
B, photogrammetric depth-color map, where the deepest parts are shown in blue and the highest in red. C, interpretative site map, with Trackways
1 and 2 as well as part of Trackway 3 highlighted.
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calculating trackway parameters. The coordinates were then
processed with a specially designed spreadsheet written in the
free software LibreOffice Calc 5.1 (www.libreoffice.org), in
order to automatically calculate all footprint and trackway
parameters employed herein, as well as to calculate mean con-
figuration coordinates (see below).
All measurements are defined as indicated in Figure 4. We

make a distinction between the ‘manus-pes distance’ (MPD) as
defined in Farlow et al. (1989), which is measured between the
reference points of manual and pedal prints of a couplet, and
the parallel manual-pedal print distance (MPDp) defined
herein, which removes the effects of divergent mediolateral
positions of the manual and pedal prints. Although Marty
(2008) defined the pedal rotation and manual supination angles
based on the stride line toward the subsequent track only, we
here calculate footprint rotation based on the subsequent, the
precedent, and the opposite stride line and take the mean of
these three values. In order to quantify the medial to lateral
positions of the manual prints relative to the pedal prints of a
given set, we define a new parameter, the pedal-manual print
angle (PMA), which is measured between the line connecting
the pedal prints with the following manual print and the adja-
cent stride line (see ‘Trackway Asymmetries’). Absolute loco-
motion speed is calculated according to Alexander
(1976), using the formula v � 0.25g0.5SL1.67h�1.17, where
v¼ locomotion speed (m/s), g¼ gravitational constant
(9.81 m/s2), SL¼ stride length (m), and h¼ hip height (m),
which can be estimated as four times pedal print length. Given
the marked variability in pedal print lengths in the present
tracksites, we here employ the apparent glenoacetabular dis-
tance (GAD) as an independent proxy for trackmaker body

size. Three separate formulae have been suggested to calculate
GAD in sauropods, each assuming a different gait of the track-
maker (see ‘Trackway-Based Body Size Estimators’ for
details). Although these different approaches give differing
estimations of total body size, they are here found to provide
reliable estimates of relative body size. When not indicated
otherwise, we measured GAD according to the formula MPDp
þ3/4SL.

Statistical Analysis

Statistical tests were carried out in the free programming
environment R 3.2.5 (R Development Core Team, 2016) using
a significance level of p¼ 0.05 and include the Shapiro-Wilk
test for normal distribution, the F-test for equality of variances,
and the Student’s t-test for the equality of means (see Hammer
and Harper, 2006, for an overview). Mean configuration coor-
dinates (see below) were calculated using LibreOffice Calc and
plotted using the free software GnuPlot 4.6 (www.gnu-
plot.info).

In our comparative statistical analysis, we analyzed the 10
Tafaytour trackways as well as other small-sized sauropod
trackways based on data taken from the literature (Lockley
et al., 1986, 2002a, 2002b, 2004, 2006, 2014; Lim et al., 1989;
Lockley and Santos, 1993; Dalla Vecchia, 1994; Meyer et al.,
1994; Gierli�nski and Sawicki, 1998; Lee et al., 2000; Dalla
Vecchia et al., 2001; Huh et al., 2003; P�erez-Lorente, 2003; Day
et al., 2004; Nicosia et al., 2007; Marty, 2008; Gonz�alez Riga
and Calvo, 2009; Castanera et al., 2011; Xing et al., 2011, 2013,
2014a, 2014b, 2014c, 2015a, 2016b, 2016c, 2016d, 2016e; Kim
and Lockley, 2012; Marty et al., 2013; Fern�andez-Baldor, 2015;
Mazin et al., 2016), resulting in a total of 79 trackways
(Supplementary Data 2). Besides Morocco, the included track-
ways come from Switzerland, Germany, England, France, Italy,
Croatia, Spain, Portugal, China, Korea, the U.S.A., Argentina,
and Bolivia and range from the Lower Jurassic to the Upper
Cretaceous. We restricted the analysis to small-sized and small
medium-sized trackways (pedal print length <60 cm), in order
to lessen the influence of possible constraints imposed by large
body sizes. Measurements were taken directly from the litera-
ture when based on the measurement scheme of Marty (2008);
parameters for all other trackways were calculated based on
xy-coordinates taken from published trackway drawings. The
analyzed data are provided in Supplementary Data 3 and can
be directly imported into R.

Correlation tables were produced using the R package
Hmisc 3.17 (Harrell, 2016), employing both the parametric
Pearson correlation coefficient and the Spearman rank-order
correlation coefficient as a robust, nonparametric correlation
measure. The Spearman coefficient was preferred when one of
the variables could not be considered normally distributed, as
is the case in the absolute and relative measures for locomotion
speed, and when relationships are not linear. Scatterplot matri-
ces including frequency distribution plots were generated using
the R package car 2.1 (Fox and Weisberg, 2011). Correlation
analysis was carried out on 16 partly redundant variables.
These include indicators of speed (the stride length/pes length
ratio and the stride length/GAD ratio using all three GAD
measures); of trackway gauge (the ratio between the pedal
print angulation pattern and the pedal print length (WAP/PL),
the manual and pedal pace angulation, the average of the man-
ual and pedal pace angulation, and the difference between the
manual and pedal pace angulation); of body size (pedal print
length and the three GAD measures); as well as the pedal rota-
tion and manual supination angles. Multivariate analysis of
variance (MANOVA) as well as linear models using one

FIGURE 4. Measurements employed in this study, shown on a sche-
matic diagram based on the mean configuration of Trackway A6, which
shows a pronounced difference between the manual and pedal track-
way widths. A, diagram showing the pedal rotation and manual supin-
ation angles, the manual-pedal print distances, and the widths of the
angulation patterns. B, diagram showing the pace angulations as well as
the pedal-manual print angle, which is introduced herein.
Abbreviations: L, left; M, manual print; MPA, manual pace angulation;
MPD, manual-pedal print distance; MPDp, parallel manual-pedal print
distance; MPL, manual print pace length; MS, manual supination angle;
MSL, manual stride length; P, pedal print; PMA, pedal-manual print
angle; PP, pedal pace length; PPA, pedal pace angulation; PR, pedal
rotation angle; PSL, pedal print stride length; R, right; WAM, width of
the manual print angulation pattern; WAP, width of the pedal print
angulation pattern.
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dependent and n independent variables were carried out using
PAST 3.14 (Hammer et al., 2001).
Principal component analysis (PCA) was carried out on five

selected variables, namely, the manual supination and pedal
rotation angles; the average of the manual and pedal pace
angulation, as an indicator for trackway width; the difference
between the manual and pedal pace angulation; and the stride
length/GAD ratio, as an indicator for relative speed. Variable
selection was aimed to both minimize redundancy and maxi-
mize information content and to reduce noise. Data values
were standardized by subtracting the mean of the variable and
dividing the result by the standard deviation of the respective
variable. The PCA then was performed and plotted using the
‘prcomp’ and ‘biplot’ core functions of R.

RESULTS

In the following, we briefly discuss how trackways and their
walking directions were identified and summarize general obser-
vations on footprint morphology and trackway configurations.
Detailed descriptions of the individual trackways, along with dis-
cussions on how individual footprints were assigned to their
respective trackways, are provided in Supplementary Data 1.

Trackway Configurations

Trackways were identified based on the position, orientation,
preservation, depth, size, and shape of successions of footprints.
Walking directions can be difficult to determine due to the gen-
erally high supination angles of the manual prints and in the
case of Trackways A1 and A2 deserve further discussion. Data
presented by Ishigaki (2007, 2009) were based on an assumed
walking direction of both trackmakers toward the east, whereas
Enniouar et al. (2014) proposed the opposite, a walking direc-
tion toward the west. Footprints RP2 of Trackway A1 and RP2,
RP3, and RP4 of Trackway A2 feature depressions that are con-
sistent with claw marks in their position and orientation, sug-
gesting a walking direction toward the east. Although the mean
manual supination angles would, in this case, be unusually high
for both trackways (>100�), the supination angle is even higher
in Trackway A5, whose walking direction is unambiguous due
to well-preserved claw impressions. Pedal print orientation and
morphology are also in accordance with a direction to the east
in most footprints except in LP2 and LP4 of Trackway A1 and
LP1 of Trackway A2. Lack of detail and high morphological
variability of the latter footprints indicate that the observed dif-
ferences are the result of deformation and do not necessarily
reflect the original orientation of the foot of the trackmaker.

Consequently, Trackways A1 and A2 are here interpreted as
leading toward the east.

The 10 identified Tafaytour trackways derive from small- to
small medium-sized sauropod trackmakers, with an average
pedal print length ranging from 23 to 54 cm and a GAD from
95 to 191 cm (Table 2). Trackway gauge is extremely variable
amongst the trackways, ranging from very narrow to wide
gauge (Fig. 6A), and can differ considerably between the man-
ual and pedal prints of a single trackway. Pedal pace angula-
tion is significantly larger than the manual pace angulation in
Trackways A1 (p¼ 0.0142), A5 (p¼ 0.0016), A6 (p¼ 0.005),
and A9 (p¼ 0.0054); in Trackway A6, this difference is most
extreme, accounting for 43� (Fig. 6B). Extremely narrow pedal
trackway gauges were measured in Trackways A6 and A2, with
pace angulation values of 143� and 141� and WAP/PL ratios of
0.51 and 0.56, respectively. Trackway A2 also shows a high
manual pace angulation averaging 139�, rendering this track-
way one of the narrowest sauropod trackways known. At the
other extreme, the aberrant Trackway A9 is wide-gauged, with
a pedal pace angulation of only 106� and a WAP/PL ratio as
high as 1.5 (Fig. 6A).

Pedal rotation varies from 14� to 38�. Strikingly, the manual
supination angle varies between 0.6� in Trackway A9, indicat-
ing an anteriorly facing manus, and 106� in Trackway A5, indi-
cating a posterolaterally facing manus (Fig. 6A). Supination
angles are very high in the remaining trackways (70�–104�).
Trackway asymmetries proved to be statistically significant in
several cases. The left and right manual print pace lengths are
significantly different in Trackway A1 (p¼ 0.0101).
Discrepancy between the left and right pedal print pace lengths
reaches significance in Trackway A2 (p¼ 0.009), Trackway A4
(p¼ 0.0498), and Trackway A8 (p¼ 0.0343). Manual prints can
be displaced laterally relative to the pes footprints. The left
and right pedal-manual print angles are significantly different
in Trackway A4 (p¼ 0.03) and Trackway A5 (p¼ 0.02).

Footprint Morphology

Pedal print impression morphology at the Tafaytour track-
sites is typically subtriangular, with a straight medial margin, a
broad anterior margin facing anterolaterally, and a convex lat-
eral margin. Digital traces are present in seven of the track-
ways as well as in isolated pedal impressions (Fig. 5A, B) and
can be referred to digits I, II, III, and IV. Claw impressions are
frequently discernible within digital impressions I–III, but not
for digital impression IV, which is less protruding and well sep-
arated from digital impression III by a sedimentary bar (e.g.,
Fig. 5A, B; Trackway A6). If present, claw impressions are
either directed anterolaterally (e.g., Fig. 5A, B) or deflected
posterolaterally (e.g., Trackway A3 and A6), depending on the
degree of digital flexion. The impression of digit I is usually
the broadest and most salient, forming the leading edge of the
footprint. In some footprints, however, the impression of digit
II is the most salient (e.g., Fig. 5A, B); this variation can occur
even within the same trackway (Trackway A4).

Manual print shapes are highly variable, especially in their
anterior to posterior length, ranging from very narrow, slightly
curved to crescent-shaped slits (Figs. 3, 5E, F) to oval, dumb-
bell-, or semicircle-shaped impressions (Fig. 5A, B, G, H) as
well as tightly bound horseshoe-like shapes that are almost as
long as wide (Fig. 5C, D). This variation in manual print
morphology might be the result of variable substrate condi-
tions, as is discussed below. In five of the trackways
(Trackways A4, A6–A8, B1; Fig. 5G, H; Fig. S9 in
Supplementary Data 1) and numerous isolated footprints (e.g.,
Fig. 5A, B), the manual print is subdivided into two separate
oval-shaped impressions that are arranged in a ‘V’ shape and

TABLE 2. Selected average measurements of the described
Tafaytour trackways.

Trackway A1 A2 A3 A4 A5 A6 A7 A8 A9 B1

PL (cm) 54 52 46 36 43 44 43 49 23 45
GAD (cm) 191 176 152 155 152 143 159 147 95 158
PR (�) 14 21 29 22 38 37 36 29 34 17
MS (�) 101 104 71 91 106 93 78 70 0.6 75
PSL (cm) 173 158 120 134 126 133 142 127 96 147
MSL (cm) 171 157 131 134 126 132 141 128 94 143
PP (cm) 93 83 72 80 73 70 86 75 59 80
MP (cm) 96 84 85 76 83 87 91 75 64 86
PPA (�) 136 141 115 113 121 143 112 115 106 134
MPA (�) 125 139 103 122 100 100 104 117 93 115
MPD (cm) 62 59 61 54 59 47 53 51 28 50
PMA (�) 2.3 �0.1 3.7 �3.4 7.3 15.2 5 �4.4 13.2 7

For abbreviations see Figure 4.
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separated by an axial bulge on the floor of the footprint and/or
a constriction formed by the anterior and posterior footprint
margins. Such a subdivision is not evident in trackways where
the anterior to posterior length of the manual print is strongly
reduced (Trackways A1, A2, and A5). Several manual impres-
sions of these trackways (RM2 and RM4 of Trackway A1;
LM4 of Trackway A2; LM4 of Trackway A5) show a distinctly
broadened medial half, possibly indicating the presence of a
similar subdivision. Manual prints often show a spur-like
expansion at the posteromedial edge. Although often assigned
to sauropod pollex impressions in the literature (e.g.,
Castanera et al., 2016), it is not present in well-preserved
horseshoe-shaped impressions. If the manual print morpholo-
gies observable at the tracksites are indeed preservational var-
iants of the tracks of a single taxon, this spur-like extension
would likely be an artifact of footprint deformation.

Statistical Analysis of the Global Sample of Small-Sized
Sauropod Trackways

Locomotion speed in our sample (n¼ 79) varies from 0.43 to
2.7 m/s, averaging at 0.9 m/s. The frequency distribution has a
strong positive skew (Fig. S1 in Supplementary Data 1), sug-
gesting that locomotion speeds usually fall within the lower
third of their possible range, with trackways showing faster
relative locomotion speeds becoming progressively rarer. This
distribution is similar to, but more pronounced than, those
observed by previous studies for both bipedal dinosaur
(Thulborn, 1984) and sauropod (Marty, 2008) trackways. The
average pedal pace angulation is significantly greater than the
average manual pace angulation (116� vs. 102�; p< 0.0001).
Frequency distributions of both the pedal rotation and manual
supination angles show a broad peak, indicating marked vari-
ability (Fig. S1 in Supplementary Data 1). The pes is generally

FIGURE 5. Details of Tafaytour Tracksites A and B. A, photograph in oblique view of footprints without an obvious associated trackway pattern
in Tracksite A. Two pes impressions are elongated and display well-preserved claw and digital impressions. Manual impressions are subdivided
into two pads. B, interpretative drawing of the detail shown in A, drawn in top view based on photogrammetric data (see Supplementary Data 1).
C, close-up of a manual impression LM4 of Trackway 7, showing a pronounced horseshoe shape. D, interpretative drawing of C, drawn in top view
based on photogrammetric data. E, manual impression showing a slit-like morphology, Tracksite A. F, interpretative drawing of E based on photo-
grammetric data. G, interpretative drawing of Trackway B1 of Tracksite B drawn by one of us (S.I.) based on data collected in 1988. The arrow
shows the direction of travel of the trackmaker. H, photograph of Trackway B1 (S.I., 1988). Abbreviations: ai, anterior indentation; dr, displace-
ment rim; I–V, digital impressions I, II, III, and IV; L, left; M, manual print; mp, manual pad impression; P, pedal print; R, right.
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rotated outward, with an average rotation of 21�, a minimum
of �4� and a maximum of 44�. Manual supination is generally
high, averaging at 43� in the complete sample, and is 38� when
Tafaytour trackways are excluded. The minimum value is �6�,
indicating an individual with fully pronated manus, whereas
the maximum value is as high as 106�, indicating a posterolater-
ally oriented manus. Very low rotation values (i.e., near-anter-
ior orientations), however, are as rare as or even rarer than
very high values in both the manual and pedal prints (Fig. S1
in Supplementary Data 1).
Correlation analysis of the variables reveals the degree of cor-

relation between trackway gauge, locomotion speed, body size,
pedal rotation, and manual supination (Tables 3, 4). As expected,
the manual pace angulation is positively correlated with the pedal
pace angulation (R¼ 0.47, Spearman). The difference between
the manual and pedal pace angulation values is significantly nega-
tively correlated with measures of trackway gauge, i.e., the wider
the trackway, the greater the discrepancy between the pedal and
manual pace angulation. Correlation between pedal rotation and
manual supination is weak or absent (R¼ 0.09, Spearman). Pedal
rotation is not significantly correlated with any other variable.
Manual supination is negatively correlated with all employed
proxies for relative locomotion speed (p< 0.001, respectively,

Spearman), including the three stride length/GAD ratios
(Fig. 7A) and the St/PL ratio (Fig. 7B). The Spearman coefficient
suggests a stronger and more significant correlation than the
Pearson coefficient (Tables 3, 4), indicating that the relationships
are not linear. Besides relative speed, manual supination is nega-
tively correlated with a second variable, the WAP/PL ratio, which
is a measure of trackway gauge width (p< 0.01, Spearman). A
linear model, in which the St/GAD and WAP/PL ratios are the
independent variables and manual supination is the dependent
variable, describes 20% of the variation.

Principal component analysis (PCA) was conducted on five
selected variables (Fig. 8). The first principal component (PC1)
(28% of variance) indicates a negative relationship between
the manual supination angle and the stride length/GAD ratio
(and thus locomotion speed), which is statistically significant,
as discussed above. The second component (PC2) (25% of
variance) describes a negative relationship between the aver-
age pace angulation and the difference between the manual
and pedal pace angulation, indicating that the wider the track-
way, the greater the discrepancy between manual and pedal
pace angulation values, complying with the result obtained
from correlation analysis (see above). Relationships proposed
by PC3 (21% of variance) and PC4 (18% of variance) could

FIGURE 6. Trackway mean configurations. A, mean configuration plots of the Tafaytour trackways calculated from mean trackway parameters
and scaled to the same GAD (see text for details). Silhouettes are added to aid visual identification and represent selected footprints of the respect-
ive trackway. Trackways are arranged in descending order according to their manual supination angle. B, mean configuration plot of the Tafaytour
trackways scaled to the same stride length, highlighting the average position of the manual prints relative to the two pedal prints of a stride.

Lallensack et al.—Forelimb orientation in sauropods (e1512501-8)

https://doi.org/10.1080/02724634.2018.1512501


not be confirmed by correlation analysis. Tafaytour trackways
generally show very high loadings on PC1 and are best sepa-
rated from other trackways based on this principal component.
The MANOVA performed on the same five variables reveals a
significance difference between the Tafaytour trackways and
the remaining sample (p¼ 3.7E-06).

DISCUSSION

Variability and Comparisons

Tafaytour Tracksite A represents a highly trampled surface
that preserves hundreds of partially superimposed sauropod
footprints, complicating the recognition of individual

FIGURE 7. Statistical analysis of a larger sample (n¼ 79) of small-sized sauropod trackways from around the world. Plus signs represent the
Tafaytour trackways described herein. See Supplementary Data 1 for references and information on the individual trackways. A, biplot, showing
the relationship between the manual supination angle and the stride length/GAD ratio, which is a proxy for relative locomotion speed, revealing a
clear negative correlation. B, the same negative correlation is evident when another speed proxy, the stride/pes length ratio, is used.

TABLE 3. Correlation table showing the Spearman rank correlation coefficient for selected parameters (n¼ 72). Stars indicate significance
level, with *, p< 0.05; **, p <0.01, and ***, p< 0.001.

WAP/PL GAD PL St/PL St/GAD PA PPA MPA PR

GAD �0.02
PL �0.26� 0.82���
St/PL 0.43��� 0.23� �0.16
St/GAD 0.18 0.01 0.1 0.50���
PA �0.42��� 0.33�� 0.16 0.41��� 0.2
PPA �0.65��� 0.22 0.13 0.27� 0.15 0.80���
MPA �0.11 0.37��� 0.15 0.42��� 0.12 0.84��� 0.47���
PR 0.08 0.04 0.05 �0.01 �0.04 �0.04 �0.14 0.04
MS �0.33�� 0.05 0.08 �0.41��� �0.41��� 0.09 0.19 0.02 0.09

TABLE 4. Correlation table showing the Pearson correlation coefficient for selected parameters (n¼ 72). Stars indicate significance level, with
*, p< 0.05; **, p< 0.01, and ***, p< 0.001.

WAP/PL GAD PL St/PL St/GAD PA PPA MPA PR

GAD �0.01
PL �0.23� 0.82���
St/PL 0.43��� 0.26� 0.17
St/GAD 0.16 �0.01 0.07 0.53���
PA �0.49��� 0.35��� 0.19 0.38�� 0.15
PPA �0.70��� 0.24� 0.15 0.29� 0.17 0.85���
MPA �0.19 0.38��� 0.16 0.38�� 0.05 0.88��� 0.56���
PR 0.11 0.03 0.03 0 �0.03 �0.02 �0.1 0.07
MS �0.37��� 0.06 0.1 �0.28� �0.35�� 0.19 0.26� 0.12 0.09
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trackways. High degrees of dinoturbation can be observed at
many tracksites, especially when involving sauropod dinosaurs
(e.g., Lockley and Conrad, 1989; Richter and B€ohme, 2016).
Preservational quality of individual footprints in highly bio-
turbated sauropod tracksites is often poor, as is, e.g., the case
in the Moutier ‘dinosaur disco site’ in Switzerland, where indi-
vidual trackways are barely identifiable (Meyer and Th€uring,
2003). The preservation of distinct trackways and clear digit
impressions at the present tracksites is therefore remarkable.
Another noteworthy feature is the comparatively high percent-
age of manual prints, including at least three manus-only track-
ways, indicating a preservational bias against the pedal prints.
Last but not least, the tracksite is characterized by an unusually
high diversity of footprint morphologies and trackway patterns.
The marked variability of footprint shapes raises the ques-

tion whether more than one trackmaker species was present or
whether it can be entirely attributed to variations in foot kine-
matics and substrate properties. Although generally well pre-
served with digit impressions in many instances, the footprints
of the tracksites are heavily affected by deformation, probably
caused by changing substrate conditions in both time and
space, and by other footprints subsequently left nearby. The
pedal impressions are markedly longer than wide in some well-
preserved examples (e.g., Fig. 5A, B) but can be as wide as
long or, as in Trackway A9, even wider than long. At least in
the latter trackway, this aberrant morphology can be ascribed
to deformation given the marked variability within this track-
way in both pes shape and size and is possibly the result of suc-
tion effects acting during withdrawal of the foot from the
sediment, drawing the footprint wall into the footprint and

causing significant foreshortening of the impression. The most
striking deformation is found in the manual prints, which
incorporate many of the principal morphologies described for
sauropod manual prints in the literature (e.g., Castanera et al.,
2016), including narrow, slightly curved to crescent-shaped
impressions; kidney- and dumbbell-shaped impressions; as well
as tightly bound horseshoe-shaped impressions. The kidney-
shaped manual print morphology (e.g., Trackway B1; Fig. 5G,
H) likely represents a preservational variant of the tightly
bound horseshoe-like morphology best shown by Trackway A7
(Fig. 5C, D), because both incorporate two characteristic oval
impressions arranged in a ‘V’-like configuration, and because
Trackway A7 also includes kidney-shaped impressions compar-
able to those in Trackway B1. The same oval impressions can
be seen in Trackway A4, which predominantly shows the
dumbbell-shaped morphology. Likewise, several trackways
(Trackways A1, A3, A5, and A8) feature both very narrow,
slit-like manual prints and much broader, kidney-shaped or
even horseshoe-shaped ones. The slit-like shape most probably
results from suction effects closing the impression during foot
uplift or from subsequent deformation caused by the displace-
ment rim of pedal prints left nearby. Variability of other fea-
tures may be controlled by behavior, such as the orientations
of the pedal digital impressions, which can be directed antero-
laterally (e.g., Trackway A4) or laterally to posterolaterally
(e.g., Trackway A3). Anterolaterally directed claw marks indi-
cate digital extension, possibly enhancing traction while walk-
ing on slippery substrates, whereas laterally to posterolaterally
directed marks indicate plantar flexion (Bonnan, 2005; Hall
et al., 2016). Furthermore, the degree of digital projection
varies within trackways, with either the impressions of digits I
or II being the most protruding (e.g., Trackway A4, RP2 and
LP3). Therefore, the observed variability might be entirely due
to interference with other footprints, trackmaker behavior, and
varying substrate properties, probably in both time and space.

Likewise, the striking diversity in trackway patterns present
at the tracksites might reflect trackmaker behavior rather than
anatomical diversity. Both the manual supination angle and the
trackway gauge have been shown to vary greatly even within
single trackways, depending on trackmaker behavior (Marty,
2008; Castanera et al., 2012). Thus, the relatively longer strides,
the markedly lower manual supination angles, and the reduced
parallel manual-pedal print distance in the atypical Trackway
A9 might be effects of the higher relative locomotion speed.
As a conclusion, the notable variability present at the tracksites
cannot be regarded as unequivocal evidence for separate track-
maker species.

The assignment of ichnotaxonomic labels to dinosaur tracks
can rarely be done unequivocally, because ichnotaxa are rarely
defined based on clear-cut autapomorphies. Because most fea-
tures generally used to distinguish sauropod ichnotaxa (e.g.,
Marty, 2008) are extremely variable in the described set of
trackways, an objective ichnotaxonomic assignment is not pos-
sible at present. That being said, the subdivision of the manual
impressions into two separate oval pads arranged in a ‘V’-like
configuration is unusual for sauropod tracks and was, to our
knowledge, previously only known from the l’Assif-n-Sremt
tracksite of Morocco, which is Pliensbachian in age (Jenny and
Jossen, 1982; Ishigaki, 1988). The pedal prints are comparable
to other reported sauropod tracks from the Middle Jurassic
(Dutuit and Ouazzou, 1980; Romano et al., 1999; Day et al.,
2004; Santos et al., 2009; Brusatte et al., 2016). Trackways from
the Portuguese Galinha tracksite feature a claw impression
associated with digital impression IV (Santos et al., 2009),
which is not evident in any of the Tafaytour trackways, pos-
sibly due to loss or reduction of ungual IV in the trackmaker.

FIGURE 8. Biplot illustrating the results of PCA analysis carried out
on five selected variables: the manual supination, the pedal rotation,
the pace angulation, the difference between the manual and pedal pace
angulation (Diff MPA-PPA), as well as the relative speed (stride
length/GAD ratio). Tafaytour trackways are indicated with plus signs.
PC1 describes a negative relationship between relative speed and man-
ual supination, and PC2 describes a negative correlation between the
pace angulation and the difference between the manual and pedal pace
angulation. Pedal rotation is not strongly correlated with either of the
two PCs, as indicated by the shorter arrow.
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Trackway-Based Body Size Estimators

Estimators of body size are of crucial importance for the
interpretation of fossil trackways. Body mass can be approxi-
mated based on footprint area or volume (e.g., Kubo, 2011;
Schanz et al., 2013). Linear dimensions of the trackmaker, most
importantly the hip height, are most frequently approximated
using the pedal print length (Thulborn, 1990). Alexander (1976)
suggested that hip height in sauropod, theropod, and ornitho-
pod dinosaurs can be estimated as four times pedal print length
as a rule of thumb, providing the basis for estimations of abso-
lute locomotion speeds based on trackways. In sauropods,

however, footprint dimensions are often significantly affected
by factors unrelated to the anatomy of the trackmaker (e.g.,
Lockley et al., 2002a; Romano et al., 2007), such as suction
effects of the substrate, undertrack preservation, or orientation
of the digits, which can be directed anteriorly or laterally,
depending on behavior (Gonz�alez Riga, 2011; Hall et al., 2016).
These factors can cause a systematic over- or underestimation
of foot size and thus cannot necessarily be overcome by simply
taking the mean of multiple footprints of a trackway segment.
An evaluation of the influence of these factors is difficult
because most sauropod pedal prints are preserved as indistinct
circular to oval impressions lacking anatomical detail.

An alternative size proxy, the GAD, is robust against the
above-mentioned factors (Salisbury et al., 2017) but requires
interpretations of the gait of the animal (Leonardi, 1987). Three
different approaches have been proposed for sauropod trackways
(Fig. 9). The first, developed by Baird (1952, 1954) for salaman-
der and Chirotherium tracks, assumes a walking trot without a
period of suspension, as found in many modern amphibians and
reptiles (Baird, 1952, 1954; Leonardi, 1987; Farlow et al., 1989).
This gait is characterized by a contralateral (diagonal) limb pair
moving forward simultaneously while the other is in stance phase.
The moment the support of the animal shifts from one limb pair
to the other, all four limbs will be contacting the ground. At this
moment, the position of the glenoid fossa roughly corresponds to
the midpoint between the left and right manus positions, and that
of the acetabulum to the midpoint between the left and right pes
positions. In a trackway, the GAD can therefore be measured
between the midpoints of a left (or right) pedal pace and the fol-
lowing right (or left) manual pace (Fig. 9B); this corresponds to
the parallel manual-pedal distance plus half a stride (Baird, 1954;
Leonardi, 1987). This is the most commonly employed approach
to estimate the GAD in sauropod trackways (e.g., Marty, 2008),
although the walking trot is rarely considered a feasible option in
studies concerned with sauropod locomotion, as discussed below.

Aberrant formulae have to be used when the contralateral
limb pair is not synchronized in its movement. In his approach
to estimating body size of Chirotherium trackmakers, Soergel
(1925) assumed a walk where the contralateral limb pair moves
one-half of the duration of one step cycle out of phase (corre-
sponding to a limb phase of 0.75), which is equivalent to the
lateral-sequence single-foot walk of the Hildebrand gait classi-
fication scheme (Biknevicius and Reilly, 2006). At one moment
during the step cycle, both hind limbs and the right (or left)
forelimb would be in stance phase, while the left (or right)
forelimb, being moved forward, would be on level with the
right (or left) forelimb. The GAD, consequently, can be meas-
ured between the midpoints of a left (or right) pes pace and
the most advanced footprint of the following right (or left)
manus pace (Soergel, 1925; Baird, 1954). This corresponds to
3/4 of the stride plus the parallel manual-pedal distance
(Leonardi, 1987). It has to be noted that this formula was mis-
quoted in both Vila et al. (2013) and Stevens et al. (2016),
where it is given as SL/3þMPDp instead of the correct
3/4SLþMPDp.

A third formula has to be used when a walking pace gait can
be assumed, where the ipsilateral fore- and hind limb are mov-
ing forward while the contralateral fore- and hind limb are in
stance phase, without periods of suspension. Assuming an
exact walking pace, the GAD can be measured between
coupled manual and pedal prints of the same step cycle. In
sauropod trackways, the pedal impression of the next step
cycle lies in between the coupled manual and pedal prints; the
GAD therefore needs to be defined as the stride plus the
apparent parallel manual-pedal print distance (Leonardi, 1987;
Farlow et al., 1989).

FIGURE 9. Diagram showing the three different approaches for calcu-
lating the apparent glenoacetabular distance (GAD) for sauropod
trackways. A, life reconstruction of a generalized sauropod (artwork by
Joschua Kn€uppe). The bar represents the horizontal GAD, which can
be measured in the trackways. B, approach assuming the walking trot.
The moment the animal shifts its weight from one diagonal limb pair to
another, the four feet will contact the ground (dark gray); the GAD
can be measured between the midpoints of the manual and pedal
prints. C, in a lateral-sequence single-foot walk, only three feet will con-
tact the ground at the same time. The right manual print is currently
being dragged forward (gray circle), reaching the height of the left man-
ual print in a situation where both hind feet contact the ground. D, in a
walking pace, an ipsilateral manual and a pedal print will contact the
ground at the same time; the GAD can be measured between both.
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Because the gait employed by sauropod dinosaurs is
unknown, it is unclear which of the three approaches provides
the most accurate body size estimations (Stevens et al., 2016).
Farlow et al. (1989) discarded the first approach because sauro-
pod pedal prints frequently overprint manual prints, which is
not in accordance with an exact walking trot. Casanovas et al.
(1997) and Vila et al. (2013) measured GAD/hip height ratios
in both selected trackways and skeletal reconstructions, in
order to make inferences on the limb phase (and thus gait) of
the trackmakers. In skeletal reconstructions, this ratio was
found on average to be close to 1 for both titanosaurs (Vila
et al., 2013) and sauropods (Casanovas et al., 1997) in general
and is similar in both small and large individuals at least in
some titanosaurs (Vila et al., 2013). Mazzetta and Blanco
(2001) gave a slightly higher estimate of 1.09 (standard
deviation¼ 0.11). Both Casanovas et al. (1997) and Vila et al.
(2013) found that the analyzed trackways correspond most
closely with the GAD/hip height ratio predicted by the skeletal
reconstructions when a walking pace (referred to as ‘amble
gait’ by these authors) is assumed for the calculation of the
GAD. A walking pace was also proposed by Mezga et al.
(2007). Mazzetta and Blanco (2001), however, noted that the
walking pace is unstable at slow speeds, suggesting instead a
lateral-sequence single-foot walk. A lateral-sequence gait was
also considered the most likely gait by both Alexander (1985)
and Henderson (2006a).
In our sample, the average GAD/hip height ratios are 0.77,

0.99, and 1.21 when the walking trot, the lateral-sequence sin-
gle-foot walk, and the walking pace are assumed, respectively.
Thus, the lateral-sequence single-foot walk model most closely
matches the values predicted from skeletal reconstructions,
which, as discussed above, are close to 1 (Casanovas et al.,
1997; Mazzetta and Blanco, 2001; Vila et al., 2013). This gait
can therefore be considered the most likely gait employed by
the sauropods in our sample. In modern tetrapods, the lateral-
sequence single-foot walk is common at low speeds and fre-
quently employed when not energy economy but stability is to
be maximized (Biknevicius and Reilly, 2006); it is also the most
stable gait when at least three feet are kept on the ground at
all times (McGhee and Frank, 1968), as it was argued to be the
case in sauropods (Henderson, 2006a). Consequently, we
employ the formula 3/4SLþMPDp, which assumes the lateral-
sequence single-foot walk, for all our GAD estimations based
on trackways.
Importantly, the discussed approaches make assumptions

regarding the trackmaker’s body length (Leonardi, 1987). In
long-bodied trackmakers and/or when stride lengths are short
due to low locomotion speeds, manual and pedal prints of
the same cycle can be separated by two or more intermediate
manual and pedal prints belonging to other step cycles; in
such trackways, one or more additional stride lengths have to
be added to the estimated GAD (Leonardi, 1987). Stevens
et al. (2016) found that many sauropod trackways from high-
way A16 in Switzerland show very short strides relative to
the respective pedal print lengths and suggested that in sau-
ropods, the manus could have been two or three, or even
four, steps ahead of the pes at any time during locomotion.
For our sample of small-sized sauropod trackways from
around the world (n¼ 79), we calculated GAD in various
ways, employing the separate formulae in combination with
different assumptions regarding the number of steps in
between the respective step cycles. Assuming a lateral-
sequence single-foot walk, the mean GAD/hip height ratio of
the trackways of our sample is close to 1 (0.997), which
closely conforms with the ratio derived from skeletal recon-
structions, as discussed above. However, when one additional
stride is added to the estimated GAD, the ratio would be

nearly twice the hip height, which is not in accordance with
published skeletal reconstructions. Consequently, it can be
assumed that no additional strides have to be added for
GAD calculations for most of the small-sized sauropod track-
ways sampled herein.

Each of the two discussed body size estimators comes with
practical problems. A comprehensive analysis quantifying the
possible effects of anatomy, gait, and speed on the GAD meas-
urements in trackways of modern animals is still lacking. In the
Tafaytour trackways, the GAD, when measured at every pos-
sible location along the respective trackway, shows a signifi-
cantly smaller coefficient of variation (CV) than the pedal
print length (p< 0.01). This indicates that the GAD is, at least,
the more repeatable measurement.

A Method for Visual Comparisons of Mean
Trackway Parameters

Unlike footprint morphologies, trackway configurations can
be completely described by linear and angular measurements.
Assuming a symmetrical gait, the average relative footprint
positions of a quadrupedal trackway can be captured using
only four values: the mean values of the stride length, the pace
lengths of both the manual and pedal prints, and the mean
value of the manual-pedal print distance. Two additional val-
ues, the mean manual supination and pedal rotation angles,
describe the footprint orientations with respect to the direction
of travel. The trackway configuration described by these six
variables is henceforth called a mean configuration.

Mean configurations remove all variability within a trackway
segment. They also remove trackway asymmetries, including
discrepancies between left and right pace lengths, and lateral
displacements of the manual relative to the pedal prints. The
morphology of fossil footprints is controlled by three factors,
namely, the anatomy of the trackmaker, substrate properties,
and behavior (Falkingham, 2014). This concept may be
extended to trackway configurations. Intratrackway variability
can convey valuable information on trackmaker behavior.
However, when the anatomy of the trackmaker is of interest,
e.g., for trackmaker identification or for ichnotaxonomic pur-
poses, this variability is unwanted noise (Thulborn, 1990).
Likewise, trackway asymmetries in sauropods usually represent
peculiar behavior or pathologies of the individual (McCrea
et al., 2015) and can complicate comparisons of separate track-
ways (although they may contain information on the anatomy
of the trackmaker). In such cases, it can be beneficial to ana-
lyze the mean configuration, variability, and asymmetry of a
trackway separately.

The relative positions of the manual and pedal prints to each
other are difficult to imagine from mean values alone. Here,
we visualize the mean configuration by plotting a set of xy-
coordinates calculated directly from the six basic measure-
ments, assembled with footprint length and width (Fig. 6A).
These mean configuration plots were standardized for size
(GAD), position, and orientation, allowing for direct visual
comparisons of separate trackways. An OpenDocument
spreadsheet calculating mean configuration coordinates from
basic measurements is provided in Supplementary Data 4.
Additionally, the data were scaled to the same stride length,
allowing for plotting the positions of the manual relative to the
pedal prints (Fig. 6B). This plot indicates that the relative man-
ual positions are equally variable anterior to posterior and
medial to lateral.
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Trackway Asymmetries

Trackway asymmetries, as defined herein, encompass all dis-
crepancies in the mean values of trackway parameters between
the left and right sides. Asymmetries include both discrepan-
cies in the anterior to posterior positions of left relative to right
footprints and in the medial to lateral positions of the manual
relative to pedal prints.
Discrepancies in left and right pace lengths have been

described in a number of cases for both bipedal and quadru-
pedal dinosaur trackways. Often referred to as ‘limping
dinosaurs,’ this gait pattern is commonly explained by assumed
pathologies in the limb that leaves the longer pace (Dantas
et al., 1994; Lockley et al., 1994; Ishigaki and Lockley, 2010;
McCrea et al., 2015; Razzolini et al., 2016). Farlow (written
communication in Dantas et al., 1994:47) also suggested that
some individuals could simply have been left- or right-footed.
Sauropod trackways exclusively consisting of or dominated by
manual prints from the Jurassic Iouarid�ene Basin of Morocco,
which show extreme manual pace length discrepancies, have
been interpreted as possible evidence for swimming behavior
(Ishigaki, 1989; Ishigaki and Matsumoto, 2009a). Of the 10
trackways described at Tafaytour, three examples show statis-
tically significant left-right discrepancies in the pedal pace
lengths and a fourth example in the manual pace lengths
(Supplementary Data 1). Given the high proportion of asym-
metrical trackways at Tafaytour, possible pathologies appear
unlikely to constitute the sole explanation (cf. Lockley et al.,
1994). Instead, these left-right discrepancies in sauropod track-
ways might in many cases merely represent individ-
ual behavior.
Discrepancies in the medial to lateral positions of the man-

ual relative to the pedal prints result in an offset of the pedal
and manual trackway midlines. For sauropod trackways, this
phenomenon was first described by Ishigaki and Matsumoto
(2009a) and is known as ‘off-tracking.’ Off-tracking can occur
in straight trackway segments but is most pronounced in turn-
ing trackways (Ishigaki and Matsumoto, 2009b; Castanera
et al., 2012; Xing et al., 2015c). In order to quantify this phe-
nomenon, we define a new parameter, the pedal-manual print
angle, between the line connecting the pedal with the following
manual print and the adjacent stride line (Fig. 4B). In the
Tafaytour trackways, the left and right pedal-manual print
angles are significantly different in two examples (A4 and A5),
suggesting that off-tracking might be a common phenomenon
in sauropod trackways even when the trackway course is rela-
tively straight.

Inferences on Sauropod Locomotion and Forelimb
Orientation

The anatomy of the sauropod manus is unique among verte-
brates, featuring parallel metacarpals arranged in an arched to
‘U’-shaped colonnade and strongly reduced or absent pha-
langes (e.g., Christiansen, 1997; Bonnan, 2003). The pes is
remarkably different from the manus, showing a semiplanti-
grade posture, a large plantar pad, robust digits, and pro-
nounced asymmetry, and was obviously adapted for quite
different functions (e.g., Christiansen, 1997; Bonnan, 2005).
Unlike the hind limb, the forelimb probably had no major role
in propulsion but mainly served as a weight-bearing structure
(e.g., Christiansen, 1997; Mil�an et al., 2005).
The variability of manual supination angles in sauropod

tracks remains poorly understood. Marty (2008) described a
minute sauropod trackway (S12) from the Upper Jurassic
Chevenez-Combe Ronde site of the Swiss Jura Mountains that
showed very high supination angles in its middle section, but
low angles within the distal sections. This indicates that the

rotational range of motion in the sauropod forelimb is much
greater than previously thought and that variation in manual
supination angles can be explained by trackmaker behavior
(Marty, 2008). In the Swiss trackway, manual supination values
are coupled with an unusually exterior position of the manual
relative to the pedal prints. According to Marty (2008:126), the
high supination angle and exterior position of the manual
prints was probably not related to the minute body size of the
individual (pedal print length: 19.6 cm) but can be explained by
“an atypical gait due to an unusual behavior such as alternately
turning the neck to the left and right side.” Other trackways
with high manual supination angles from the Jura Mountains
were reported by Marty et al. (2013) and Mazin et al. (2016).

Kim and Lockley (2012) described two trackways from the
Lower Cretaceous of South Korea showing manual supination
angles of about 90�. The manual prints are well separated from
the pedal prints and show five distinct digital impressions,
whereas in other known sauropod tracks only impressions of
digits I and V can be differentiated (but see Lockley et al.,
2002b; Santos et al., 2009). In an attempt to explain this prom-
inent manual morphology and orientation, Kim and Lockley
(2012) suggested that the described individuals could have
placed more weight on the posterolateral portion of the manus,
allowing for the registration of digit impressions.

The most extensive record of sauropod trackways with high
manual supination angles has been reported from China. At
least eight such trackways are known, showing average supin-
ation angles of between 51� and 86�, with maximum values of
up to 131� (Xing et al., 2010, 2013, 2014a, 2015a, 2015b, 2016a;
Zhang et al., 2012). Xing et al. (2015a) provided an extended
discussion of the significance of sauropod manual supination
angles in Chinese trackways, concluding that forelimb orienta-
tion in sauropods was not tightly constrained. The observed
degree of variation of manual supination angles would have
been possible due to large amounts of cartilage in the joints.
Small rotational movements in the proximal forelimb, espe-
cially at the glenoid, would translate into substantial move-
ments in the manus. Furthermore, Xing et al. (2015a)
suggested that the great rotational range of motion might have
enabled the forelimb to passively adjust to the topography of
the terrain.

Based on our literature review and statistical analysis, we are
now able to draw the following conclusions: First, high manual
supination angles (>60�) are restricted to small- and medium-
sized trackmakers. Pedal print lengths of known examples
generally do not exceed 60 cm. The absence of high manual
supination angles in larger sauropod trackways may be
explained by constraints imposed either by the increased body
weight, or by the increased joint ossification in older and there-
fore larger animals. An exception might be trackway QQ1
from the Qinquan Tracksite in China, which shows a mean
pedal print length of 84 cm and the left manual prints supinated
with 80� on average (Xing et al., 2016a). As stated by Xing
et al. (2016a), the degree of supination in this trackway might
be related to a slight turn of the trackmaker toward the left.

Second, manual supination angles are negatively correlated
with both of the employed proxies for trackmaker locomotion
speed: the stride length/GAD ratio and the stride length/pes
length ratio (p< 0.001, respectively, Spearman). Intriguingly,
the Tafaytour trackways plot somewhat outside of the mono-
tonic relationship found for the remaining trackways, indicating
that this population showed high manual supination angles at
higher speeds than would be expected. This difference between
the Tafaytour trackways and the remaining sample is statistic-
ally significant (MANOVA, p¼ 7.4E-07). Trackway S12 from
the Chevenez-Combe Ronde site of Switzerland appears as a
clear outlier, regardless of whether the stride length/GAD ratio
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or the stride/pedal print length ratio is used as speed proxy,
which possibly is due to the very small body size of the track-
maker. Other outliers appear only in one of the two bivariate
comparisons. Trackway Ho20 from the Hoewha locality of
South Korea appears as a clear outlier when the stride length/
GAD ratio is used as speed proxy, but not when the stride/pes
length ratio is used, indicating an erroneous GAD estimate.
The low pace angulation values (averaging at 82�) and the very
low GAD/hip height ratio (0.57) of this trackway indicate that
the footprints of one step cycle are separated by intermediate
footprints belonging to other step cycles; the GAD formula
used thus would not be applicable, as discussed above.
Conversely, the use of the stride/pedal print length ratio pro-
duced several outliers, none of which are apparent when the
stride length/GAD ratio is employed; in these cases, the pedal
print length estimates probably do not reflect the true dimen-
sions of the trackmaker’s foot.
Third, the manual supination angle is significantly corre-

lated with the WAP/PL ratio, a measure of trackway gauge
width (p< 0.01, Spearman). Thus, narrow-gauged trackways
tend to show higher manual supination angles than wide-
gauged trackways. As indicated by the multivariate linear
model, the WAP/PL ratio represents an important ad-
ditional factor explaining parts of the manual supination
variability that cannot be explained by relative locomotion
speed. Henderson (2006a) suggested that the trackway
gauge in sauropods is a consequence of the relative posi-
tions of their centers of mass. Thus, the narrow gauge
would occur when the center of mass is located close to the
hips (as in, e.g., Diplodocus carnegii), whereas the wide
gauge would be associated with more anterior centers of
mass (as in, e.g., Brachiosaurus altithorax). This link
between gauge and center of mass is further corroborated
by skeletal modifications resulting in more outward-angled
limbs in taxa with more anterior centers of mass, especially
titanosaurs (Wilson and Carrano, 1999; Henderson, 2006a).
Furthermore, Henderson (2006a) proposed the narrow
gauge to represent the plesiomorphic condition in sauro-
pods and predicted that all larger sauropods (>12 tons)
were wide-gauged. Although the earliest known sauropod
trackways are indeed narrow-gauged (Wright, 2005;
Lallensack et al., 2017), a correlation between gauge and
body size has so far not been demonstrated based on the
track record (Wilson and Carrano, 1999).
We hypothesize that smaller sauropods tend to retain the

plesiomorphic semisupinated manus posture when there is no
need for the forelimb to actively contribute to the propulsion of
the animal. This would be the case when locomotion speed is
low and the center of mass is located posteriorly: A center of
mass located close to the hips, as can be assumed for narrow-
gauged sauropod trackways (Henderson, 2006a), would essen-
tially resemble the condition seen in bipeds—the hind limbs
would not only carry most of the weight but represent the main
agents of locomotion, with the forelimbs playing only a sup-
portive role. Forelimb usage can be expected to increase with
locomotion speed and when the center of mass has a more
anterior position, which is expected in wide-gauged trackways.
As discussed above, both the relative locomotion speed and
trackway gauge are clearly correlated with manual supination
angles. Therefore, the rotation of the manus into a more anter-
ior orientation would possibly have allowed for the active use
of the forelimb in propulsion (Bonnan and Senter, 2007). In
other words, the contribution of the forelimb to the propulsion
of the animal might have increased with locomotion speed
(depending on behavior) and wider trackway gauges (depend-
ing on anatomy), being enabled by a much more anteriorly
directed manus.

CONCLUSIONS

Tafaytour Tracksite A, although highly bioturbated by
hundreds of imprints, features many well-preserved foot-
prints showing impressions of both digits and claws and at
least nine recognizable trackways that include both pedal
and manual prints; one additional trackway is located at
Tafaytour Tracksite B. The sites feature both wide-gauged
trackways and one of the narrowest sauropod trackways
known. Manual impressions are especially variable and can
be slit-like, kidney- to dumbbell-shaped, or horseshoe-
shaped. They are generally subdivided into two oval impres-
sions arranged in a ‘V’-like configuration, a feature hitherto
unknown from sauropod tracks outside of Morocco. The sub-
stantial variability of both the trackway configuration and
the footprint morphology can probably be attributed to var-
iations in substrate properties and trackmaker behavior
rather than foot anatomy and implies that the definition and
application of ichnotaxonomic labels for sauropod tracks
should be carried out with caution.

Most known sauropod trackways show an anterior or antero-
lateral manual print orientation. The Tafaytour trackways are
unusual in showing laterally or even posterolaterally directed
manual prints, with supination angles of up to 104�. Only
Trackway A9 displays anteriorly directed manual prints.
Laterally facing manual impressions can be explained by great
degrees of freedom in the sauropod forelimb and are probably
not restricted to specific taxa within Sauropoda. As indicated
by our literature review, however, they are restricted to small-
to small medium-sized trackmakers (pes length <60 cm), pos-
sibly due to constraints imposed by the increasing body size or
due to continuing joint ossification with increasing age of the
individuals. Statistical analysis on small-sized sauropod track-
ways from around the world reveals a negative correlation with
both the relative locomotion speed and trackway gauge. High
supination angles are preferred at low locomotion speeds and
when the trackway gauge is narrow (and thus the center of
mass is located close to the hips). In these situations, the fore-
limb is probably not actively involved in the propulsion of
the animal. At higher speeds and wider trackway gauges,
pronation would enable the forelimb to actively contribute to
propulsion. Statistical analysis further indicates that variations
in sauropod forelimb posture and orientation are to some
extent decoupled from those of the hind limb, probably reflect-
ing the marked anatomical and functional differences of the
manus and pes.

The apparent glenoacetabular distance (GAD) is a viable
proxy for the body size of the trackmaker, although separate
formulae have to be used for different gaits. The lateral-
sequence single-foot walk is argued to be the most likely gait
employed by sauropods in our sample; the GAD should there-
fore be calculated using the formula GAD¼ 3/4SLþMP.
Mean configuration plots visualize mean values of trackway
parameters and, as intratrackway variability and asymmetry
are removed, are especially beneficial for direct visual compari-
sons of separate trackways when the anatomy of the track-
maker is of interest. Trackway asymmetries are defined as
discrepancies between the mean values of trackway parameters
of the left and right footprints. Trackway asymmetries are a
common feature in sauropod trackways, but in many cases they
might be better explained by unusual behaviors of the individu-
als rather than explicit causes such as pathologies.
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Produç~ao Mineral Brasil, Bras�ılia, Brazil, 117 pp.

Lim, S.-K., S.-Y. Yang, and G. M. Lockley. 1989. Large dinosaur foot-
print assemblages from the Cretaceous Jindong Formation of
southern Korea; pp. 333–336 in D. D. Gillette and M. G. Lockley
(eds.), Dinosaur Tracks and Traces. Cambridge University Press,
Cambridge, U.K.

Lockley, M. G., and K. Conrad. 1989. The paleoenvironmental context,
preservation and paleoecological significance of dinosaur track-
sites in the western USA; pp. 121–134 in D. D. Gillette and G. M.
Lockley (eds.), Dinosaur Tracks and Traces. Cambridge
University Press, Cambridge, U.K.

Lockley, M. G., and V. F. Santos. 1993. A preliminary report on sauro-
pod trackways from the Avelino site, Sesimbra region, Upper
Jurassic, Portugal. Gaia 6:38–42.

Lockley, M. G., K. J. Houck, and N. K. Prince. 1986. North America’s
largest dinosaur trackway site: implications for Morrison
Formation paleoecology. Geological Society of America Bulletin
97:1163–1176.

Lockley, M. G., J. L. Wright, and D. Thies. 2004. Some observations
on the dinosaur tracks at M€unchehagen (Lower Cretaceous),
Germany. Ichnos 11:261–274.

Lockley, M. G., A. P. Hunt, J. Moratalla, and M. Matsukawa. 1994.
Limping Dinosaurs? Trackway evidence for abnormal gaits.
Ichnos 3:193–202.

Lockley, M. G., K. Houck, S.-Y. Yang, M. Matsukawa, and S.-K. Lim.
2006. Dinosaur-dominated footprint assemblages from the
Cretaceous Jindong Formation, Hallyo Haesang National Park
area, Goseong County, South Korea: evidence and implications.
Cretaceous Research 27:70–101.

Lockley, M. G., A. S. Schulp, C. A. Meyer, G. Leonardi, and D.
Kerumba Mamani. 2002a. Titanosaurid trackways from the Upper
Cretaceous of Bolivia: evidence for large manus, wide-gauge loco-
motion and gregarious behaviour. Cretaceous Research 23:
383–400.

Lockley, M. G., J. Wright, D. White, M. Matsukawa, L. Jianjun, F. Lu,
and L. Hong. 2002b. The first sauropod trackways from China.
Cretaceous Research 23:363–381.

Lockley, M. G., G. D. Gierlinski, K. Houck, J.-D. Lim, K. S. Kim,
D. Y. Kim, T. K. Kim, S.-H. Kang, R. Hunt Foster, R. Li, C.
Chesser, R. Gay, Z. Dubicka, K. Cart, and C. Wright. 2014. New
excavations at the Mill Canyon Dinosaur Track Site (Cedar
Mountain Formation, Lower Cretaceous) of Eastern Utah. New
Mexico Museum of Natural History and Science, Bulletin 62:
287–300.

Maidment, S. C. R., and P. M. Barrett. 2012. Does morphological con-
vergence imply functional similarity? A test using the evolution of
quadrupedalism in ornithischian dinosaurs. Proceedings of the
Royal Society of London B: Biological Sciences 279:3765–3771.

Mallison, H. 2010a. The digital Plateosaurus I: body mass, mass distri-
bution, and posture assessed using CAD and CAE on a digitally
mounted complete skeleton. Palaeontologia Electronica 13(2):
1–26.

Mallison, H. 2010b. The digital Plateosaurus II: an assessment of the
range of motion of the limbs and vertebral column and of previ-
ous reconstructions using a digital skeletal mount. Acta
Palaeontologica Polonica 55:433–458.

Mallison, H., and O. Wings. 2014. Photogrammetry in paleon-
tology—a practical guide. Journal of Paleontological
Techniques 12:1–31.

Marty, D. 2008. Sedimentology, taphonomy, and ichnology of Late
Jurassic dinosaur tracks from the Jura carbonate platform
(Chevenez-Combe Ronde Tracksite, NW Switzerland): insights
into the tidal-flat palaeoenvironment and dinosaur diversity, loco-
motion, and palaeoecology. GeoFocus 21:1–278.

Marty, D., C. A. Meyer, M. Belvedere, J. Ayer, and K. L. Sch€afer.
2013. Rochefort–Les Grattes: an Early Tithonian dinosaur track-
site from the Canton Neuchâtel, Switzerland. Revue de
Pal�eobiologie 32:373–384.

Mazin, J.-M., P. Hantzpergue, and J. Pouech. 2016. The dinosaur track-
site of Loulle (early Kimmeridgian; Jura, France). Geobios 49:
211–228.

Mazzetta, G. V., and R. E. Blanco. 2001. Speeds of dinosaurs from the
Albian–Cenomanian of Patagonia and sauropod stance and gait.
Acta Palaeontologica Polonica 46:235–246.

McCrea, R. T., D. H. Tanke, L. G. Buckley, M. G. Lockley, J. O.
Farlow, L. Xing, N. A. Matthews, C. W. Helm, S. G. Pemberton,
and B. H. Breithaupt. 2015. Vertebrate ichnopathology: patholo-
gies inferred from dinosaur tracks and trackways from the
Mesozoic. Ichnos 22:235–260.

McGhee, R. B., and A. A. Frank. 1968. On the stability properties of
quadruped creeping gaits. Mathematical Biosciences 3:331–351.

Meyer, C. A., and B. Th€uring. 2003. Dinosaurs of Switzerland.
Comptes Rendus Palevol 2:103–117.

Meyer, C. A., G. M. Lockley, J. W. Robinson, and V. F. Dos Santos.
1994. A comparison of well-preserved sauropod tracks from the

Lallensack et al.—Forelimb orientation in sauropods (e1512501-16)



Late Jurassic of Portugal and the Western United States: evidence
and implications. Gaia 10:57–64.

Mezga, A., B. C. Te�sovi�c, and Z. Bajraktarevi�c. 2007. First record of
dinosaurs in the Late Jurassic of the Adriatic-Dinaridic
Carbonate Platform (Croatia). Palaios 22:188–199.

Mil�an, J., P. Christiansen, and O. Mateus. 2005. A three-dimensionally
preserved sauropod manus impression from the Upper Jurassic of
Portugal: implications for sauropod manus shape and locomotor
mechanics. Kaupia 14:47–52.

Milner, A. R. C., J. D. Harris, M. G. Lockley, J. I. Kirkland, and N. A.
Matthews. 2009. Bird-like anatomy, posture, and behavior
revealed by an Early Jurassic theropod dinosaur resting trace.
PLoS ONE 4:e4591.

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

P�erez-Lorente, F. 2003. Icnitas de dinosaurios del Cret�acico en Espa~na;
pp. 49–108 in F. P. Lorente (ed.), Dinosaurios y otros Reptiles
Mesozoicos en Espa~na. Universidad de La Rioja, Logro~no, Spain.

Pfau, T., E. Hinton, C. Whitehead, A. Wiktorowicz-Conroy, and J. R.
Hutchinson. 2011. Temporal gait parameters in the alpaca and the
evolution of pacing and trotting locomotion in the Camelidae.
Journal of Zoology 283:193–202.

R Development Core Team. 2016. R: A Language and Environment
for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria. Available at www.R-project.org/.
Accessed May 19, 2017.

Razzolini, N. L., B. Vila, I. D�ıaz-Mart�ınez, P. L. Manning, and A.
Galobart. 2016. Pes shape variation in an ornithopod dinosaur
trackway (Lower Cretaceous, NW Spain): new evidence of an ant-
algic gait in the fossil track record. Cretaceous Research 58:
125–134.

Remes, K. 2008. Evolution of the pectoral girdle and forelimb in
Sauropodomorpha (Dinosauria, Saurischia): osteology, myology
and function (PhD thesis). Fakult€at f€ur Geowissenschaften,
Ludwig-Maximilians-Universit€at, Munich, Germany, 355 pp.

Richter, A., and A. B€ohme. 2016. Too many tracks: preliminary
description and interpretation of the diverse and heavily dinotur-
bated Early Cretaceous “Chicken Yard” ichnoassemblage
(Obernkirchen Tracksite, northern Germany); pp. 334–357 in
P. L. Falkingham, D. Marty, and A. Richter (eds.), Dinosaur
Tracks: The Next Steps. Indiana University Press, Bloomington,
Indiana.

Romano, M., M. A. Whyte, and S. J. Jackson. 2007. Trackway ratio: a
new look at trackway gauge in the analysis of quadrupedal dino-
saur trackways and its implications for ichnotaxonomy. Ichnos 14:
257–270.

Romano, M., M. A. Whyte, and P. L. Manning. 1999. New sauropod
dinosaur prints from the Saltwick Formation (Middle Jurassic) of
the Cleveland Basin, Yorkshire. Proceedings of the Yorkshire
Geological Society 52:361–369.

Salisbury, S. W., A. Romilio, M. C. Herne, R. T. Tucker, and J. P.
Nair. 2017. The Dinosaurian Ichnofauna of the Lower Cretaceous
(Valanginian–Barremian) Broome Sandstone of the Walmadany
Area (James Price Point), Dampier Peninsula, Western Australia.
Society of Vertebrate Paleontology Memoir 16. Journal of
Vertebrate Paleontology 36(6, Supplement), 152 pp.

Santos, V. F., J. J. Moratalla, and R. Royo-Torres. 2009. New sauropod
trackways from the Middle Jurassic of Portugal. Acta
Palaeontologica Polonica 54:409–422.

Schanz, T., Y. Lins, H. Viefhaus, T. Barciaga, S. L€abe, H. Preuschoft,
U. Witzel, and P. M. Sander. 2013. Quantitative interpretation of
tracks for determination of body mass. PLoS ONE 8:e77606.

Soergel, W. 1925. Die F€ahrten der Chirotheria: Eine pal€aobiologische
Studie. Gustav Fischer Verlag, Jena, 92 pp.

Soulaimani, A., and H. Ouanaimi. 2011. Anti-Atlas et Haut Atlas,
circuit occidental; pp. 9–72 in A. Michard, O. Saddiqi, A.
Chalouan, E. Rjimati, and A. Mouttaqi (eds.), Nouveaux
guides g�eologiques et miniers du Maroc. Notes et M�emoires
du Service g�eologique du Maroc vol. 3. Minist�ere de l’Energie
et des Mines, Rabat.

Stevens, K. A., S. Ernst, and D. Marty. 2016. Uncertainty and ambigu-
ity in the interpretation of sauropod trackways; pp. 226–243 in
P. L. Falkingham, D. Marty, and A. Richter (eds.), Dinosaur

Tracks: The Next Steps. Indiana University Press, Bloomington,
Indiana.

Thulborn, R. A. 1984. Preferred gaits of bipedal dinosaurs. Alcheringa
8:243–252.

Thulborn, R. A. 1990. Dinosaur Tracks. Chapman and Hall, London,
410 pp.

Tixeront, M. 1974. Carte g�eologique et min�eralogique du Couloir
d’Argana, 1/100 000. Edition Du Service G�eologique Du Maroc,
Notes et M�emoires 205. Minist�ere de l’Energie et des Mines,
Rabat.

VanBuren, C. S., and M. Bonnan. 2013. Forearm posture and mobility
in quadrupedal dinosaurs. PLoS ONE 8:e74842.

Vila, B., O. Oms, �A. Galobart, K. T. Bates, V. M. Egerton, and P. L.
Manning. 2013. Dynamic similarity in titanosaur sauropods: ichno-
logical evidence from the Fumanya Dinosaur Tracksite (Southern
Pyrenees). PLoS ONE 8:e57408.

Wilson, J. A., and M. T. Carrano. 1999. Titanosaurs and the origin of
“wide-gauge” trackways: a biomechanical and systematic perspec-
tive on sauropod locomotion. Paleobiology 25:252–267.

Wright, J. L. 2005. Steps in understanding sauropod biology; pp.
252–285 in K. Curry Rogers and J. A. Wilson (eds.), The
Sauropods: Evolution and Paleobiology. University of California
Press, Berkeley, California.

Xing, L. D., J. D. Harris, and P. J. Currie. 2011. First record of dino-
saur trackway from Tibet, China. Geological Bulletin of China 30:
173–178.

Xing, L. D., J. D. Harris, and C. K. Jia. 2010. Dinosaur tracks from the
Lower Cretaceous Mengtuan Formation in Jiangsu, China and
morphological diversity of local sauropod tracks. Acta
Palaeontologica Sinica 49:448–460.

Xing, L. D., M. G. Lockley, J. Zhang, H. Klein, W. S. Persons IV, and
H. Dai. 2014a. Diverse sauropod-, theropod-, and ornithopod-
track assemblages and a new ichnotaxon Siamopodus xui ichnosp.
nov. from the Feitianshan Formation, Lower Cretaceous of
Sichuan Province, southwest China. Palaeogeography,
Palaeoclimatology, Palaeoecology 414:79–97.

Xing, L. D., Y. Liu, D. Marty, H. Kuang, H. Klein, W. S. Persons IV,
and Y. Lyu. 2016a. Sauropod trackway reflecting an unusual walk-
ing pattern from the Early Cretaceous of Shandong Province,
China. Ichnos 24:1–10.

Xing, L. D., M. G. Lockley, J. Zhang, H. Klein, D. Li, T. Miyashita, Z.
Li, and S. B. K€ummell. 2016b. A new sauropodomorph ichnoge-
nus from the Lower Jurassic of Sichuan, China fills a gap in the
track record. Historical Biology 28:881–895.

Xing, L. D., M. G. Lockley, T. Miyashita, H. Klein, T. Wang,
W. S. Persons IV, S.-G. Pan, J.-P. Zhang, and Z.-M. Dong.
2014b. Large sauropod and theropod tracks from the Middle
Jurassic Chuanjie Formation of Lufeng County, Yunnan
Province and palaeobiogeography of the Middle Jurassic
sauropod tracks from southwestern China. Palaeoworld 23:
294–303.

Xing, L. D., M. G. Lockley, G. Yang, J. Cao, R. T. McCrea, H. Klein,
J. Zhang, W. S. Persons IV, and H. Dai. 2016c. A diversified ver-
tebrate ichnite fauna from the Feitianshan Formation (Lower
Cretaceous) of southwestern Sichuan, China. Cretaceous
Research 57:79–89.

Xing, L. D., G. Peng, Y. Ye, M. G. Lockley, H. Klein, W. S. Persons
IV, J. Zhang, C. Shu, and B. Hao. 2014c. Sauropod and small
theropod tracks from the Lower Jurassic Ziliujing Formation of
Zigong City, Sichuan, China, with an overview of
Triassic–Jurassic dinosaur fossils and footprints of the Sichuan
Basin. Ichnos 21:119–130.

Xing, L. D., M. G. Lockley, M. F. Bonnan, D. Marty, H. Klein, Y. Liu,
J. Zhang, H. Kuang, M. E. Burns, and N. Li. 2015a. Late
Jurassic–Early Cretaceous trackways of small-sized sauropods
from China: new discoveries, ichnotaxonomy and sauropod manus
morphology. Cretaceous Research 56:470–481.

Xing, L. D., M. G. Lockley, D. Marty, H. Klein, L. G. Buckley, R. T.
McCrea, J. Zhang, G. D. Gierli�nski, J. D. Divay, and Q. Wu.
2013. Diverse dinosaur ichnoassemblages from the Lower
Cretaceous Dasheng Group in the Yishu fault zone, Shandong
Province, China. Cretaceous Research 45:114–134.

Xing, L. D., J. Zhang, M. G. Lockley, R. T. McCrea, H. Klein, L.
Alcal�a, L. G. Buckley, M. E. Burns, S. B. K€ummell, and Q.
He. 2015b. Hints of the early Jehol Biota: important dinosaur

Lallensack et al.—Forelimb orientation in sauropods (e1512501-17)

http://www.R-project.org/


footprint assemblages from the Jurassic-Cretaceous boundary
Tuchengzi Formation in Beijing, China. PLoS ONE 10:
e0122715.

Xing, L. D., M. G. Lockley, D. Marty, H. Klein, G. Yang, J. Zhang, G.
Peng, Y. Ye, W. S. Persons IV, X. Yin, and T. Xu. 2016d. A
diverse saurischian (theropod–sauropod) dominated footprint
assemblage from the Lower Cretaceous Jiaguan Formation in the
Sichuan Basin, southwestern China: a new ornithischian ichno-
taxon, pterosaur tracks and an unusual sauropod walking pattern.
Cretaceous Research 60:176–193.

Xing, L. D., D. Marty, K. Wang, M. G. Lockley, S. Chen, X. Xu, Y.
Liu, H. Kuang, J. Zhang, H. Ran, and W. S. Persons IV. 2015c.
An unusual sauropod turning trackway from the Early
Cretaceous of Shandong Province, China. Palaeogeography,
Palaeoclimatology, Palaeoecology 437:74–84.

Xing, L. D., M. G. Lockley, D. Marty, J. He, X. Hu, H. Dai, M.
Matsukawa, G. Peng, Y. Ye, H. Klein, J. Zhang, B. Hao,
and W. S. Persons IV. 2016e. Wide-gauge sauropod track-
ways from the Early Jurassic of Sichuan, China: oldest
sauropod trackways from Asia with special emphasis on a
specimen showing a narrow turn. Swiss Journal of
Geosciences 109:415–428.

Zhang, J. P., L. D. Xing, G. D. Gierli�nski, F. D. Wu, M. Z. Tian, and
P. J. Currie. 2012. First record of dinosaur trackways in Beijing,
China. Chinese Science Bulletin 57:144–152.

Submitted June 1, 2017; revisions received June 15, 2018; accepted July
6, 2018.
Handling editor: Steven Salisbury.

Lallensack et al.—Forelimb orientation in sauropods (e1512501-18)



Supplementary Data 1

Journal of Vertebrate Paleontology

Forelimb orientation and locomotion of sauropod dinosaurs: insights from the Middle Jurassic
Tafaytour Tracksite (Argana Basin, Morocco)

JENS N. LALLENACK,*,1 SHINOBU ISHIGAKI,2 ABDELOUAHED LAGNAOUI,3,4 MICHAEL
BUCHWITZ,5 and OLIVER WINGS6

1Division of Paleontology, Steinmann Institute, University of Bonn, Nussallee 8, 53115 Bonn,
Germany;

2Department of Earth Science, Okayama University of Science, Okayama 700-8530, Japan;
3CONICET, Instituto de Ciencias de la Tierra y Ambientales de La Pampa – INCITAP, Facultad de
Ciencias Exactas y Naturales – Universidad Nacional de La Pampa, Av. Uruguay 151, 6300 Santa

Rosa, La Pampa, Argentina.
4Laboratory of Stratigraphy of Oil-and-Gas Bearing Reservoirs, Department of Paleontology and
Stratigraphy, Institute of Geology and Petroleum Technologies, Kazan (Volga Region) Federal

University, Kremlyovskaya str. 18, 420008, Kazan, Russia;
5Museum für Naturkunde Magdeburg, Otto-von-Guericke-Str. 68-73, 39104 Magdeburg;

6Zentralmagazin Naturwissenschaftlicher Sammlungen (ZNS), Martin-Luther-Universität Halle-
Wittenberg, Domplatz 4, 06108 Halle (Saale), Germany

*Corresponding author.

1



INTRODUCTION

This supplementary information includes additional photographs and charts of the Tafaytour 
Tracksite; detailed descriptions of the trackways from the Tafaytour Tracksite; and a scatterplot matrix 
illustrating the results. The provided site charts include one chart showing tracksite 1 in its entirety 
(Fig. S1). Because of the large extent of the tracksite, the chart was subdivided into four sections, 
which are included as Figures S2–S5. Each chart comprises a photogrammetric orthophoto, a 
photogrammetric depth-color image, where blue parts represent low and red parts elevated regions, and
an interpretive site map produced based on the photogrammetric data.

DESCRIPTIONS OF TRACKWAYS FROM THE TAFAYTOUR TRACKSITE

Trackway A1 (Figs. S2, S3, S8)

Identification—Trackway A1 was identified based on six pedal impressions (RP1–6). These 

impressions, although arranged in a slight arc, are very likely part of a single trackway given their 

equal spacing; similar length and width; similar morphology with a broad eastern and bluntly tapering 

western border (not visible in the deformed RP3); markings on the broad western margin that, at least 

in RP2, can be identified as digital impressions; their greater depth, better distinctiveness of the 

footprint margins and more pronounced displacement rims than seen in surrounding footprints; as well 

as their similar orientation that is consistent with a series of right pedal impressions. Three associated 

impressions (LP2, LP3, and LP4) are obvious candidates for left pedal prints within the same trackway,

as they are similar in depth, expression of displacement rims, and in the clearness of footprint borders 

than the right pedal prints. These three pedal impressions form a zigzag pattern with the right pedal 

impressions of Trackway A1, as would be expected for a single trackway. Their mean stride length 

(171 cm) is only slightly smaller than the mean stride length of the five right pedal impressions (174 

cm), a difference that might be explained by the slight left turn of the trackway, or simply by 

measurement error. While their position and distinctiveness strongly suggest a referral to Trackway A1,

their morphology and orientation partly contradicts this hypothesis. If assumed to represent a single 

trackway, only LP2 shows a broad eastern margin, a bluntly tapering western margin, and a rotation 

away from the trackway midline to a similar degree as in the right pedal prints. LP1, however, is 

similar in size and appearance to LP2, but shows a broad western and tapering eastern margin as well 

as an orientation towards, and not away from, the trackway midline; these features would suggest an 

opposite direction of travel towards the west. A similar morphology and orientation can be seen in LP4,

where the eastern end is markedly narrow.
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Different hypotheses might explain the aberrant morphology of LP2 and LP4:

(I) LP2 and LP4 are not part of Trackway A1 but represent the right pedal prints of either a single 

individual or two individuals traversing the surface in opposite directions. The actual left pedal 

imprints of Trackway A1, which would be expected in the same position, are either not readily 

impressed or overstepped. This hypothesis appears unlikely as, despite the depth and distinctiveness of 

these footprints, no indications of additional associated footprints of these possible trackway(s) can be 

seen.

(II) LP2 and LP4 are part of Trackway A1, with the latter leading towards the west. This hypothesis is 

contradicted by the morphology and orientation of the majority of pedal imprints of the trackway 

(RP1–4; LP3) as well as the position of the associated manual impressions (see below) and therefore 

has to be discarded.

(III) LP2 and LP4 are part of Trackway A1, but are distorted during the interaction of the foot with the 

sediment. Some degree of distortion within trackways A1 and A2 can be expected because of the 

greater depth of these footprints compared with other trackways at this tracksite, and is evident in RP3 

of Trackway A1 and RP5 in Trackway A2, which appear to be narrowed, possibly due to suction 

effects acting during foot liftoff. Furthermore, LP4 differs in shape from LP2 in being narrow, strongly 

constricted at its eastern end and bluntly tapering at its western end, while LP2 is wider, shows a broad 

western end a moderately constricted eastern end. These shape differences are more conclusively 

explained as the result of distortion than the result of different foot morphologies. We therefore 

consider hypothesis III) to be the most likely.

A series of well-preserved manual impressions (RM1–2; RM 4–6) are consistently found in front of the

right pedal impressions of Trackway A1. These footprints are similar in preservation, size, shape and 

orientation, tending to show a broader eastern and a somewhat tapering western margin, and with the 

convex site facing up the surface and the concave side facing down the surface, and therefore most 

probably belong to a single trackway. Other well-preserved associated manual impressions (LM3–4; 

LM 6) are equally distinctive and similar in size, and mirror the position and orientation of the other 

manual impressions, forming a zigzag pattern, and thus likely represent the manual impressions of the 

ipsilateral foot of the same trackway. Manual impression LM2 has been partly obliterated by RP3, but 

can be clearly identified on the orthophoto. A straight and very narrow slit medial to LP3 can be 

identified as RM3, because it is located exactly halfway between the RM2 and RM4, and shares the 

orientation and width seen in other manual impressions. LM1 and LM5 were originally well preserved 

but have been eroded since 1988; their position and orientation was reconstructed based on 
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photographs taken in 1988. The mean manual stride length of trackway A1 (171 cm) is closely 

approaching the mean pedal stride length (173 cm), corroborating their referral to a single trackway. 

Additional pedal prints (LP1, LP6 and RP7) of the trackway, although less obvious and partly 

incomplete, were identified based on their morphology and position in accordance with the overall 

trackway configuration.

Trackway Parameters—Trackway A1 is the longest recorded trackway. It is also the largest, both

in terms of GAD (191–234 cm) and pedal track length (54 cm). The left manual pace length is larger 

(106 cm) than the right (89 cm), reaching statistical significance (p=0.0101). The trackway features a 

very narrow gauge, with a pedal pace angulation of 136° and a manual pace angulation of 125°. This 

difference in pace angulation in manual and pedal prints is statistically significant (p=0.0142). The 

average manual supination angle is very high (101°); the manus was therefore laterally to slightly 

posterolaterally oriented during track formation. Variability of the manual supination angle is low, with

a standard deviation of 11°. Probable claw marks are present on RP2 of Trackway A1.

Footprint Morphology—Pedal impressions are very variable in shape due to deformation during 

foot-sediment interaction. At least the right pedal impressions (RP1–6) are elongated and sub-triangular

in shape, with a broad front and a somewhat tapering heel part. RP2 and RP6 are preserved with at least

two digital impressions. Manual impressions are kidney-shaped (e.g., LM4) but can be reduced to 

narrow slits due to deformation during or after track formation. Some impressions (e.g., RM2 and 

RM4) appear to be broader on their radial margins, while the opposite seems to be true for others (e.g., 

LM6, LM4).

Trackway A2 (Figs. S2, S3)

Identification—Trackway A2 can be clearly identified based on a series of pedal prints (RP2–

LP5) arranged in a trackway pattern very similar to that of Trackway A1. These footprints share a 

similar depth, appearance, dimension, morphology, and orientation. Aberrant morphologies can be seen

in the somewhat larger and circular LP3, which is probably enlarged due to overstepping and 

coalescing with another impression, as suggested by the slight offset of the posterior part of the 

displacement rim. RP5 has a more slender and irregular appearance due to a block of sediment 

intruding medially into the impression, which possibly already occurred during foot liftoff. The pedal 

trackway shows a pronounced asymmetry, with the right pace being shorter than the left pace. Claw 

impressions preserved in RP2, RP3 and LP5 as well as the rotation angle of the pedal impressions 
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suggest a direction of travel towards the west. A continuous set of manual impressions (RM3 to LM5) 

is associated with the pedal trackway, and can be unambiguously referred to the same trackway. The 

western third of the trackway is less well preserved, although the complete impression RM1 can be 

confidently referred to the trackway based on position, morphology, size and orientation. Partially 

preserved impressions (RP1, LP1, LM1, RM2, LP2, LM2, RP5) likely also pertain to the trackway.

Trackway Parameters—Trackway A2, running approximately parallel to trackway A1, is 

perhaps the most striking of the tracksite due to its high pace angulation and manual supination angles. 

It is similar to Trackway A1, especially in size (pedal track length: 52 cm; GAD: 176–216 cm) and 

speed (2.73 km/h). It shows a significant difference between the left (92 cm) and right (77 cm) pedal 

pace length (p=0.009). Pace angulation is as high as 140° in the pedal tracks and 141° in the manual 

tracks. Manual supination is 101°, varying with a standard deviation of 13°; similar to the values 

observed in trackways 1 and 5. Probable claw marks are present on RP2, RP3 and RP4.

Footprint Morphology—Pedal impressions display a similar triangular shape than those of 

Trackway A1, with a broad front and a somewhat tapering rear. The medial margin of some of the 

impressions (RP2, RP3, RP4) is straight, while the lateral margin is convex. Three digital impressions 

are preserved in RP2. Manual impression shape is similar to that of manual track in Trackway A1, 

ranging from kidney-shaped to narrow slit-like morphologies. As in the latter trackway, the manual 

impressions tend to be broader at their medial (anterior-facing) end (e.g., RM1, RM3, LM4).

Trackway A3 (Figs. S2, S4)

Identification—Trackway A3 was identified based on a series of five pedal impressions (LP2–

RP3; LP1) showing pronounced digital (claw) impressions. All four impressions are similar in 

preservation, size, and shape, and show two to three digital impressions consistent with strongly 

laterally deflected unguals. RP2, however, is only partly preserved, with its rear part being coalesced 

with another impression. An incomplete impression corresponds to the expected position of footprint 

RP1. A complete series of five manual impressions (LM1 to LM3) shares the same direction with the 

pedal trackway. Although the mean stride of the manual tracks (131 cm) is slightly longer than the 

mean stride of the pedal tracks (120 cm), this difference is not statistically significant due to the 

shortness of the trackway, and probably represents variations in gait.
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Trackway Parameters—Trackway A3 is characterized by a very low relative stride length, 

translating into a locomotion speed of 1.94 km/h, the lowest recorded from the tracksite. Accordingly, 

the manual-pedal track distance is the highest of any trackway of the tracksite, with the manual prints 

placed on level with the opposite pedal print. Manual supination is moderate, accounting for 70° on 

average, and is more variable than in trackways 1 and 2, with a standard deviation of 20°. Pedal 

rotation is pronounced, accounting for 29°. The trackway is narrow-gauged and lacks a significant 

difference between pedal- and manual pace angulations. Most pedal prints exhibit clear, laterally 

directed claw marks.

Footprint Morphology—pedal print outlines are less distinctive than those in Trackways A1 and 

A2, but feature two to three well preserved, anterolaterally to posterolaterally directed claw 

impressions indicating fully flexed digits. Manual impressions are kidney-shaped.

Trackway A4 (Figs. S2, S4)

Trackway Identification—Trackway A4 is less deeply impressed and therefore less distinctive 

than other trackways. It was identified based on six subsequent pedal impressions (LP2–LP4), which 

all share a comparatively small size and a similar morphology and orientation. Although the footprints 

are less elongated than those of Trackways A1 and A2, their orientation can be unequivocally assessed 

based on well-preserved claw impressions, which are present in RP2, LP3, and LP4. Additional pedal 

impressions (RP4, LP5, and the partly preserved RP1) can probably be referred to the same trackway 

based on their position, size, and depth. Three consecutive, well-preserved manual impressions (LM3–

LM4) can be referred to the same trackway based on their position, orientation, and stride length. The 

well-preserved LM1 and RM1 footprints at the beginning of the trackway very likely also pertain to 

this manual track succession based on size, morphology, orientation and position, as are three partly 

preserved prints (LM2, RM2, RM4).

Trackway Parameters—Trackway A4 is the second smallest of the trackways in terms of pedal 

print size (PL=36 cm). The dumbbell-shaped manual impressions, on the other hand, are proportionally

large; together with Trackway A7, this trackway shows the smallest heteropody index. Locomotion 

speed, averaging at 3.3 km/h, is amongst the highest of the analyzed trackways. Trackway gauge is 

medium to wide, with the mean WAP/PL ratio accounting for 1.23, which is only exceeded by the 

atypical Trackway A9 (1.5). Manual supination averages at 91° with a low standard deviation of 9°, 

while pedal rotation averages at 21°. There is a significant difference between the left and right pedal 
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pace (p=0.0498), with the left pedal pace being 72 and the right pedal pace being 86 cm. Manual prints 

appear to be shifted to the left relative to the pedal prints: the mean pedal-manual track angles of left 

and right prints are significantly different from each other (p=0.03). Pedal prints show straight and 

anteriorly directed digital or claw impressions.

Footprint Morphology—Pedal impressions (e.g., RP2, RP3) are only slightly longer than wide 

and typically triangular in shape, with an outwards-directed anterior margin featuring the digital 

impressions, a straight medial margin and a convex lateral margin. The digits appear to have been 

extended; there is no evidence for strongly laterally deflecting claw impressions as seen in Trackway 

A3. Footprints LP2 and, to a lesser degree, LP5, appear to be distinctly elongated. This elongation 

might possibly be the result of the footprints being superimposed on other footprints not pertaining to 

the trackway. Alternatively, these footprints could represent slip marks, where the animal lost traction 

on slippery ground. Manual impressions are dumbbell-shaped, consisting of two circular impressions at

the medial (anterior-facing) and lateral (posterior-facing) end, respectively. The medial impression is 

typically larger than the lateral impression (e.g., LM4, RM3). Manual impressions are large relative to 

the pedal impressions.

Trackway A5 (Figs. S2, S6)

Trackway Identification—Trackway A5 is located in close proximity to Trackway A6, which 

appears to have been made by a trackmaker headed in the opposite direction. The trackway was 

identified based on a series of pedal prints (RP1, RP2, LP3, RP3) with similar preservation, sub-

circular morphology, strong outward-rotation, and well-preserved claw impressions indicating laterally 

deflected unguals. These footprints are also similar in size except for RP3, which is probably enlarged 

due to superposing, as indicated by a distinct step in its medial margin. Additional pedal prints (LP2, 

LP4, RP4, LP5, RP5) are likely also part of the trackway. However, the triangular LP3 is much more 

elongated than the other pedal impressions, maybe due to interference with other footprints or due to 

the presence of a slip mark. A continuous series of manual impressions (LM1 to RM4) very likely can 

be ascribed to the same trackway.

Trackway Parameters—Trackway A5 is very similar to Trackway A3 in relative stride length 

and manual-pedal track distance; as in the latter, manual prints are placed approximately in line with 

the opposite pedal print. However, pedal rotation and manual supination angles are markedly higher, 

being for 38° and 106°, respectively. Manual supination variability is high (standard deviation: 28°). 
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Pedal pace angulation is 121° and manual pace angulation 102°; this difference is significant 

(p=0.0016). As in Trackway A4, manual prints are shifted towards the left relative to the pedal prints; 

the left and right mean manual-pedal track angles are significantly different (p=0.02). Pedal prints 

display well-preserved digital/claw impressions, which are oriented parallel or slightly laterally to the 

footprint axis and show laterally directed claw tips.

Footprint Morphology—Pedal track morphology is indistinctly rounded, although RP1 and PR2 

display a sub-triangular morphology comparable to that of Trackway A4. At least three claw 

impressions are present, which are directed anterolaterally (RP3, RP2), or laterally to slightly 

posterolaterally (LP3, RP1), indicating flexed digits during track formation. Manual track morphology 

is variable, ranging from the narrow slit-like and only slightly curved morphology of RM1 and RM3 to 

kidney-shaped (e.g., LM4) and even horseshoe-shaped appearances (LM3).

Trackway A6 (Figs. S2, S6)

Trackway Identification—Trackway A6 was identified based on four pedal impressions (RP3–

RP4) leading down the surface. The three imprints feature a similar morphology, size and orientation. 

Well-preserved claw impressions can be seen at least in RP3 and LP3 and probably also in RP4. 

Associated manual impressions (RM1 to RM4) can be referred to the trackway. While the manual 

trackway can be followed up the surface (LM1, RM1), the respective pedal prints of this trackway 

section (RP1, LP1, RP2) could not be identified unequivocally.

Trackway Parameters—Trackway A6 shows the highest pedal pace angulation of all trackways 

(141°). In contrast, manual pace angulation is considerably lower (101°); the difference is significant 

with a p-value of 0.005. The pedal-manual track angle is 15°, the highest of the described trackways. 

Pedal rotation is high, accounting for 37°; the manual supination is 93°, with a relatively high standard 

deviation of 26°. Two of the pedal prints show three well-preserved, laterally directed digital/claw 

marks.

Footprint Morphology—Pedal prints are oval (RP3) to triangular (LP3) in shape. The anterior 

portion containing the digital impressions is separated from the heel impression by a bulge in RP3. 

Three claw marks are clearly impressed in RP3 and LP3, being orientated anterolaterally to laterally in 

LP3 and posterolaterally in RP3. An indentation in the anterior portion of the lateral margin in both 

footprints can be identified as the impression of digit IV, but a definitive claw trace is not preserved. 
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Manual impressions are kidney-shaped, but vary greatly in length, approaching the shape of a 

semicircle in LM3 and RM1. RM2 and LM1 show a subdivision into two distinct pads.

Trackway A7 (Figs. S2, S6)

Trackway Identification—Trackway A7 was identified based on a series of distinctive pedal and 

manual impressions (RP4–RM6). The manual trackway can be traced back to the upper margin of the 

surface, with RM3, RM2, LM1 and RM1 being relatively well defined (RM2 is best visible on the 

orthophoto). Based on the position of these manual tracks, the associated pedal tracks could be 

identified (RP1, LP1, RP2, RP3), except for LP2, which appears to be missing. LM3 is poorly 

preserved and its identification as part of the trackway is solely based on its position. An impression 

likely corresponding to LP3 is only incompletely preserved.

Trackway Parameters—Trackway A7 is medium gauge on average. It shows the second lowest 

pedal pace angulation (112°), after the atypical Trackway A9. Manual pace angulation is 105°. Pedal 

rotation is high (36°), and manual supination moderate (78°) with high standard deviation (28°).

Footprint Morphology—Pedal impressions are roundish to oval in shape. The medial margin of 

the clearly defined pedal impressions (RP4, LP4, LP5) feature a pronounced anterior protrusion, which 

probably represents the impression of digit I. Faint digital impressions are probably present in RP4 and 

LP4. Manual impression morphology ranges from indistinctly oval or kidney-shaped (e.g., LM1, RM3, 

RM6) to distinctly horseshoe-shaped (LM4) or “M”-shaped (RM4) impressions. In LM4, two slightly 

bowed, oval impressions are arranged in an angle to each other and coalesce axially; the impression is 

restricted by a distinct indent into the dorsal impression margin, as well as by a large sediment bar 

protruding from the posterior side. In RM4, the two impressions are offset to each other, and coalesce 

at their midlength, forming an ‘M’-like shape. The sediment bar protruding from the posterior side is 

broad but less extensive than in LM4.

Trackway A8 (Figs. S2, S6)

Trackway Identification—Trackway A8 was identified based on a series of three pedal prints 

(LP3–LP4) associated with manual tracks (LM2–RM3). Footprint RP2 is less well preserved, but 

shows the straight medial footprint margin seen in the other pedal prints of the trackway, and therefore 

can confidently referred to Trackway A8. Footprint LP2, although shaped like a very large manual 
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impression, matches in width with the pedal prints of Trackway A8 and, based on its position, probably

represents the anterior part of a pedal impression within this trackway. LM1 is, in contrast to most of 

the manual prints of Trackway A8 except for LM3, distinctly horseshoe-shaped, but can probably be 

referred to the same trackway based on its orientation and position, as it is located precisely one stride 

length away from LM2, and forms a straight line with LM2 and LM3. The last third of the trackway 

might be present as well, but candidates for further impressions of the trackway are poorly preserved 

and cannot be ascribed to the latter.

Trackway Parameters—Trackway A8 is similar to Trackway A7. The trackway starts as a 

narrow-gauged trackway and then turns into a wide-gauged trackway; it is medium-gauged on average.

The left pedal pace is 70 cm and the right pedal pace 81 cm, this difference is significant (p=0.0343). 

Pedal and manual pace angulation is very low (115° and 117°, respectively). Pedal rotation is high 

(29°), while manual supination is moderate (70°). 

Footprint Morphology—Pedal impressions RP2–LP4 are longer than wide and distinctly 

triangular in shape, with a straight medial margin, a broad, anterolaterally facing anterior margin, and a 

convex lateral margin. Faint digital impressions are present in LP4. Manual impressions are highly 

variable. On one extreme, LM2 is a very narrow, slightly bended impression which widens at both the 

medial (anterior) and lateral (posterior) ends. A posteriorly directed spur-like impression on the 

posteromedial edge corresponds to the assumed position of digit I. Impression RM3 approaches the 

shape of a semicircle with a concave posterior margin, again showing the posteromedially located spur-

like impression, while the lateral end is broadly rounded. In impression LM3, two elongated 

impressions can be discerned, which meet in a V-like fashion, as can also be seen in LM4 of Trackway 

7, as well as the spur-like impression. LM1 is distinctly horseshoe-shaped, with both elongated 

impressions well-separated from each other by sediment bars protruding from the posterior and anterior

margins. Also in this footprint, the posterior margin of the medial oval impression is narrower and 

more spur-like than that of the lateral oval impression.

Trackway A9 (Figs. S2, S6)

Trackway Identification—Trackway A9 was identified based on three consecutive coupled 

manual and pedal tracks (RP2–RM3) whose appearance is clearly different than that of surrounding 

impressions. Additional footprints could be referred to the trackway based on position, appearance, 

shape and size, including coupled manual and pedal tracks RP1/RM1 as well as LP1 and LM3. LM1 
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and LP3 as well as the coupled manual and pedal tracks RP4/RM4, although possibly present, could 

not be identified reliably.

Trackway Parameters—Trackway A9 markedly differs from the other trackways of the site. It 

shows a very wide gauge (WAP/PL: 1.52), and belongs to the smallest recorded individual (GAD: 70 

cm; pedal track length: 23 cm). Despite its smaller size, its large relative stride results in an estimated 

speed of 2.77 km/h, which is comparable with that of the larger trackways. Pedal and manual pace 

angulations are the lowest of the tracksite (106° and 92°, respectively), the difference is significant 

(p=0.0054). The pedal-manual track angle is 13°, and pedal rotation is high (33°). Strikingly, the 

manual supination angle is only 0.5°; the manual prints thus are oriented anteriorly.

Footprint Morphology—Pedal impressions LP1, RP2 and LP2 display the triangular morphology

seen in several of the other trackways. The rear of the track is narrowing into a blunt end. Manual 

impressions are crescent-shaped, where the lateral end is blunt and the medial end is acute and 

somewhat deflected posteriorly, and possibly corresponds to the impression of digit I (i.e., the pollex 

claw).

Trackway B1 (Fig. S9)

Trackway Identification—Trackway B1 of Tracksite B could be unequivocally identified in the 

field by one of us (SI).

Trackway Parameters—Trackway B1 of tracksite 2 is narrow-gauged. Pedal prints show a high 

pace angulation (133°), while manual prints form a somewhat wider trackway, with a pace angulation 

of 116°. Pedal rotation is 17° and manual rotation 74° with a low standard deviation (4.5°). Footprint 

depth ranges from 2 to 5 cm.

Footprint Morphology—Pedal impressions are sub-triangular in shape, being broader anteriorly 

than posteriorly. Manual impressions, as in RM1 and LM1, are kidney-shaped and can be sub-divided 

into two halves, each containing an oval impression.
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RESULTS OF STATISTICAL ANALYSIS

Figure S1. Scatterplot matrix of selected variables, including frequency distributions for each variable.
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DETAILED CHARTS OF THE TAFAYTOUR TRACKSITE

Figure S2. Tracksite 1 as photogrammetric orthophoto (top); depth-color image (middle); and 
interpretive sitemap (bottom). Arrows show the direction of travel for each trackmaker.
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Figure S3. Section 1 of Tracksite 1 as photogrammetric orthophoto (top); depth-color image (middle); 
and interpretive sitemap (bottom). Recognized trackways are shown in red, with possible additional 
trackways shown in blue. Arrows show the direction of travel for each trackmaker.
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Figure S4. Section 2 of Tracksite 1 as photogrammetric orthophoto (top); depth-color image (middle); 
and interpretive sitemap (bottom). Recognized trackways are shown in red, with possible additional 
trackways shown in blue. Arrows show the direction of travel for each trackmaker. The region within 
the blue rectangle is shown as close-up in Figure S7.
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Figure S5. Section 3 of Tracksite 1 as photogrammetric orthophoto (top); depth-color image (middle); 
and interpretive sitemap (bottom). Recognized trackways are shown in red, with possible additional 
trackways shown in blue. Arrows show the direction of travel for each trackmaker.
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Figure S6. Section 4 of Tracksite 1 as photogrammetric orthophoto (top); depth-color image (middle); 
and interpretive sitemap (bottom). Recognized trackways are shown in red, with possible additional 
trackways shown in blue. Arrows show the direction of travel for each trackmaker.
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Figure S7. Detail of section 2 (depth-color image). The exact location of the detail in the tracksite is 

shown in Figure S4.
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Figure S8. Photograph made by one of us (S.I.) in 1984, showing the manual print LM5 of Trackway 

A1, which has since been lost to erosion.
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Figure S9. Photograph made by one of us (S.I.) in 1988, showing manual print LM1 of Trackway B1, 

displaying the characteristic separation into two distinct pads.
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Supplementary Data 2

Page 1

N Trackway ID Locality Formation Country Age Reference PL [cm] DGA [cm] PA [°] MS [°] PR [°]
1 TaA1 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 53.63 191.16 131.31 101.67 13.9
2 TaA2 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 51.56 176.23 139.81 104.44 20.67
3 TaA3 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 45.56 151.53 109.59 70.7 29.49
4 TaA4 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 36.34 154.65 117.71 90.86 21.64
5 TaA5 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 42.92 152.37 110.06 105.95 37.95
6 TaA6 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 44.29 142.71 111.99 93.34 37.42
7 TaA7 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 42.75 158.54 106.64 78.08 36.1
8 TaA8 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 39.78 147.1 115.65 70.43 29.4
9 TaA9 Tafaytour site A Ameskroud Formation Morocco Jurassic, Middle this study 22.97 95.47 100.89 0.59 33.83

10 TaB1 Tafaytour site B Ameskroud Formation Morocco Jurassic, Middle this study 44.67 157.64 121.41 74.56 17.35
11 Ga-1 Gajin tracksite Haman Formation South Korea Cretaceous, Early Kim and Lockley, 2012 (Fig. 4b) 51.55 201.75 110.48 78.47 19.87
12 Ga-2 Gajin tracksite Haman Formation South Korea Cretaceous, Early Kim and Lockley, 2012 (Fig. 4b) 36.73 175.7 120.93 74.75 36.49
13 CR-1 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 124) 37.5 172.5 102.95 25.25 22.15
14 CR-2 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 124) 39 182.23 116.3 34.7 7.25
15 CR-10 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 124) 30 133.09 85.35 29.35 19.65
16 CR-12 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 124) 19.6 85.03 109 62.6 19.05
17 CR-13 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 124) 22.1 93.75 105.65 25.5 19
18 CR-530-1 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 127) 38.8 177.95 119.85 32.15 10.85
19 CR-540-1 Chevenez–Combe Ronde tracksiteReuchenette Formation Switzerland Jurassic, Late Marty, 2008 (p. 129) 25.7 139.05 121 44.7 23.15
20 RG-1 Rochefort-Les Grattes Reuchenette Formation Switzerland Jurassic, Late Marty et al., 2013 (Table 1) 32.3 137.38 115.95 36.15 10.55
21 CT-2 Courtedoux–Tchâfouè tracksite Twannbach Formation Switzerland Jurassic, Late Marty et al., 2013 (Table 1) 36 133.84 108.05 60.55 24.65
22 LOU-10 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 57.5 223.03 110.65 53.6 24.3
23 LOU-14 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 53 208.63 107.9 45.8 21.6
24 LOU-15 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 40.7 186.3 120.4 19 15.5
25 LOU-17 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 49.6 209.71 114.8 19.3 19.1
26 LOU-19 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 38.8 188.43 130.05 25.7 11.6
27 LOU-21 Loulle tracksite Morillon Formation France Jurassic, Late Mazin et al., 2016 (Table 1) 53.3 214.35 126.15 27.1 24.6
28 NGZ-T3 Nanguzhai tracksite Tianjialou Formation China Cretaceous, Early Xing et al., 2015a (Fig. 4 A) 35.51 130.04 113.44 69.11 15.08
29 LSV-1 Jishan tracksite Tianjialou Formation China Cretaceous, Early Xing et al., 2015a (Fig. 4EA) 25.95 109.94 108.98 56.96 17.27
30 KAR-ST1 Karigador tracksite – Croatia Cretaceous, Late Dalla Vecchia, 2001 (Text-fig. 8) 42.14 122.99 106.49 1.52 25.3
31 KAR-ST2 Karigador tracksite – Croatia Cretaceous, Late Dalla Vecchia, 2001 (Text-fig. 8) 39.01 121.66 110.26 39.28 23.59
32 AC-1 Agua del Choique tracksite Loncoche Formation Argantina Cretaceous, Late Gonzáles Riga and Calvo, 2009 (Text-Fig. 4) 42.67 259.76 107.3 39.26 35.46
33 ROLM-28 Lavini di Marco Grey Limestones Formation Italy Jurassic, Early Dalla Vecchia, 1994 (Fig. 2) 45.13 114.83 88.36 40.18 15.24
34 A90 Ardley trackway site White Limestone Formation England Jurassic, Middle Day et al., 2004 (Text-fig. 7E) 60.8 289.6 135.73 27.21 29.66
35 PG31 Purgatoire River tracksite Morrison Formation US Jurassic, Late Lockley et al., 1986 (Fig. 7A) 60.77 181.36 124.34 62.97 13.6
36 CE Cabo Espichel – Portugal Jurassic, Late Meyer, 1994 (Fig. 4) 58.03 208.26 111.1 33.1 10.02
37 Cha6-2 Du Situ River (Chabu 6) tracksite Jin Chuan Formation China Cretaceous, Early Lockley et al., 2002b (Fig. 6) 40.45 158.17 124.53 11.3 19.44
38 Cha6-4 Du Situ River (Chabu 6) tracksite Jin Chuan Formation China Cretaceous, Early Lockley et al., 2002b (Fig. 6) 57.95 220.77 104.3 54.07 25.14
39 Chu-1 Chuxiongpus tracksite Jiang Di He Formation China Cretaceous, Late Lockley et al., 2002b (Fig. 10) 37.45 131.68 108.52 19.59 28.53
40 Chu-2 Chuxiongpus tracksite Jiang Di He Formation China Cretaceous, Late Lockley et al., 2002b (Fig. 10) 41.92 157.91 108.51 50.89 43.8
41 Chu-3 Chuxiongpus tracksite Jiang Di He Formation China Cretaceous, Late Lockley et al., 2002b (Fig. 10) 38.03 145.44 113.3 14.47 28.49
42 Bh Barkhausen tracksite Süntel Formation Germany Jurassic, Late Lockley et al., 2004 (Fig. 5A) 40.23 147.02 90.81 69.53 8.6
43 ZJII-1 Zhaojue tracksite II Feitianshan Formation China Cretaceous, Early Xing et al., 2014b (Fig. 12) 42.2 151.86 122.03 9.39 5.21
44 ZJIIN-1 Zhaojue tracksite IIN Feitianshan Formation China Cretaceous, Early Xing et al., 2014b (Fig. 12) 40.95 142.02 103.38 34.78 21.65
45 ZJIIN-2 Zhaojue tracksite IIN Feitianshan Formation China Cretaceous, Early Xing et al., 2014b (Fig. 12) 41.42 214.08 124.53 91.81 1.51
46 ZJIIN-3 Zhaojue tracksite IIN Feitianshan Formation China Cretaceous, Early Xing et al., 2014b (Fig. 12) 37.12 139.29 109.31 12.42 18.97
47 ZJIIN-5 Zhaojue tracksite IIN Feitianshan Formation China Cretaceous, Early Xing et al., 2014b (Fig. 12) 38.22 137.32 112.3 12.78 6.89
48 Ho20 Hoewha District, locality 20 Jindong Formation South Korea Cretaceous, Early Lee et al. 2000 (Fig. 8B) 28.95 65.74 81.42 55.25 16.35
51 Ho19 Hoewha District, locality 19 Jindong Formation South Korea Cretaceous, Early Lockley 2006 (Fig. 11I) 12.28 57.95 114.12 44.17 8.85
49 Du-1 Dukmyeongri Jindong Formation South Korea Cretaceous, Early Lim et al. 1989 (Fig. 35.4A) 18.98 84.71 113.08 33.93 24.09
50 Du-2 Dukmyeongri Jindong Formation South Korea Cretaceous, Early Lim et al. 1994 (Fig. 6, middle) 21.28 85.46 103.52 43.04 8.15
52 Sa-1 Sangjock Jindong Formation South Korea Cretaceous, Early Lockley 2006 (Fig. 11D) 43 199.27 102.16 45.55 4.26
53 Si Silbawi Jindong Formation South Korea Cretaceous, Early Lockley 2006 (Fig. 11E) 47.47 228.79 103.27 31.04 -4.39
54 So Soltykow (=Odrowaz site) Zagaje Formation Poland Jurassic, Early Gierliński and Sawicki, 1998 (Plate II) 39.19 167.32 121.25 20.3 16.67
55 MC-1 Mill Canyon Cedar Mountain Formation US Cretaceous, Early Lockley et al. 2014 (Fig. 10A) 33.43 147.14 75.33 27.8 31.09
56 LCR-9 Las Cerradicas Villar del Arzobispo Formation Spain Cretaceous, Early Castanera et al. 2011 (Table 1) 29 126.62 120.5 35 34
57 LCR-10 Las Cerradicas Villar del Arzobispo Formation Spain Cretaceous, Early Castanera et al. 2011 (Table 1) 24 116.11 108.5 40 43
58 LCR-13 Las Cerradicas Villar del Arzobispo Formation Spain Cretaceous, Early Castanera et al. 2011 (Table 1) 28 123.36 116.5 31 36
59 Go Goseong Jindong Formation South Korea Cretaceous, Early Huh et al. 2003 (Fig. 6A) 23.03 98.84 96.07 43.61 3.13
60 LN Las Navillas Middle Enciso Group Spain Cretaceous, Early Lorente 2003 (Figura 48) 60.47 229.35 119.58 20.31 40.14
61 SMG-1 Shimiaogou Jiaguan Formation China Cretaceous, Early Xing et al. 2016d (Fig. 2) 43.76 171.44 100.65 51.14 31.42
62 SMG-2 Shimiaogou Jiaguan Formation China Cretaceous, Early Xing et al. 2016d (Fig. 8) 41.74 156.18 101.19 44.85 35.64
63 CHB-1 Changhebian Zhenzhuchong Formation China Jurassic, Early Xing et al. 2016c (Fig. 4) 31.55 106.55 99.92 35.92 19.92
64 CHB-2 Changhebian Zhenzhuchong Formation China Jurassic, Early Xing et al. 2016c (Fig. 4) 34.72 124.19 91.79 20.03 14.03
65 CHB-3 Changhebian Zhenzhuchong Formation China Jurassic, Early Xing et al. 2016c (Fig. 4) 31.49 101.62 105.94 34.16 10.01
66 JYS11 Jiaoyuan Ziliujing Formation China Jurassic, Early Xing et al. 2016a (Fig. 10B) 26.32 112.95 115.84 39.3 31.77
67 Da-1 Dazu tracksite Zhenzhuchong Formation China Jurassic, Early Xing et al. 2014c (Fig. 6A) 35.18 129.7 93.59 23.65 27.28
68 Da-2 Dazu tracksite Zhenzhuchong Formation China Jurassic, Early Xing et al. 2011 (Fig. 4, second from left) 30.74 105.16 107.46 -6.41 12.42
69 Ba Bajiu Feitianshan Formation China Cretaceous, Early Xing et al. 2016b (Fig. 3B) 40.75 160.64 101.04 43.17 35.28
70 Gu Gulin Ziliujing Formation China Jurassic, Early Xing et al. 2014a (Fig 6B) 39.89 159.34 115.45 59.58 25.94
71 LS1-1 Jishan Dasheng Group China Cretaceous, Early Xing et al. 2013a (Fig. 6) 52.57 197.49 98.07 34.41 38.48
72 LSI-2 Jishan Dasheng Group China Cretaceous, Early Xing et al. 2013a (Fig. 6) 28.11 114.31 94.55 71.09 13.17
73 AV3-1 Avelino Azoia Unit Portugal Jurassic, Late Lockley and Santos, 1993 (Fig. 1) 48.71 159.33 109.16 33.18 5.56
74 AV3-2 Avelino Azoia Unit Portugal Jurassic, Late Lockley and Santos, 1993 (Fig. 1) 31.55 137.35 115.73 56 20.95
75 AV3-3 Avelino Azoia Unit Portugal Jurassic, Late Lockley and Santos, 1993 (Fig. 1) 49.36 210.67 122.41 39.76 12.36
76 AV3-5 Avelino Azoia Unit Portugal Jurassic, Late Lockley and Santos, 1993 (Fig. 1) 43.37 159.98 114.89 28.42 30.04
77 LS7A Las Sereas Rupelo Formation Spain Jurassic, Late to Cretaceous, Early Fernández-Baldor, 2015 (Fig. 2b) 56.88 139.7 84.51 26.55 13.03
78 TT Toro Toro Toro Toro Formation Bolivia Cretaceous, Late Lockley et al., 2002 (Fig. 12) 58.76 237.68 104.47 28.47 2.99
79 SCP I-1 Sezze Cava Petrianni Laziale-Abruzzese-Campano domain Italy Cretaceous, Late Nicosia et al., 2007 (Fig. 8) 56.76 190.3 94.03 28.82 35.35
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WAP/PL Speed m/s DGA 1 DGA 2 DGA 3 Pes length Stride/PL Stride/DGA1 Stride/DGA2 Stride/DGA3 Pace ang. pes pace ang. manus pace ang. diff pes manus pace ang. PR MS
TaA1 0.67 0.78 148.17 191.16 234.15 53.63 3.21 0.9 0.9 0.73 131.31 135.88 124.79 11.09 13.9 101.67
TaA2 0.56 0.76 136.89 176.23 215.56 51.56 3.05 0.89 0.89 0.73 139.81 140.52 139.1 1.43 20.67 104.44
TaA3 0.76 0.54 120.06 151.53 182.99 45.56 2.76 0.83 0.83 0.69 109.59 114.53 103 11.53 29.49 70.7
TaA4 1.23 0.92 121.14 154.65 188.17 36.34 3.69 0.87 0.87 0.71 117.71 113.04 122.38 -9.34 21.64 90.86
TaA5 0.82 0.64 120.88 152.37 183.85 42.92 2.93 0.83 0.83 0.69 110.06 120.6 99.52 21.08 37.95 105.95
TaA6 0.51 0.63 109.56 142.71 175.85 44.29 2.99 0.93 0.93 0.75 111.99 142.62 99.74 42.88 37.42 93.34
TaA7 1.15 0.77 123.23 158.54 193.86 42.75 3.3 0.89 0.89 0.73 106.64 111.59 103.67 7.91 36.1 78.08
TaA8 1.12 0.59 115.29 147.1 178.92 39.78 3.2 0.87 0.87 0.71 115.65 114.66 117.13 -2.48 29.4 70.43
TaA9 1.5 0.77 71.72 95.47 119.23 22.97 4.14 1 1 0.8 100.89 106.48 92.5 13.98 33.83 0.59
TaB1 0.73 0.7 121.43 157.64 193.84 44.67 3.24 0.92 0.92 0.75 121.41 134.04 115.09 18.95 17.35 74.56
Ga-1 1.05 0.74 161.15 201.75 242.34 51.55 3.15 0.8 0.8 0.67 110.48 111.72 109.49 2.24 19.87 78.47
Ga-2 1.26 1.07 137.34 175.7 214.07 36.73 4.18 0.87 0.87 0.72 120.93 119.27 122.59 -3.33 36.49 74.75
CR-1 1.46 1.01 134.4 172.5 210.6 37.5 4.06 0.88 0.88 0.72 102.95 109.6 96.3 13.3 22.15 25.25
CR-2 1.28 1.27 137 182.23 227.45 39 4.64 0.99 0.99 0.8 116.3 123.3 109.3 14 7.25 34.7
CR-10 2.3 1.07 98.3 133.09 167.88 30 4.64 1.05 1.05 0.83 85.35 87.7 83 4.7 19.65 29.35
CR-12 1.31 1.32 56.5 85.03 113.55 19.6 5.82 1.34 1.34 1 109 128 90 38 19.05 62.6
CR-13 1.22 1.1 66.8 93.75 120.7 22.1 4.88 1.15 1.15 0.89 105.65 120.7 90.6 30.1 19 25.5
CR-530-1 1.13 0.92 140.2 177.95 215.7 38.8 3.89 0.85 0.85 0.7 119.85 117.2 122.5 -5.3 10.85 32.15
CR-540-1 1.34 1.27 104.8 139.05 173.3 25.7 5.33 0.99 0.99 0.79 121 126 116 10 23.15 44.7
RG-1 0.8 0.73 109 137.38 165.75 32.3 3.51 0.83 0.83 0.68 115.95 129.4 102.5 26.9 10.55 36.15
CT-2 0.9 0.66 104 133.84 163.68 36 3.32 0.89 0.89 0.73 108.05 118 98.1 19.9 24.65 60.55
LOU-10 0.87 0.78 181 223.03 265.05 57.5 2.92 0.75 0.75 0.63 110.65 123.1 98.2 24.9 24.3 53.6
LOU-14 0.99 0.87 160 208.63 257.25 53 3.67 0.93 0.93 0.76 107.9 117.9 97.9 20 21.6 45.8
LOU-15 1.28 1.14 142 186.3 230.6 40.7 4.35 0.95 0.95 0.77 120.4 118.7 122.1 -3.4 15.5 19
LOU-17 1.26 1.25 157 209.71 262.43 49.6 4.25 1.01 1.01 0.8 114.8 119.6 110 9.6 19.1 19.3
LOU-19 1.17 1.61 137 188.43 239.85 38.8 5.3 1.09 1.09 0.86 130.05 132.6 127.5 5.1 11.6 25.7
LOU-21 0.98 1.07 162 214.35 266.7 53.3 3.93 0.98 0.98 0.79 126.15 127.3 125 2.3 24.6 27.1
NGZ-T3 0.64 0.51 105.22 130.04 154.86 35.51 2.8 0.76 0.76 0.64 113.44 130.71 92.73 37.98 15.08 69.11
LSV-1 0.83 0.5 90.12 109.94 129.76 25.95 3.06 0.72 0.72 0.61 108.98 124.1 88.81 35.29 17.27 56.96
KAR-ST1 0.93 0.65 90.69 122.99 155.29 42.14 3.07 1.05 1.05 0.83 106.49 113.32 92.84 20.48 25.3 1.52
KAR-ST2 1.06 0.77 89.08 121.66 154.23 39.01 3.34 1.07 1.07 0.84 110.26 112.54 82.88 29.66 23.59 39.28
AC-1 1.89 1.75 200.01 259.76 319.51 42.67 5.6 0.92 0.92 0.75 107.3 109.02 102.16 6.86 35.46 39.26
ROLM-28 1.01 0.48 86.81 114.83 142.85 45.13 2.48 0.98 0.98 0.78 88.36 101.37 62.35 39.02 15.24 40.18
A90 0.9 1.96 209.94 289.6 369.27 60.8 5.24 1.1 1.1 0.86 135.73 141.02 130.44 10.57 29.66 27.21
PG31 0.62 0.71 137.14 181.36 225.58 60.77 2.91 0.98 0.98 0.78 124.34 132.39 108.25 24.15 13.6 62.97
CE 1.18 1.3 149.38 208.26 267.15 58.03 4.06 1.13 1.13 0.88 111.1 119.25 102.96 16.28 10.02 33.1
Cha6-2 0.8 0.99 117.37 158.17 198.97 40.45 4.04 1.03 1.03 0.82 124.53 133.33 115.73 17.59 19.44 11.3
Cha6-4 1.23 0.91 169.87 220.77 271.66 57.95 3.51 0.92 0.92 0.75 104.3 107.86 100.73 7.12 25.14 54.07
Chu-1 1.16 0.76 97.92 131.68 165.43 37.45 3.6 1.03 1.03 0.82 108.52 110.07 105.41 4.66 28.53 19.59
Chu-2 1.02 0.61 125.66 157.91 190.16 41.92 3.08 0.82 0.82 0.68 108.51 113.69 98.17 15.52 43.8 50.89
Chu-3 1.43 0.88 109.41 145.44 181.47 38.03 3.79 0.99 0.99 0.79 113.3 105.93 120.67 -14.75 28.49 14.47
Bh 1.26 0.58 120.05 147.02 173.98 40.23 2.68 0.73 0.73 0.62 90.81 96.36 79.71 16.65 8.6 69.53
ZJII-1 1.07 0.97 110.79 151.86 192.93 42.2 3.89 1.08 1.08 0.85 122.03 120.89 126.61 -5.72 5.21 9.39
ZJIIN-1 0.94 0.74 108.22 142.02 175.82 40.95 3.3 0.95 0.95 0.77 103.38 120.64 86.12 34.51 21.65 34.78
ZJIIN-2 0.9 0.86 176.32 214.08 251.83 41.42 3.65 0.71 0.71 0.6 124.53 126.11 123.34 2.77 1.51 91.81
ZJIIN-S3 1.09 0.79 105.74 139.29 172.84 37.12 3.62 0.96 0.96 0.78 109.31 112.15 107.04 5.11 18.97 12.42
ZJIIN-5 1.19 0.85 102.65 137.32 171.98 38.22 3.63 1.01 1.01 0.81 112.3 113.68 110.91 2.76 6.89 12.78
Ho20 1.25 0.48 45.5 65.74 85.98 28.95 2.8 1.23 1.23 0.94 81.42 95.58 67.27 28.32 16.35 55.25
Du-1 1.04 0.61 66.88 84.71 102.54 18.98 3.76 0.84 0.84 0.7 113.08 118.83 107.33 11.5 24.09 33.93
Du-2 0.8 0.5 69.75 85.46 101.18 21.28 2.95 0.74 0.74 0.62 103.52 124.53 93.01 31.52 8.15 43.04
HO19 0.88 0.44 47.06 57.95 68.84 12.28 3.55 0.75 0.75 0.63 114.12 124.73 101.38 23.34 8.85 44.17
Sa-1 1.28 1 159.13 199.27 239.4 43 3.73 0.81 0.81 0.67 102.16 107.43 99.53 7.9 4.26 45.55
Si 1.08 0.99 183.08 228.79 274.51 47.47 3.85 0.8 0.8 0.67 103.27 120.72 85.81 34.91 -4.39 31.04
So 0.71 1.1 127.01 167.32 207.63 39.19 4.11 0.96 0.96 0.78 121.25 135.86 106.65 29.21 16.67 20.3
MC-1 1.8 0.55 121.11 147.14 173.17 33.43 3.12 0.71 0.71 0.6 75.33 78.06 73.5 4.56 31.09 27.8
LCR-9 1.17 2.4 101 126.62 152.25 29 3.53 0.81 0.81 0.67 120.5 116 125 -9 34 35
LCR-10 1.33 2.7 92.74 116.11 139.49 24 3.9 0.81 0.81 0.67 108.5 110 107 3 43 40
LCR-13 1.07 2.6 97.24 123.36 149.49 28 3.73 0.85 0.85 0.7 116.5 118 115 3 36 31
Go 1.27 0.49 80.94 98.84 116.74 23.03 3.11 0.72 0.72 0.61 96.07 100.33 91.11 9.22 3.13 43.61
LN 0.89 1.21 172.6 229.35 286.09 60.47 3.75 0.99 0.99 0.79 119.58 130.46 97.8 32.66 40.14 20.31
SMG-1 1.22 0.66 138.67 171.44 204.2 43.76 2.99 0.76 0.76 0.64 100.65 100.17 101.01 -0.83 31.42 51.14
SMG-2 1.07 0.58 125.35 156.18 187 41.74 2.95 0.79 0.79 0.66 101.19 107.15 95.22 11.94 35.64 44.85
CHB-S1 1.25 0.6 82 106.55 131.09 31.55 3.11 0.92 0.92 0.75 99.92 100.55 98.05 2.5 19.92 35.92
CHB-S2 1.28 0.74 94.25 124.19 154.14 34.72 3.45 0.96 0.96 0.78 91.79 100.25 80.51 19.75 14.03 20.03
CHB-S3 0.92 0.59 76.3 101.62 126.95 31.49 3.22 1 1 0.8 105.94 117.46 86.74 30.72 10.01 34.16
JYS11 1.05 0.79 86.52 112.95 139.38 26.32 4.02 0.94 0.94 0.76 115.84 119.87 111.81 8.06 31.77 39.3
Da-1 1.21 0.54 101.68 129.7 157.72 35.18 3.19 0.86 0.86 0.71 93.59 103.26 83.92 19.35 27.28 23.65
DA-2 1.15 0.63 79.85 105.16 130.47 30.74 3.29 0.96 0.96 0.78 107.46 106.77 108.14 -1.37 12.42 -6.41
Ba 1.38 0.68 127.59 160.64 193.69 40.75 3.24 0.82 0.82 0.68 101.04 99.3 113.28 -13.98 35.28 43.17
Gu 0.85 0.69 126.02 159.34 192.66 39.89 3.34 0.84 0.84 0.69 115.45 119.24 111.65 7.6 25.94 59.58
LS1-S1 1.24 0.86 152.62 197.49 242.35 52.57 3.41 0.91 0.91 0.74 98.07 110.24 89.96 20.28 38.48 34.41
LSI-S2 0.86 0.45 94.34 114.31 134.28 28.11 2.84 0.7 0.7 0.59 94.55 113.74 75.37 38.37 13.17 71.09
AV3-1 0.87 0.59 126.19 159.33 192.46 48.71 2.72 1.05 0.83 0.69 109.16 114.52 103.14 11.37 5.56 33.18
AV3-2 1 0.8 107.82 137.35 166.88 31.55 3.74 1.1 0.86 0.71 115.73 123.1 103.45 19.65 20.95 56
AV3-3 0.99 1.22 159.2 210.67 262.14 49.36 4.17 1.29 0.98 0.79 122.41 130.98 113.84 17.14 12.36 39.76
AV3-5 0.92 0.9 120.51 159.98 199.45 43.37 3.64 1.31 0.99 0.79 114.89 123.81 105.96 17.85 30.04 28.42
LS 7A 1.01 0.43 109.37 139.7 170.02 56.88 2.13 1.11 0.87 0.71 84.51 95.03 68.75 26.28 13.03 26.55
TT 1.39 1.41 180.46 237.68 294.91 58.76 3.9 1.27 0.96 0.78 104.47 108.75 100.19 8.56 2.99 28.47
SCP I-1 1.13 0.71 149.32 190.3 231.27 56.76 2.89 1.1 0.86 0.71 94.03 97.65 90.41 7.24 35.35 28.82


