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Glossary of fossil tetrapod tracks

Jens N. Lallensack, Giuseppe Leonardi, and Peter L. Falkingham

ABSTRACT

The terminology used in fossil tetrapod track research has expanded and evolved
considerably in recent decades. The main drivers of this change are conceptual and
methodological advances, the emergence of distinct subfields such as hominin track
research, and increased interdisciplinarity. This growing lexicon has led to confusion
and conflict, as long-standing usage of terms has been questioned (e.g., the term
“preservation”) or conflicts with the terminology of related fields such as invertebrate
ichnology and biomechanics (e.g., the terms “elite track/trace” and “pace gait”). In addi-
tion, the definition of a number of key terms, including the term “track” itself, has
remained vague. The present glossary provides a comprehensive review of the termi-
nology used in tetrapod track research. In addition to documenting past usage of
terms, we aim to provide a standard terminology that is 1) precisely defined, unambig-
uous, and consistent; 2) compatible with terminology used in related fields; 3) reflects
current knowledge and is not misleading, and 4) is easily understood and follows tradi-
tional usage as much as possible. In addition to terminology, we also aim to briefly
explain and discuss the concepts and methods behind each term, and, where appropri-
ate, refer the reader to the relevant literature.
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INTRODUCTION

The field of fossil tetrapod track research has
grown steadily over the last few decades.
Increased knowledge and methodological
advances have led to an ever-increasing pool of
terminology. Distinct sub-fields have emerged,
such as the study of dinosaur tracks or the study of
fossil hominin tracks. Each of these subfields uses
slightly different approaches and conventions,
especially in ichnotaxonomy, and has developed
specialised and sometimes conflicting terminol-
ogy. More importantly, tetrapod track research has
become increasingly interdisciplinary, with integra-
tive approaches involving body fossils, modern ani-
mals, sedimentology, biomechanics, soil
mechanics, tectonics, statistics, experiments and
computer simulations, and, in the case of fossil
hominin tracks, even forensics. These develop-
ments also bring challenges, as specialised termi-
nology is no longer widely understood across the
broader field of ichnology. The increasing interdis-
ciplinarity has also led to collisions between tradi-
tional ichnological terminology and modern
terminology “borrowed” from outside of the field.
This can include identical words that convey differ-
ent meanings, as is, for example, the case with the
terminology of quadrupedal gaits.

Traditional ichnological terminology was
greatly influenced by the “Glossary and Manual of
Tetrapod Footprint Palaeoichnology” (Leonardi et
al., 1987), which contained a comprehensive list of
terms in eight languages as well as a discussion of
terms and methods. Given the ever-growing pool
of terminology, Leonardi et al. (1987) discussed
only a fraction of the terms currently in use, and
some of their definitions are becoming a growing
source of confusion due to conflicting definitions
from related fields of study – an inevitable conse-
quence of the increasing interdisciplinarity. A few
attempts at updated glossaries have since been
made (Vintaned and Liñan, 1996; Marty et al.,
2016), although the only systematic attempt in
English (Marty et al., 2016) was limited to dino-
saurs and focused on a few central terms rather
than attempting to be exhaustive. As a result, no
comprehensive glossary is available that ade-
quately reflects current terminology. The purpose
of our present contribution is therefore three-fold:

First and foremost, we aim to provide a com-
prehensive review of the existing terminology used
in tetrapod track research. We focus on terms that
are specific to this field of study or that take on new
meanings, including subtle differences in defini-
tions between fields that have not yet been formally

documented. We also discuss terms that are
important in the context of tetrapod ichnology for
other reasons but are not strictly ichnological
terms. We aim to include all such terms, including
those specific to particular subfields, and only omit
terms that have not yet found application beyond
the work of the author who first introduced them.
We do not include names of ichnotaxa. Unlike
Leonardi et al. (1987), we restrict ourselves to the
English language, as publications in other lan-
guages are much rarer than they were three
decades ago. However, we would welcome future
translations of this work, either formally or infor-
mally.

Second, we aim to provide a standard termi-
nology that is ideally 1) precise, unambiguous, and
consistent; 2) compatible with terminology used in
related fields; 3) reflects current knowledge while
not being misleading, and 4) follows traditional
usage of terms as closely as possible. We will give
preference to the most used terms in the literature
that meet these criteria and will avoid introducing
new terms whenever possible. To arrive at such a
standard terminology, we will 1) point out any ambi-
guities and logical problems that may be associ-
ated with certain terms, and 2) make
recommendations as to which terms should be
used. While we do not seek to abandon redundant
terminology that may have become an integral part
of ichnological history, we hope that these discus-
sions will at least raise awareness of the many pit-
falls and urge authors to be clear about the
meaning of the terms they use.

Third, following the tradition established by
Leonardi et al. (1987), we aim to provide not only
precise definitions of terms, but also concise intro-
ductions to key concepts and methods, including
some general suggestions for the study of tracks.
Where appropriate, we will also refer the reader to
the most relevant literature.

The terms discussed are organised into a total
of 277 numbered entries. Each of these entries
represents a distinct concept and may discuss a
single term or a related group of terms. For exam-
ple, the entry “track” covers not only the term
“track” and its synonyms (e.g., “footprint”, “ichnite”),
but also similar but distinct concepts such as “track
volume” and “maximum zone of deformation”.
Terms that, in the judgment of the authors, are par-
ticularly important and/or distinct are bolded for
quick access, but such bolding is used sparingly to
maximise practical value. 

The entries themselves are divided into ten
separate sections. Each section may contain sub-
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topics to group similar terms and is accompanied
by overviews that briefly introduce broad topics.
The glossary includes a table of contents, which
lists all the terms discussed in alphabetical order
and synonyms that may be useful. There is also a

number indicating the entry in which a given term is
primarily discussed.

As these files are electronic, readers can
always use CTRL F or COMMAND F to find any
topic.
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Elephant skin . . . . . . . . . . . . . . . . . . . 50
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Fossil volume  . . . . . . . . . . . . . . . . . . 65
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Gauge  . . . . . . . . . . . . . . . . . . . . . . . 149
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Geoconservation . . . . . . . . . . . . . . . 179
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Heteropody  . . . . . . . . . . . . . . . . . . . 154
Heteropody index. . . . . . . . . . . . . . . 154
High arched foot. . . . . . . . . . . . . . . . 109
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Ichnofauna  . . . . . . . . . . . . . . . . . . . 172
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Ichnospecific taxobase . . . . . . . . . . 269
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In-phase hopping . . . . . . . . . . . . . . . 227
Index fossil . . . . . . . . . . . . . . . . . . . . 177
Index ichnotaxon . . . . . . . . . . . . . . . 177
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Infill. . . . . . . . . . . . . . . . . . . . . . . . . . . 27
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Kick-off phase . . . . . . . . . . . . . . . . . 188
Kick-off scour  . . . . . . . . . . . . . . . . . 239
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Manus track (print, impression) . . . . . 78
Manus trackway width . . . . . . . . . . . 148
Manus-dominated  . . . . . . . . . . . . . . 155
Manus-only trackway . . . . . . . . . . . . 155
Manus-pes distance. . . . . . . . . . . . . 146
Manus-pes set . . . . . . . . . . . . . . . . . 144
Marginal ridge  . . . . . . . . . . . . . . . . . . 45
Marginal thrust . . . . . . . . . . . . . . . . . . 45
Marginal upfold  . . . . . . . . . . . . . . . . . 45
Mark. . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Maximum outline . . . . . . . . . . . . . . . 111
Maximum trackway width. . . . . . . . . 148
Maximum zone of deformation. . . . . . . 6
Mean outlines. . . . . . . . . . . . . . . . . . 112
Medial  . . . . . . . . . . . . . . . . . . . . . . . . 72
Medial longitudinal arch . . . . . . . . . . 109
Medial pocket. . . . . . . . . . . . . . . . . . 107
Medial-median functionality . . . . . . . . 91
Median . . . . . . . . . . . . . . . . . . . . . . . . 68
Median functionality . . . . . . . . . . . . . . 91
Median-lateral functionality  . . . . . . . . 91
Mediotype  . . . . . . . . . . . . . . . . . . . . 112
Mediportal  . . . . . . . . . . . . . . . . . . . . 214
Medium gauge . . . . . . . . . . . . . . . . . 149
Medium-scale ichnofacies . . . . . . . . 171
Megatracksite. . . . . . . . . . . . . . . . . . 164
Mesarthral  . . . . . . . . . . . . . . . . . . . . . 99
Mesaxonic . . . . . . . . . . . . . . . . . . . . . 90
Mesh  . . . . . . . . . . . . . . . . . . . . . . . . . 13
Mesial web. . . . . . . . . . . . . . . . . . . . 254
Metacarpal pad  . . . . . . . . . . . . . . . . . 97
Metacarpo-phalangeal axis . . . . . . . 117
Metacarpophalangeal pad . . . . . . . . . 97
Metapodial pad  . . . . . . . . . . . . . . . . . 97
Metapodial-phalangeal axis . . . . . . . 117
Metapodial-phalangeal pad . . . . . . . . 97
Metapodials . . . . . . . . . . . . . . . . . . . . 77
Metapodium . . . . . . . . . . . . . . . . . . . . 77
Metatarsal heads . . . . . . . . . . . . . . . 108
Metatarsal pad . . . . . . . . . . . . . . . . . . 97
Metatarso-phalangeal axis. . . . . . . . 117
Metatarsophalangeal pad  . . . . . . . . . 97
Microbialite. . . . . . . . . . . . . . . . . . . . . 50
Microbially induced 

sedimentary structures. . . . . . . . . 50
Microtopography  . . . . . . . . . . . . . . . . . 7
Mid-point  . . . . . . . . . . . . . . . . . . . . . 123
Mid-stance . . . . . . . . . . . . . . . . . . . . 188
Mid-stance phase. . . . . . . . . . . . . . . 188
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Mid-swing  . . . . . . . . . . . . . . . . . . . . 188
Midfoot  . . . . . . . . . . . . . . . . . . . . . . 109
Midpoint. . . . . . . . . . . . . . . . . . . . . . 123
Midtarsal break . . . . . . . . . . . . . . . . 110
Milling  . . . . . . . . . . . . . . . . . . . . . . . 166
Mimimum outline . . . . . . . . . . . . . . . 111
Minimum trackway width . . . . . . . . . 148
Mode of locomotion. . . . . . . . . . . . . 217
Modified true track. . . . . . . . . . . . . . . 34
Monodactyl . . . . . . . . . . . . . . . . . . . . 89
Monostratal megatracksite  . . . . . . . 164
Monotypic ichnogenus  . . . . . . . . . . 266
Monotypic tracksite . . . . . . . . . . . . . 163
Morphological preservation . . . . . . . . 18
Morphological quality  . . . . . . . . . . . . 17
Morphology . . . . . . . . . . . . . . . . . . . . . 7
Morphotype . . . . . . . . . . . . . . . . . . . 276
Mould  . . . . . . . . . . . . . . . . . . . . . . . . 14
Movement cycle  . . . . . . . . . . . . . . . 191
Movement path . . . . . . . . . . . . . . . . 133
Movement pattern . . . . . . . . . . . . . . 165
Movement phase. . . . . . . . . . . . . . . 133
Movichnia  . . . . . . . . . . . . . . . . . . . . . 11
Mud mound . . . . . . . . . . . . . . . . . . . . 47
Mud rim . . . . . . . . . . . . . . . . . . . . . . . 45
Multistratal megatracksite . . . . . . . . 164
Nail  . . . . . . . . . . . . . . . . . . . . . . . . . 106
Nail marks . . . . . . . . . . . . . . . . . . . . 106
Naked skin  . . . . . . . . . . . . . . . . . . . 241
Narrow base . . . . . . . . . . . . . . . . . . 149
Narrow-gauge . . . . . . . . . . . . . . . . . 149
Natatorial. . . . . . . . . . . . . . . . . . . . . 212
Natichnia . . . . . . . . . . . . . . . . . . . . . . 11
Natural cast . . . . . . . . . . . . . . . . . . . . 26
Natural mould . . . . . . . . . . . . . . . . . . 26
Negative  . . . . . . . . . . . . . . . . . . . . . . 27
Negative rotation . . . . . . . . . . . . . . . 153
Negative volume . . . . . . . . . . . . . . . . 33
Neoichnology  . . . . . . . . . . . . . . . . . . . 3
Neotype. . . . . . . . . . . . . . . . . . . . . . 271
Nest scrapes . . . . . . . . . . . . . . . . . . 247
Nested ‘V’s  . . . . . . . . . . . . . . . . . . . . 38
Nodes . . . . . . . . . . . . . . . . . . . . . . . . 97
Nomen dubium . . . . . . . . . . . . . . . . 274
Nomenclature . . . . . . . . . . . . . . . . . 261
Objective outlines . . . . . . . . . . . . . . 111
Objective synonym . . . . . . . . . . . . . 272
Obligate biped (quadruped)  . . . . . . 195
Oblique cross-section . . . . . . . . . . . . 76
Oblique pace . . . . . . . . . . . . . . . . . . 141
Obstacle mark . . . . . . . . . . . . . . . . . 257
Off-tracking . . . . . . . . . . . . . . . . . . . 159
Oligodactyl  . . . . . . . . . . . . . . . . . . . . 89
Onion-ring pattern . . . . . . . . . . . . . . . 29

Ontogenetic series of tracks  . . . . . . . 22
Ontogeny . . . . . . . . . . . . . . . . . . . . . . 22
Open nomenclature . . . . . . . . . . . . . 262
Opposed  . . . . . . . . . . . . . . . . . . . . . 124
Original ground surface . . . . . . . . . . . 32
Ornamentation . . . . . . . . . . . . . . . . . 250
Orthograde. . . . . . . . . . . . . . . . . . . . 187
Orthographic 

(camera-parallel) projection . . . . . 13
Orthophoto. . . . . . . . . . . . . . . . . . . . . 13
Orthotaxonomy  . . . . . . . . . . . . . . . . 260
Out-of-phase hopping  . . . . . . . . . . . 228
Outer  . . . . . . . . . . . . . . . . . . . . . . . . . 68
Outer digit angle. . . . . . . . . . . . . . . . 124
Outline . . . . . . . . . . . . . . . . . . . . . . . 111
Outward rotation  . . . . . . . . . . . . . . . 153
Overall track. . . . . . . . . . . . . . . . . . . . 34
Overall width  . . . . . . . . . . . . . . . . . . 148
Overhang . . . . . . . . . . . . . . . . . . . . . . 28
Overlap  . . . . . . . . . . . . . . . . . . . . . . 157
Overprint  . . . . . . . . . . . . . . . . . . . . . . 44
Overstep  . . . . . . . . . . . . . . . . . . . . . 156
Overtrace . . . . . . . . . . . . . . . . . . . . . . 44
Overtrack . . . . . . . . . . . . . . . . . . . . . . 44
P-preservation . . . . . . . . . . . . . . . . . . 18
Pace angle. . . . . . . . . . . . . . . . . . . . 150
Pace angulation . . . . . . . . . . . . . . . . 150
Pace gait  . . . . . . . . . . . . . . . . . . . . . 222
Pace length . . . . . . . . . . . . . . . . . . . 141
Pace line  . . . . . . . . . . . . . . . . . . . . . 141
Pace width . . . . . . . . . . . . . . . . . . . . 148
Pachydactylous . . . . . . . . . . . . . . . . . 43
Pack. . . . . . . . . . . . . . . . . . . . . . . . . 255
Pad deformation. . . . . . . . . . . . . . . . . 53
Pad impressions  . . . . . . . . . . . . . . . . 97
Paddle trace. . . . . . . . . . . . . . . . . . . . . 6
Paddling trace (paddling track)  . . . . 239
Pads. . . . . . . . . . . . . . . . . . . . . . . . . . 97
Palaeoethology (paleoethology)  . . . . 11
Palaeoichnology 

(paleoichnology, palichnology). . . . 3
Palaeopathology  . . . . . . . . . . . . . . . 244
Palaeopenetrometer  . . . . . . . . . . . . 160
Palaeosurface . . . . . . . . . . . . . . . . . 162
Palm impression  . . . . . . . . . . . . . . . 101
Palm length . . . . . . . . . . . . . . . . . . . 127
Palm pad . . . . . . . . . . . . . . . . . . . . . . 97
Palm width . . . . . . . . . . . . . . . . . . . . 127
Palmar . . . . . . . . . . . . . . . . . . . . . . . . 74
Palmar pad. . . . . . . . . . . . . . . . . . . . . 97
Palmar pressure. . . . . . . . . . . . . . . . 208
Palmar surface. . . . . . . . . . . . . . . . . . 74
Palmarflexion . . . . . . . . . . . . . . . . . . 180
Palmate track. . . . . . . . . . . . . . . . . . 254
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Palmigrade  . . . . . . . . . . . . . . . . . . . . 95
Pamprodactyly  . . . . . . . . . . . . . . . . . 89
Parasagittal limbs . . . . . . . . . . . . . . 186
Parasagittal plane . . . . . . . . . . . . . . . 71
Parasagittal posture  . . . . . . . . . . . . 186
Parataxonomy. . . . . . . . . . . . . . . . . 260
Paraxonic  . . . . . . . . . . . . . . . . . . . . . 90
Partial divarication. . . . . . . . . . . . . . 124
Pascichnia. . . . . . . . . . . . . . . . . . . . . 11
Paso  . . . . . . . . . . . . . . . . . . . . . . . . 223
Path length  . . . . . . . . . . . . . . . . . . . 135
Pathology  . . . . . . . . . . . . . . . . . . . . 244
Pausing point  . . . . . . . . . . . . . . . . . 199
Paw . . . . . . . . . . . . . . . . . . . . . . . . . . 80
Paw mark (paw track, paw print). . . . . 6
Peck mark . . . . . . . . . . . . . . . . . . . . 253
Pedal . . . . . . . . . . . . . . . . . . . . . . . . . 79
Pedal digits . . . . . . . . . . . . . . . . . . . . 83
Pedal locomotion. . . . . . . . . . . . . . . 233
Pedes  . . . . . . . . . . . . . . . . . . . . . . . . 79
Penecontemporaneous . . . . . . . . . . . 15
Penetrative track . . . . . . . . . . . . . . . . 38
Penetrative undertrack  . . . . . . . . . . . 38
Pentadactyl . . . . . . . . . . . . . . . . . . . . 89
Percent interruption metric  . . . . . . . 250
Perfect track  . . . . . . . . . . . . . . . . . . . 30
Pes  . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Pes angulation  . . . . . . . . . . . . . . . . 150
Pes trackway width . . . . . . . . . . . . . 148
Pes-dominated  . . . . . . . . . . . . . . . . 155
Pes-manus distance . . . . . . . . . . . . 146
Pes-manus set  . . . . . . . . . . . . . . . . 144
Pes-only trackway . . . . . . . . . . . . . . 155
Phalangeal formula . . . . . . . . . . . . . . 84
Phalangeal pads . . . . . . . . . . . . . . . . 97
Phalanges . . . . . . . . . . . . . . . . . . . . . 84
Phantom taxon  . . . . . . . . . . . . . . . . 275
Phenetic correlation  . . . . . . . . . . . . . 10
Photogrammetry . . . . . . . . . . . . . . . . 13
Physical preservation  . . . . . . . . . . . . 18
Pitch  . . . . . . . . . . . . . . . . . . . . . . . . 185
Plantar. . . . . . . . . . . . . . . . . . . . . . . . 74
Plantar pad . . . . . . . . . . . . . . . . . . . . 97
Plantar pads  . . . . . . . . . . . . . . . . . . . 97
Plantar pressure . . . . . . . . . . . . . . . 208
Plantar surface  . . . . . . . . . . . . . . . . . 74
Plantarflexion  . . . . . . . . . . . . . . . . . 180
Plantigrade  . . . . . . . . . . . . . . . . . . . . 95
Plantiportal  . . . . . . . . . . . . . . . . . . . . 92
Plaster of Paris . . . . . . . . . . . . . . . . . 14
Plastotype . . . . . . . . . . . . . . . . . . . . 271
Plexus . . . . . . . . . . . . . . . . . . . . . . . 277
Plug . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Plumage . . . . . . . . . . . . . . . . . . . . . 241
Podotheca . . . . . . . . . . . . . . . . . . . . 242

Point cloud . . . . . . . . . . . . . . . . . . . . . 13
Polarity . . . . . . . . . . . . . . . . . . . . . . . . 12
Pollex . . . . . . . . . . . . . . . . . . . . . . . . . 86
Pollical pad. . . . . . . . . . . . . . . . . . . . . 97
Polydactyl. . . . . . . . . . . . . . . . . . . . . . 89
Polygonal scale . . . . . . . . . . . . . . . . 242
Polytypic tracksite  . . . . . . . . . . . . . . 163
Poor quality tracks . . . . . . . . . . . . . . . 17
Poorly defined . . . . . . . . . . . . . . . . . . 17
Poorly preserved . . . . . . . . . . . . . . . . 17
Positive  . . . . . . . . . . . . . . . . . . . . . . . 27
Positive rotation . . . . . . . . . . . . . . . . 153
Post-formation process . . . . . . . . . . . 16
Post-formational alteration . . . . . . . . . 16
Post-registration process . . . . . . . . . . 16
Post-track surface . . . . . . . . . . . . . . . 32
Postaxial  . . . . . . . . . . . . . . . . . . . . . . 72
Posterior. . . . . . . . . . . . . . . . . . . . . . . 72
Posterior cleft . . . . . . . . . . . . . . . . . . 107
Posterior gap . . . . . . . . . . . . . . . . . . 107
Posterior mark . . . . . . . . . . . . . . . . . 245
Posterior triangle . . . . . . . . . . . . . . . 129
Pre-track surface . . . . . . . . . . . . . . . . 32
Preaxial  . . . . . . . . . . . . . . . . . . . . . . . 72
Preservation. . . . . . . . . . . . . . . . . . . . 18
Preservation scale . . . . . . . . . . . . . . . 19
Pressure bulb. . . . . . . . . . . . . . . . . . . 51
Pressure pad . . . . . . . . . . . . . . . . . . . 56
Pressure ridge . . . . . . . . . . . . . . . . . . 45
Pressure-release structure 

(pressure releases)  . . . . . . . . . . . 21
Primitive alternate pace . . . . . . . . . . 221
Principal digit . . . . . . . . . . . . . . . . . . . 90
Print . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Print maker (printmaker)  . . . . . . . . . . . 9
Priority . . . . . . . . . . . . . . . . . . . . . . . 272
Probe mark  . . . . . . . . . . . . . . . . . . . 253
Projection. . . . . . . . . . . . . . . . . . . . . 129
Projection ratio . . . . . . . . . . . . . . . . . 129
Pronation . . . . . . . . . . . . . . . . . . . . . 182
Pronk . . . . . . . . . . . . . . . . . . . . . . . . 231
Pronograde  . . . . . . . . . . . . . . . . . . . 187
Propodium . . . . . . . . . . . . . . . . . . . . . 77
Propulsion phase . . . . . . . . . . . . . . . 188
Protraction . . . . . . . . . . . . . . . . . . . . 181
Proximal . . . . . . . . . . . . . . . . . . . . . . . 73
Proximal gap . . . . . . . . . . . . . . . . . . 107
Proximal web . . . . . . . . . . . . . . . . . . 254
Pseudo-sets. . . . . . . . . . . . . . . . . . . 144
Pternion . . . . . . . . . . . . . . . . . . . . . . . 82
Pull-up feature . . . . . . . . . . . . . . . . . . 62
Punt . . . . . . . . . . . . . . . . . . . . . . . . . 232
Punting hypothesis. . . . . . . . . . . . . . 155
Push-back structures . . . . . . . . . . . . . 47
Quadripedal base. . . . . . . . . . . . . . . 189
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Quadrupedal . . . . . . . . . . . . . . . . . . 195
Quadruple supports. . . . . . . . . . . . . 189
Quasi-plantigrade . . . . . . . . . . . . . . . 95
Rachis . . . . . . . . . . . . . . . . . . . . . . . 241
Rack  . . . . . . . . . . . . . . . . . . . . . . . . 223
Radial  . . . . . . . . . . . . . . . . . . . . . . . . 72
Radial fractures (radial cracks) . . . . . 57
Radial internal ridges  . . . . . . . . . . . . 57
Raised rim . . . . . . . . . . . . . . . . . . . . . 45
Ray . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Rear foot . . . . . . . . . . . . . . . . . . . . . . 79
Rear paw. . . . . . . . . . . . . . . . . . . . . . 79
Rear projection . . . . . . . . . . . . . . . . 129
Rearwards. . . . . . . . . . . . . . . . . . . . . 72
Rebound . . . . . . . . . . . . . . . . . . . . . . 61
Recognising tetrapod tracks . . . . . . . . 1
Rectilinear locomotion. . . . . . . . . . . 233
Reference point. . . . . . . . . . . . . . . . 113
Reflecture . . . . . . . . . . . . . . . . . . . . 239
Register. . . . . . . . . . . . . . . . . . . . . . 157
Registration . . . . . . . . . . . . . . . . . . . . 15
Registrational preservation . . . . . . . . 18
Relative arch volume. . . . . . . . . . . . 132
Relative depth . . . . . . . . . . . . . . . . . 119
Relative phase  . . . . . . . . . . . . . . . . 220
Relative speed  . . . . . . . . . . . . . . . . 199
Relative stride length. . . . . . . . . . . . 201
Relief . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Repichnia  . . . . . . . . . . . . . . . . . . . . . 11
Resting trace . . . . . . . . . . . . . . . . . . 251
Reticulate array . . . . . . . . . . . . . . . . 242
Reticulate scale. . . . . . . . . . . . . . . . 242
Retraction . . . . . . . . . . . . . . . . . . . . 181
Retro-scratches. . . . . . . . . . . . . . . . 247
Retroverted . . . . . . . . . . . . . . . . . . . . 87
Ricochet  . . . . . . . . . . . . . . . . . . . . . 227
Right track . . . . . . . . . . . . . . . . . . . . . 70
Roll  . . . . . . . . . . . . . . . . . . . . . . . . . 185
Rose diagram . . . . . . . . . . . . . . . . . 165
Rotary gallop . . . . . . . . . . . . . . . . . . 226
Running gait  . . . . . . . . . . . . . . . . . . 219
Running trot. . . . . . . . . . . . . . . . . . . 221
Running walk. . . . . . . . . . . . . . . . . . 207
Sagittal plane  . . . . . . . . . . . . . . . . . . 71
Saltatorial. . . . . . . . . . . . . . . . . . . . . 215
Saltatory gait, in-phase hopping . . . 227
Sand crescent . . . . . . . . . . . . . . . . . . 56
Sand swimming. . . . . . . . . . . . . . . . 233
Scalation . . . . . . . . . . . . . . . . . . . . . 242
Scale scratch lines  . . . . . . . . . . . . . 243
Scale striations . . . . . . . . . . . . . . . . 243
Scansorial . . . . . . . . . . . . . . . . . . . . 212
Scour mark . . . . . . . . . . . . . . . . . . . . 64
Scrape marks  . . . . . . . . . . . . . . . . . 247

Scrapes . . . . . . . . . . . . . . . . . . . . . . 247
Scratch lines  . . . . . . . . . . . . . . . . . . 243
Scratch marks . . . . . . . . . . . . . . . . . 247
Scratch-digging . . . . . . . . . . . . . . . . 213
Scutate scale . . . . . . . . . . . . . . . . . . 242
Scute . . . . . . . . . . . . . . . . . . . . . . . . 242
Scutella  . . . . . . . . . . . . . . . . . . . . . . 242
Scutellate scale . . . . . . . . . . . . . . . . 242
Sealed track. . . . . . . . . . . . . . . . . . . . 38
Sediment mound . . . . . . . . . . . . . . . . 47
Sediment-air interface . . . . . . . . . . . . 32
Sediment-water interface. . . . . . . . . . 32
Seilacherian ichnofacies  . . . . . . . . . 171
Semi-aquatic  . . . . . . . . . . . . . . . . . . 212
Semi-aquatic track . . . . . . . . . . . . . . 238
Semi-digitigrade. . . . . . . . . . . . . . . . . 94
Semi-erect . . . . . . . . . . . . . . . . . . . . 186
Semi-fossorial  . . . . . . . . . . . . . . . . . 212
Semi-palmigrade . . . . . . . . . . . . . . . . 95
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BASIC TERMINOLOGY

This glossary deals with tetrapod tracks and
associated impressions of the body. Tracks are
generally the most common type of tetrapod trace
fossil. Although most of our knowledge of fossil tet-
rapods is based on body fossils, tracks are an
important complementary source of information.
Tracks record the activity of the trackmakers at a
particular point in their life, and therefore record
behaviour and posture (Lockley, 1991). Tracks are
common in the fossil record (an individual may
leave many tracks during its life but only a single
skeleton) and typically record the entire surface of
the undersides of the feet. In contrast, complete
pedal skeletons are rare, and soft tissues are pre-
served only in exceptional cases. Finally, because
of their different preservation potential, tracks often
occur in rock units devoid of bones, filling important
gaps in the fossil record. Tracks can also help to
date stratigraphic units. At the same time, the use
of tracks as a source of information can be limited
by 1) difficulties in distinguishing anatomical infor-
mation from the effects of substrate properties, foot
kinematics (foot movements), and post-formational
alteration; 2) difficulties in trackmaker identification;
and 3) time averaging of tracksites. It is both a
major challenge and an opportunity for future stud-
ies to improve on these issues.
1 Recognising tetrapod tracks. Distinguishing

genuine tetrapod tracks from other structures
is not always unequivocal (see Lallensack et
al., 2022c, and references therein). Most com-
monly, tetrapod tracks have been confused
with arthropod trackways, especially those of
limulids (horseshoe crabs; Figure 1A); fish
feeding traces (or nests; Figure 1B); and
weathering pits (Figure 1C–D) (Lucas, 2015;
Breithaupt et al., 2021; Lallensack et al.,
2022c). The most reliable criterion is a regular
trackway morphology with predictable track
positions. Tetrapod trackways also show alter-
nating foot placement (rather than side-by-
side placement as in arthropod trackways),
and, in quadrupeds, a differentiation into pes
and manus tracks based on size and/or shape
(Lucas, 2015; Lallensack et al., 2022c). Track
morphology can provide strong evidence if it
is consistent across multiple tracks and
matches the known anatomy of the track-
maker (Lucas, 2015). Evidence can also be
provided by deformation structures, such as
asymmetric displacement rims and down-
ward deflection of subsurface layers seen in
cross section; the latter distinguish tracks from

erosional features or human carvings (Lallen-
sack et al., 2022c). For criteria to distinguish
tracks in cross-section from similar soft-sedi-
ment deformation structures such as load
casts and ball-and-pillow structures, see, e.g.,
Jackson et al. (2009) and Carvalho et al.
(2022). Finally, the stratigraphic, temporal,
and environmental context must be consid-
ered.

2 Trace fossil (synonym: ichnofossil). The foss-
ilised (i.e., pre-Holocene) result of activity an
organism left behind by modifying a substrate
(cf. Bertling et al., 2006). More inclusive terms
that are not restricted to ancient traces are
“ichnospecimen”, “Lebensspur” (German for
“life trace”), and “biogenic structure”. The
ICZN defines the term “work of an animal”
(International Commission on Zoological
Nomenclature, 1999). The term “biogenic sed-
imentary structure” refers to fossil and modern
traces produced in unconsolidated sediments
(Frey 1973).

Common types of tetrapod trace fossils
include tracks; skin impressions; coprolites
(fossil faeces) and other material from the
digestive tract (see Hunt and Lucas, 2012);
urolites (or “uroliths”), i.e., nonliquid urinary
excrements as well as sediment structures
formed by the impact and flow of liquid urine
(see Fernandes et al., 2004); bite marks; bur-
rows; and nests (but not eggs, e.g., Frey,
1973). “Body fossils” (sometimes termed
“somatofossils”), in contrast, are remains of
the organism itself, such as bones and teeth,
or impressions thereof. The term “trace fossil”
also does not apply to tool marks (e.g., role
marks left by shells) and other structures that
do not directly record organism activity (Frey,
1973).

3 Ichnology. The scientific study of traces of
biological activity. Researchers who study
traces are known as “ichnologists”. Palae-
oichnology (also “paleoichnology” or
“palichnology”) is the study of trace fossils, as
opposed to neoichnology, the study of mod-
ern traces. A distinction is also made between
invertebrate ichnology and vertebrate ich-
nology (or “tetrapod ichnology”), as these two
fields differ in their aims and approaches (e.g.,
Lockley, 2007; Minter et al., 2007). Vertebrate
ichnology includes traces of tetrapods (a
taxon that includes all amphibians and amni-
otes) as well as fish and fish-like animals such
as placoderms, and is therefore more inclu-
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sive than “tetrapod ichnology”. Another dis-
tinction is made between “marine ichnology”
and continental ichnology, which encom-
passes freshwater and terrestrial settings
(e.g., Hasiotis, 2002). The field of ichnology,
and neoichnology in particular, is poorly
defined outside the geosciences, and traces
are often studied by workers of related fields
who may not consider themselves ichnolo-
gists (e.g., biologists, archaeologists, or foren-
sic scientists) (Baucon et al., 2012).

4 Impression. Generic term for an indentation
left by an object in a substrate. A common
synonym is “imprint”. When used as a modi-
fier, “mark” is sometimes used interchange-
ably with “impression”, although this depends

on the term in question: “pes impression” and
“skin impression” are common terms,
whereas “pes mark” or “skin mark” are not in
use. Conversely, “claw mark” and “drag mark”
are more common than the alternative terms
“claw impression” and “drag impression”. In
general, we observe that “impression” is usu-
ally connotated with a more or less vertical
movement of the object, while “mark” is most
often used for relatively small accessory
traces (e.g., “claw mark”, “probe mark”) and/or
when there is substantial horizontal move-
ment involved (e.g., “tool mark”, “drag mark”,
“slide mark”). The term “trace” can be used
interchangeably with both “impression” and
“mark” but is usually restricted to structures
actively created by organisms (e.g., the com-

FIGURE 1. Structures that are not tetrapod tracks but have repeatedly been mistaken for such. A, Limulid trackway
referred to Kouphichnium, from the Upper Triassic Yanchang Group, Shaanxi, China (Xing et al., 2024). Photo by Lida
Xing. B, Probable fish feeding traces (modern), Wales (Lallensack et al., 2022c). C, Weathering pits from the Jurassic
of Mibladen, Morocco. D, Elevation maps of weathering pits from the Maastrichtian Irbzer Formation, Middle Atlas,
Morocco; note the superficial resemblance to dinosaur tracks.
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bination “tool trace” as an alternative to “tool
mark” is not in use). The term “trace” is more
commonly used in invertebrate ichnology than
in tetrapod ichnology.

5 Mark. The use of this term differs between
invertebrate and vertebrate ichnology. In
invertebrate ichnology, the use of the term
“mark” is often restricted to non-biogenic
structures resulting from physical processes
(e.g., “tool mark”, “scour mark”) and is thus
opposed to the term “trace”, which describes
structures resulting from biological activity
(Ekdale et al., 1984). In vertebrate ichnology
and some other fields of science, “mark” also
refers to structures produced by organism
activity (e.g., “tail drag mark”, “tooth mark”,
“claw mark”). This more inclusive use of the
term “mark” has been repeatedly criticised as
being “inconsistent”, “colloquial”, or “incorrect”
(e.g., Ekdale et al., 1984; Jacobsen and
Bromley, 2009; Vallon et al., 2015). This criti-
cism was countered by Zonneveld et al.
(2022), who pointed out that combinations
such as “tooth mark” or “claw mark” are long-
standing terms that are more common than
alternative combinations such as “tooth
impression” or “claw trace”; are consistent
with usage in related fields such as anthropol-
ogy and zoology; and are unambiguous in
their meaning.

6 Track. The result of an interaction of the foot,
or parts of it, with a substrate. A track can be
viewed as a deformation of the substrate, or,
at a finer scale, as a redistribution of sedimen-
tary grains (Gatesy, 2003). A track may
extend vertically to be visible on separate sed-
imentary layers, and may include a true track,
overtracks, and/or penetrative or transmitted
undertracks (Figure 2). “Track” is also used to
refer to a particular track surface, usually the
one that is visible (e.g., an undertrack on the
exposed bedding surface). “Track” can also
refer to just the impression of the foot. The
term track volume has been used when dis-
cussing the entire vertical extent of a track
(Margetts et al., 2006) (but see “negative vol-
ume” and “fossil volume” for different mean-
ings of “volume”). A related concept is the
maximum zone of deformation, which is
defined as the full extent of the track, including
all folds and faults surrounding the shaft (Man-
ning, 2004). “Track”, “track volume”, and
“maximum zone of deformation” are essen-
tially synonymous. The term “track” is also

commonly applied to natural casts and over-
tracks, and although these are not technically
tracks as they are formed after the actual
track is formed, we do not see strong reasons
for discouraging such usage. In common
usage, and occasionally in technical literature,
“track” is also used as a synonym for track-
way; such usage is misleading and should be
avoided.

Footprint is commonly treated as a syn-
onym of “track” (Leonardi et al., 1987; Marty et
al., 2016), but is generally used in a narrower
sense: the actual “print of a foot”. For exam-
ple, “footprint” is rarely used to describe swim-
ming tracks or the full vertical and horizontal
extent of a track (i.e., the maximum zone of
deformation). Thulborn (2012, p. 3) defines
the term “footprint” or “footprint sensu
stricto” as “the area of the substrate
impressed directly by the undersurface of a
track-maker’s foot”, while explicitly excluding
“any surrounding or subsurface feature” (p. 4)
such as track walls, displacement rims, under-
tracks, and natural casts. Under this definition,
“footprint” is restricted to a single track surface
rather than encompassing the entire track vol-
ume, and is synonymous with “true track
sensu stricto”. This definition also matches the
meaning of “footprint” in common language
(Thulborn, 2012). However, in practice, fossil
tracks can often not easily be demonstrated to
be footprints sensu stricto, and consequently,
the more general term “track” may be prefera-
ble in many cases (Gatesy and Falkingham,
2017).

Several synonyms of “track” and “foot-
print” have been used. Although combinations
such as “manus footprints” are used to specify
the autopodium involved, the more common
term in such situations is “print”, which allows
combinations such as “manus prints” and “pes
prints” (we advocate the use of “manus track”
and “pes track” instead). “Footstep” is a syn-
onym that is rarely used in technical papers,
while “footmark” has been proposed for cases
where the trackmaker is buoyant (see discus-
sion in entry “swimming track”). “Trample
mark” is sometimes used as a synonym of
“track”, a usage that should be avoided
because “trample mark” more commonly
refers to a taphonomic feature of bones (Fio-
rillo, 1984). For mammals, terms such as
“paw mark”, “paw print” or “paw track” have
been used. Flipper tracks are left by aquatic
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animals with flippers, such as sea turtles and
pinnipeds (synonyms: “flipper traces”, “flipper
prints”, “flipper impressions”, “paddle traces”,
“paddle prints”). Ichnite is a common techni-
cal synonym of “track”. However, the definition
of “ichnite” is not self-evident and is easily
confused with the broader term ichnofossil.

Marchetti et al. (2019a), following the
definition of “trace fossil” proposed by Bertling
et al. (2006), defined “vertebrate footprints” as
“morphologically recurrent biogenic struc-

tures resulting from the locomotion of an indi-
vidually limbed vertebrate modifying the
substrate” (p. 110). However, we argue that a
track that is not recurrent would still be a
track. Marchetti et al. (2019a) clarify their defi-
nition by explicitly excluding behaviours other
than terrestrial limbed locomotion, such as
crawling traces (e.g., snake traces), resting
traces, nests, burrows, and swim traces. We
agree that nests and burrows are not tracks,
and have never been considered as such.

FIGURE 2. Discrete element simulation of the formation of a penetrative track in a layered sediment, in side and front
views. The simulation was performed with the open-source software LIGGGHTS (Kloss and Goniva, 2011). A, The
modelled foot at touch-down. B, As the foot reaches the deepest point, it penetrated four layers, forming a total of four
penetrative tracks as well as one transmitted undertrack on the deepest layer. C, Terminology demonstrated on the
freshly made track that consists of five track surfaces (the surface track, three penetrative undertracks, and one trans-
mitted undertrack). The direct track (red rectangle) differs from the true track in that it includes only those grains that
were in direct contact with the foot, rather than entire lateral extent of the track.
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Such structures do not fall under our definition
of “track” because a nest or burrow is formed
by repeated retraction of the limb rather than
by a single interaction of the foot with the sub-
strate. Although snakes do not have feet, their
traces have sometimes been referred to as
“tracks”, especially the discontinuous locomo-
tion traces of sidewinders, and we do not see
strong reasons for discouraging the latter use.
However, we argue that the notion of a track
should be independent of the presumed
behaviour. Consequently, impressions of the
feet in swimming and resting traces must be
considered tracks, and are widely recognised
as such in the literature.

7 Morphology. The form of a track or trackway,
which is the result of trackmaker anatomy,
trackmaker behaviour and foot movements,
substrate properties, and post-formational
alteration (Gatesy and Falkingham, 2017;
Marchetti et al., 2019a, p. 110). “Morphology”
is also used in a narrower sense to refer only
to the anatomical information conveyed by a
track (e.g., Marchetti et al., 2019a). This
usage is reflected in terms such as “extramor-
phology”, which literally means “outside of the
morphology” and is applied to features that do
not reflect anatomy. Gatesy and Falkingham
(2017) have criticised this usage, arguing that
tracks cannot simply be considered as imper-
fect copies of the trackmaker’s feet. In inverte-
brate ichnology, “morphology” has been
defined as the “inventory of parts, form, and
size of organism-produced ethologic struc-
tures” (Miller, 2007, p. 461).
Synonyms of the term “morphology” (in its

broader sense) include “shape”, “form”, “relief”,
“topography”, “topology”, “microtopography”, and
“texture”, although these are often used in slightly
different contexts. “Shape” refers to the outline or
3D-shape of a track but not to its size, whereas
“form” specifically includes size. “Topography”,
“relief”, and “topology” refer to the spatial variation
in surface elevation. “Texture” (or “microtopogra-
phy”) is used to refer to fine-scale relief features
such as skin impressions. Note that “texture” also
refers to the microstructure of rocks, as well as to
colour information in a 3D model.
8 Tracking. Sometimes used to describe the

discovery, documentation, and interpretation
of tracks conducted by an ichnologist (e.g.,
Lockley, 1991). The person doing the tracking
is the tracker. The term “tracking” is borrowed
from, and most appropriate to, the practical

investigation of modern tracks (e.g., a hunter
“tracks” an animal). In this context, tracking is
not limited to the tracks themselves, but also
involves any hints on the presence of the ani-
mal or human that is being “tracked” (Lieben-
berg et al., 2010; Baucon et al., 2012). Such
hints are termed spoor or signs. Note that, in
the term tracking surface, “tracking” refers to
the activity of the trackmaker.

9 Trackmaker (also “track maker”). The animal
that makes the tracks. The term can refer to
an individual animal or to the biological taxon
that made the track. The latter meaning can
be specified with more precise terms such as
“trackmaker taxon” and “trackmaker species”.
Tracemaker (also “trace maker”) is a more
general term that is not restricted to tracks
(e.g., “the tracemaker of the coprolite”). A
rarer synonym is “print maker” (= printmaker).

10 Trackmaker identification (also “track-track-
maker correlation”). The identification of the
trackmaker taxon is a major challenge in ich-
nology. It is complicated by the possible
occurrence of convergent evolution (i.e., a
similar foot morphology evolves inde-
pendently in unrelated taxa) and by morpho-
logical conservatism (i.e., the ancestral foot
morphology is retained). The three most com-
mon approaches, according to Carrano and
Wilson (2001), are:
• phenetic correlation, based on the total

of characteristics shared by fossil tracks/
trackways and the inferred trackmaker.
These characteristics may include anat-
omy/body shape, posture, locomotion,
and behaviour. Phenetic correlation can
also be based on comparisons with other
tracks for which the trackmaker is known
(e.g., Buckley et al., 2015).

• coincidence correlation, based on the
geographic and stratigraphic position of
tracks and their presumed trackmakers.
This is an extension of phenetic correla-
tion and is to be used in conjunction with
the latter (Carrano and Wilson, 2001).
For example, a very large theropod track
from the Maastrichtian of New Mexico
has been attributed to Tyrannosaurus rex
because the latter is the only known
large theropod from this time and region
(Lockley and Hunt, 1994).

• synapomorphy-based correlation
(also “synapomorphy-based approach”),
based on skeletal synapomorphies
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(shared derived characters) identified in
the tracks. While this is the most rigorous
approach to trackmaker identification
(Olsen, 1995), it can only be applied if
relevant skeletal synapomorphies are
available to start with.

11 Behaviour. The responses of an organism to
internal or external stimuli. In ichnology and
elsewhere in palaeontology, “behaviour” has
often been applied more broadly, and more
vaguely, to various related aspects such as
posture, foot kinematics, and biotic interac-
tions (Plotnick, 2012). In the context of inver-
tebrate trace fossils, Seilacher (1986, p. 62)
defined behaviour as “the rules, or programs,
underlying animal activities”, but, as Plotnick
(2012) pointed out, the view of behaviours as
the result of underlying fixed “programs” is
outdated. Ethology (or palaeoethology) is the
study of animal behaviour, but note that in
biology, the synonyms “behavioural biology”
and “animal behaviour” are now more com-
mon (Bolhuis et al., 2022).

Seilacher developed an ethological
classification of ichnofossils that includes the
categories “repichnia” (locomotion traces),
“pascichnia” (grazing traces), “agrichnia”
(farming traces), “fodinichnia” (feeding
traces), “domichnia” (dwelling structures), and
“cubichnia” (resting traces) (e.g., Seilacher,
1953, 2007, p. 93). The vast majority of tetra-
pod tracks are repichnia. Müller (1962) pro-
posed several sub-categories of repichnia
(“movichnia” in his usage), including “natich-
nia” (produced during swimming), “cursichnia”
(produced during limbed locomotion, i.e.,
tracks and trackways), and “volichnia” (pro-
duced during flight, e.g., wing impressions)
(Vallon et al., 2016).

Note that these ethological categories
are commonly used only in invertebrate ich-
nology, and are based on interpretation and
are not descriptive. Miller (2007) and Plotnick
(2012) argued that these categories should be
abandoned as they do not represent actual
behaviours and often cannot be applied to
traces that show multiple behaviours, but see
Vallon et al. (2016) for a defence and an
updated classification.

12 Polarity. The variation in a feature that results
in two notably and visibly different end-mem-
bers. An example is trackway gauge in sauro-
pod dinosaurs, where narrow-gauged and
wide-gauged trackways form the end-mem-

bers, and a polarity between narrow- and wide
gauged trackways may be pointed out (e.g.,
Lockley et al., 2023). Note that the term
“polarity” makes no assumptions about the
frequency distribution of the feature: Interme-
diate conditions (e.g., “medium gauge”) can
occur and may even be more common than
the end-members; it is also possible that one
end-member is more common than the other
(e.g., narrow-gauged sauropod trackways are
much more common than wide-gauged ones).
The frequency distribution of the character is
therefore often unimodal rather than bimodal.
We note that the term “polarity” in this sense is
not precisely defined, as both the definition of
the end-members and the notion of what con-
stitutes a “notable” or “visible” difference
between these end-members is partly subjec-
tive and/or arbitrary. We also note that there is
a potential of confusion with the more wide-
spread use of the term in cladistics, where
“polarity” is the direction between two charac-
ter states (e.g., character state A may be the
basal condition, and character state B the
derived condition, implying that B evolved
from A, not vice versa) (Brower and Schuh,
2021).

13 Three-dimensional (3D) model. Digital
three-dimensional replica of a track or track-
site (Figure 3). Although 3D models sensu
stricto can be obtained by casting (e.g., plas-
ter casting), they are rarely if ever referred to
in this way, and the term is generally restricted
to the digital domain. Photogrammetry is a
method for creating 3D models based on mul-
tiple photographs of an object (Figure 4E)
(Matthews and Breithaupt, 2001; Matthews et
al., 2016). A more specific term is structure
from motion, which refers to photogrammetry
when camera and object positions are
unknown. The generation and publication of
3D models greatly facilitates data collection,
archiving and distribution, and has been
established as part of a standard protocol for
the study of tracks (Falkingham et al., 2018).
A 3D model can consist of a point cloud (a set
of x, y, and z coordinates) or a mesh (a sur-
face of connected polygons called faces).
Colour information can be stored with a 3D
model, either as vertex colours (where each
connection point between faces is assigned a
colour value) or as a texture (which maps a
2D image containing the colour information
onto the 3D shape). Three-dimensional mod-
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els of tracks should be aligned in the horizon-
tal plane to allow accurate top views, and
should be presented in orthographic (camera-
parallel) projection to avoid perspective distor-
tion.

Three-dimensional models can be visual-
ised in two dimensions using different meth-
ods that can enhance different details (Figure
3) (Falkingham et al., 2018; Lallensack et al.,
2022a). Elevation maps (Figure 3B, C; syn-
onyms: depth map, colour relief, height map,
depth-colour map, digital elevation model,
DEM, false-colour map) enhance the topogra-
phy of a model surface by coding different ele-

vations with different colours. Contour plots
(Figure 3D) describe the model topography
using contour lines. Shaded reliefs (syn-
onym: hillshading) use an artificial low angle
light source to enhance subtle surface details.
Inclination maps (Figure 3E) assign colour
values to each face depending on its inclina-
tion. In ambient occlusion (Figure 3F), each
point is shaded according to its exposure to
ambient light. Orthophotos (Figure 3A) are
photographs that have been rectified to pro-
duce an orthographic projection and can be
used as maps. Orthophotos can be derived
directly from textured and aligned 3D models.

FIGURE 3. Six different 2D-visualizations of a single theropod track (Copper Ridge tracksite; Upper Jurassic, Morrison
Formation, Utah, US). A, Orthophoto. B, Elevation map using multiple distinct colours as well as shading by low-
angled artificial light. C, Elevation map without additional shading, with warm colours restricted to the lower third of the
total depth, emphasizing features of the track floor (note that here, dark red marks the deepest areas). D, Contour plot
using 100 contours; the contour interval is 1.29 mm. E, Inclination map with additional shading using low-angled light.
F, Ambient occlusion plot. The total depth of the model is 12.9 cm.
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14 Artificial casts and moulds are usually
made from silicon rubber, latex, or plaster of
Paris (gypsum plaster). Latex must be peeled
from the rock after application, when the prod-
uct is termed a “latex peel” (Figure 4B) (Thul-

born, 1990). Silicone rubber and latex replicas
are deformable and are therefore often sup-
ported or replaced by a rigid fibreglass jacket.
Physical replicas can also be made by using
3D printers to print 3D models.

FIGURE 4. Data collection in the field. A, Mapping tracks on the steeply inclined surface of the Cal Orck’o tracksite (El
Molino Formation, Sucre, Bolivia), showing Giuseppe Leonardi in the expedition of Christian Meyer and team in 1998.
Mapping steep surfaces remains a challenge but is now facilitated with the use of drones. B, A freshly made latex cast
of a theropod track, at Quondong beach, Dampier Peninsula, Western Australia, in 1997. From left to right: Tony Thul-
born, Giuseppe Leonardi, Tim Halley. C, Martin Lockley tracing the outline of a theropod track on transparent foil in
2011, Obernkirchen Sandstone, Lower Cretaceous, Germany. D, Field crew preparing dinosaur trackways for removal
from an active quarry in 2009 at Münchehagen (Obernkirchen Sandstone, Lower Cretaceous, Germany). Photograph
by Oliver Wings. E, Peter Falkingham collecting photographs for photogrammetry of a sauropod trackway at Ardley
Quarry (Middle Jurassic, England).
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TRACK FORMATION AND ALTERATION

While tracks were traditionally considered to
be exact copies of the palmar/plantar surface of the
foot (Hitchcock, 1858), it has since been shown
that a fresh track is rarely a mould of the foot, but
always the result of three factors: the anatomy of
the trackmaker, the properties of the substrate, and
the movement of the trackmaker (Minter et al.,
2007; Falkingham, 2014). Many studies of fossil
tetrapod tracks are concerned with ichnotaxonomy,
which is based on features that are thought to con-
vey information about the anatomy of the track-
maker – as opposed to extramorphological
features that do not convey such information. The
information about substrate properties (and hence
the environment) and kinematics (and hence loco-
motion and behaviour) that can potentially be
derived from tracks has its own merits and is an
important aspect of tetrapod track ichnology.
15 Track formation. The interaction of the foot

with the substrate that creates a track (e.g.,
Leonardi et al., 1987; Thulborn, 1990; Bennett
and Morse, 2014; Falkingham and Gatesy,
2014). More precisely, track formation
includes all movements of substrate particles
induced by the moving foot; such movements
may continue after the foot is removed, for
example as the sediment collapses back to a
stable state (Gatesy and Falkingham, 2017).
“Track registration” is a synonym used across
disciplines (e.g., Halfpenny, 1986). Several
less common synonyms and variants have
been used, often ad hoc, such as “footprint
creation” or “track genesis”. Processes that
occur simultaneously or slightly later than the
formation of a track (or the deposition of a
layer) can be described as penecontempora-
neous.

Marchetti et al. (2019a, 2020) argued
that the term “registration” is more appropriate
than “formation” because the latter suggests
“an active action of the biogenic structure”
(Marchetti et al., 2019a, p. 110). However,
“formation” does not necessarily imply such
an active action, as shown by, e.g., similar
uses in geology such as “formation of ripple
marks” or “impact crater formation”. Falking-
ham and Gatesy (2020) argued that “registra-
tion” can be misleading because it implies a
simple, two-dimensional process, whereas a
track is a complex volumetric structure. We
prefer the term “formation” because it is con-
sistent with usage in other fields of ichnology

(e.g., Brown, 1911) – for example, the combi-
nation “trace formation” has many precedents
in the literature, while the alternative “trace
registration” has only been used by Marchetti
et al. (2019a). Furthermore, the term “track
formation” is consistent with geological termi-
nology that refers to similar sedimentological
structures (e.g., “impact crater formation”).
Note that, in some contexts, care should be
taken to avoid confusion with the term “geo-
logical formation”.

16 Sources of variation (or “causes of varia-
tion”). The factors that lead to the morphology
of a fossil track in its current form (Díaz-
Martínez et al., 2009). It is generally accepted
that not only the trackmaker anatomy, but also
substrate properties, foot movements, and
post-formational alteration play a key role
(Minter et al., 2007; Falkingham, 2014).
Gatesy and Falkingham (2017) proposed a
comprehensive framework that distinguishes
between seven hierarchical levels at which
variation can occur, which are (from highest to
lowest):
• Interspecific variation – the differences

between trackmaker species. This varia-
tion is the objective of ichnotaxonomy.

• Intraspecific variation – the differences
between individuals of the same species.
This includes differences between popu-
lations as well as differences between
individuals due to age, sex, health, and
other factors.

• Appendage variation – the differences
between the feet of the same individual.
These are most obvious between pes
and manus due to their different anat-
omy.

• Behavioural variation – the differences
in tracks resulting from trackmaker
behaviour, such as mode of locomotion
(walking, swimming); gait; and accelera-
tion, deceleration, and turning. Variation
at this level (and all lower levels) can
occur between tracks left by the same
foot.

• Formational variation – the differences
produced by the interplay between foot
kinematics (movements) and the sub-
strate. Differences in substrate properties
are widely recognised as an important
source of variation (e.g., Razzolini et al.,
2014).
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• Intravolumetric variation – the differ-
ences between different track surfaces
within the track volume. For example, a
true track will differ from a transmitted
undertrack, even if both are part of the
same track volume, and hence the same
foot-sediment interaction.

• Post-formational alteration (also “post-
formational modification”) – any modifica-
tions of the track morphology that has
occurred after formation, including (but
not limited to) deformation by other
traces, ancient and recent erosion, dia-
genesis, and even “enhancement” for
public display (Figure 5). The processes
leading to such alteration have some-
times been summarised as post-forma-
tion processes (=post-registration
processes).
A closely related term is intratrackway

variability (also “intra-trackway variability” or
“intra-trackway variation”), which describes
the variation of tracks within the same track-
way, where the anatomy of the trackmaker
can be assumed to be constant (e.g., Raz-
zolini et al., 2014; Lallensack et al., 2016).

17 Anatomical fidelity (synonyms: morphologi-
cal quality, anatomical informativeness, anat-
omy-consistent morphological features). The
degree of anatomical information conveyed by
a track; its fidelity to the shape of the foot. A
high-fidelity track is anatomically fidelitous,
while a low-fidelity track lacks anatomical
fidelity. The terms “well preserved” and “poorly
preserved” are commonly used as synonyms
of “high fidelity” and “low fidelity”, respectively,
but note that this usage is inconsistent with
the general usage of the term “preservation”
(see below for further discussion and related
terms). The term “morphological quality” is
also used as a synonym for “anatomical fidel-
ity” (Belvedere and Farlow, 2017; Marchetti et
al., 2019a), with “high-quality tracks” referring
to those that are anatomically fidelitous, and
“poor-quality tracks” referring to those that are
not. Furthermore, the terms “well defined” and
“poorly defined” are used, but do not always
refer to anatomical fidelity.

Note that Plotnick (2012) proposed the
term “behavioural fidelity” (the degree to
which trace fossils inform about trackmaker
behaviour) and Savrda (2007) proposed the
term “ichnologic fidelity” (the degree to which
a trace fossil assemblage or ichnofabric

reflects the complete range of trackmaker
activities). Both terms have, to our knowledge,
not been applied to tetrapod tracks.

18 Preservation. This term, as used in the study
of tetrapod tracks, conveys two conflicting
meanings:
• The degree of alteration of a track after

its formation. In this sense, a “well-pre-
served track” is one that has not been
significantly affected by post-formational
alteration. Thus, a freshly formed track in
dry sand is “well-preserved” even if it
records little information about the anat-
omy of the trackmaker (Gatesy and Falk-
ingham, 2017). This definition is
prevalent in the ichnological literature not
concerned with ichnotaxonomy (e.g.,
Bennett and Morse, 2014); for example,
swimming tracks are regularly described
as “well-preserved” but tend to reveal lit-
tle information about the anatomy of the
trackmaker’s foot. This definition is also
consistent with terminology used else-
where in palaeontology, biology, geology,
and modern tracking (e.g., Halfpenny,
1986; Elbroch, 2003), and is consistent
with dictionary definitions.

• The anatomical fidelity of a track. In this
sense, a track is “poorly-preserved”
when it is not anatomically fidelitous,
even if it is freshly formed. This definition
is prevalent when ichnotaxonomy, and
therefore anatomical fidelity, is the pri-
mary focus. These conflicting definitions
and the resulting problems have led to
much debate. Gatesy and Falkingham
(2017) and Falkingham and Gatesy
(2020) argued that the use of “preserva-
tion” as a synonym of “anatomical fidel-
ity” needs to be abandoned as it is
confusing and illogical, as one cannot
preserve anatomical details that never
existed in the track. Marchetti et al.
(2019a; 2020) have defended this use of
the term, arguing that it is the foot of the
trackmaker that is preserved in the track.
We acknowledge that the meaning of
“preservation” in the second sense is
longstanding and widespread, at least in
ichnotaxonomy. Nevertheless, we agree
with Gatesy and Falkingham (2017) that
an ideal state that could possibly be “pre-
served” in a track does not actually exist,



LALLENSACK, LEONARDI, & FALKINGHAM: GLOSSARY OF TETRAPOD TRACKS

26

and that such conceptual problems are a
cause for concern.
In an attempt to provide a more precise

terminology, Marchetti et al. (2019a) intro-
duced the terms “M-preservation” (“morpho-
logical preservation”; the morphological
quality of footprints, or, in our usage, anatomi-
cal fidelity) and “P-preservation” (“physical
preservation”; or, in our usage, post-forma-
tional alteration). In addition to “morphological
preservation” and “physical preservation”,

Marchetti et al. (2019a) also introduce the
terms “taphonomic preservation”, “diagenetic
preservation”, “ichnostratinomic preservation”,
“biostratinomic preservation”, and “registra-
tional preservation”, all of which are grouped
under the umbrella term “morphological pres-
ervation”. A complementary set of terms has
been grouped outside of “morphological pres-
ervation”: the terms “taphonomy”, “diagene-
sis”, and “biostratinomy” fall under “physical
preservation”, while “ichnostratinomy” and

FIGURE 5. Post-formational alteration of tracks. A, Wind erosion of a freshly-made human trackway in moist sand,
Liverpool, UK. Three stages show the transition from the freshly made trackway (top) to the increasingly unrecognis-
able trackway after wind erosion (bottom), separated in time by 8 minutes. Left: Orthophotos; right: elevation maps.
B, Elevation map showing recent erosion of a Lower Cretaceous theropod track by river flow (towards the bottom
right), bed of the Paluxy River (Glen Rose Formation, Texas, US). C, The theoretical effects of shearing during dia-
genesis on a sauropod trackway. Left, undeformed trackway; right, trackway after deformation. The lines indicate the
paces of the pes tracks. Note the reduced stride lengths and the pronounced differences between the right and left
step lengths that give the impression of a “limp”. Redrawn after Schulp and Brokx (1999). D, Sauropod trackway with
manus tracks (M) deformed by the pes, Tafaytour tracksite (Jurassic, Morocco) (Lallensack et al., 2019). Note that
the labelled tracks (“elite tracks” in the original meaning of the term) are overprinting numerous incomplete and indis-
tinct tracks (“background trampling”). E, Fake claw marks added to the real track of a theropod (Arizona, US).
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“ichnotaphonomy” fall under both “physical
preservation” and “registration”. We are con-
cerned that many of these terms and their dis-
tinctions are not intuitive or even misleading
(Falkingham and Gatesy, 2020), and are not
consistent with previous usage.

19 Fidelity scale. Numerical scale for assessing
the anatomical fidelity of a track (Belvedere
and Farlow, 2017; Marchetti et al., 2019a).
This scale is commonly referred to as the
“preservation scale”, with “preservation” refer-
ring to the second meaning of the term as a
synonym of “anatomical fidelity”. The scale
proposed by Belvedere and Farlow (2017)
consists of four grades (grade 0 to 3), with
grade “0” used for tracks of low fidelity, and
grade “3” for tracks of exceptional fidelity. Mar-
chetti et al. (2019a) suggested that intermedi-
ate values could be used, resulting in a
continuous scale.

20 Extramorphological feature (or “extramor-
phology”). A feature of a track that does not
inform about trackmaker anatomy (cf. Pea-
body, 1948). The most important criterion for
identifying an extramorphology is its lack of
consistency: variations in foot movement and
substrate properties typically result in seem-
ingly random variation from one step to the
next (Thulborn, 1990). In contrast, features
that are consistent within a trackway, or sam-
ple of tracks, are more likely to reflect the
anatomy of the trackmaker. However, this cri-
terion is far from infallible, as extramorpholo-
gies can be consistent as well (e.g., digit
impressions along a trackway can be consis-
tently widened by sediment collapse). We
urge caution in applying the term ‘extramor-
phological’ to any feature of a track.

21 Direct feature and indirect feature. Direct
features are formed by sediment grains that
directly contacted the foot, whereas indirect
features are formed by grains that did not con-
tact the foot (Gatesy, 2003). For example, an
exit trace is a direct feature, whereas a dis-
placement rim is an indirect feature. The
direct track is the sum of the direct features
of a track (Figure 2C). These terms were intro-
duced by Gatesy (2003).

A similar term is pressure-release
structure (also: “pressure release structure”,
“pressure releases”), which includes any fea-
ture formed by the interaction of the foot with
the substrate, except for features that directly
record the shape or behaviour of the track-

maker (cf. Martin et al., 2012, 2014). Follow-
ing this usage, displacement rims, pull-up
features, and radial fractures are considered
pressure-release structures, whereas digit
impressions, drag marks, or skin impressions
are not. The term was coined by Brown
(1999), who defined it as “disturbances in the
soil in and around the track” (Brown, 1999, p.
40). We note, however, that most of these
structures would be formed during the appli-
cation of pressure rather than during its
release; the term is therefore potentially mis-
leading.

22 Ontogeny. The term has been used in two
contexts:
• An ontogenetic series of tracks (or

“growth series”) describes tracks of dif-
ferent sizes that are thought to represent
different ontogenetic stages of the same
trackmaker species. Such series have
been proposed by, e.g., Peabody (1948),
Olsen (1980), and Avanzini and Lockley
(2002). In invertebrate ichnology, a simi-
lar concept, “ichnogeny”, has been pro-
posed for boring and burrowing traces
(Belaústegui et al., 2016). Here, a contin-
uum of successive stages, or “ichnoge-
netic stages”, is defined to describe the
ontogenetic development of the trace.

• Track ontogeny describes the develop-
ment of track characteristics during track
formation, analogous to the development
of traits during the life history of an
organism (Falkingham and Gatesy,
2014). Note that “track ontogeny”
describes the formation of a single track
(e.g., from touch-down to lift-off), and
does not refer to the actual ontogenetic
stages of the trackmaker.

23 Ichnotaphonomy (or simply “taphonomy”).
The study of the processes that affect a trace
after its formation (e.g., Cohen et al.,1991;
Bromley, 1996; Savrda, 2007; Bennett and
Morse, 2014). We note that, originally, “tapho-
nomy” was defined as “the study of the transi-
tion (in all its details) of animal remains from
the biosphere into the lithosphere”, and
described as “the science of the laws of
embedding” (Efremov, 1940, pp. 85, 93).
Trace fossils, however, are sedimentary struc-
tures, not organic remains that could be
embedded. Indeed, trace fossils and taphon-
omy were treated as separate fields of study
from the beginning (Richter, 1928; Efremov,
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1940), and trace fossils are generally not con-
sidered in the taphonomical literature (e.g.,
Behrensmeyer and Kidwell, 1985; Lyman,
2010).

Marchetti et al. (2019a; 2020) proposed a
new definition of the term “ichnotaphonomy”
that encompasses both the formation and
post-formational alteration of a trace, while
defining “taphonomy” and “taphonomic pres-
ervation” as separate concepts that exclude
trace formation. We argue that such terminol-
ogy is unnecessarily complicated and, in the
case of “ichnotaphonomy”, counterintuitive, as
“taphonomy”, if it is to be applied to trace fos-
sils, most naturally translates to “after track
formation”, as defined above.

24 Ichnostratinomy. The study of the processes
that affect a trace fossil after its formation and
before its final burial. The term was first used
by Savrda (2007) for invertebrate traces, in
reference to the term “biostratinomy” in gen-
eral palaeontology, which is the study of the
processes that occur between death and
burial. Marchetti et al. (2019a) proposed to re-
define “ichnostratinomy” to include all pro-
cesses “from the beginning of the trace regis-
tration until its final burial” (p. 111–112), and
treated “biostratinomy” and “biostratinomic
preservation” as separate concepts (see also
discussion in the entry “preservation”). We
consider these terms, when applied to trace
fossils, to be synonymous with “ichnostratin-
omy”.

25 Exit trace. Feature of a track formed as the
foot withdraws from the substrate. In tridactyl
tracks of birds and dinosaurs, the digits typi-
cally collapse (are pulled together) to facilitate
withdrawal. Because of this collapse, exit
traces in these groups may be much smaller
than the track as a whole (for examples, see
Turner et al., 2020; Oussou et al., 2023). Exit
traces may also appear as large overturned
mounds at the front of the track, as seen in
some sauropod trackways.

26 Natural mould (or “natural mold”) and natu-
ral cast (Figure 6). When a track is buried,
sediment will fill the concave impression, or
natural mould, forming a natural cast of the
footprint. Natural moulds will therefore appear
on the upper surface of a layer, while natural
casts will appear on the lower surface of the
overlying layer. Natural casts are often found
on the underside of overhangs in cliffs after
the less resistant layer containing the moulds

has been eroded away (Figure 6A); such
casts can sometimes fall down and accumu-
late as loose blocks ex situ (Figure 6B) (e.g.,
Lockley, 1991). Marty et al. (2009) suggested
restricting the term “natural cast” to the com-
mon case of homogeneous sedimentary infill.
If the infill consists of separate thin layers,
these individual layers are referred to as over-
tracks. The terms “footprint filling”, “infilling”,
“shaft fill”, and “plug” are sometimes used as
synonyms of “natural cast”, typically when the
infill is still present in the mould (e.g., Thul-
born, 1990; Allen, 1997; Engelmann and Hasi-
otis, 1999). Often the terms “natural mould”
and “natural cast” are abbreviated to simply
“mould” and “cast”, a practice that should be
avoided given the frequent confusion with arti-
ficial moulds and casts.

27 Infill (synonyms: plug, infilling, sediment fill-
ing). Any sediment present in the natural
mould of a surface track (Figure 6D). This
may be the natural cast, an overtrack, or parts
thereof that remain in the mould after separa-
tion of layers. Such infill can protect the mould
from erosion, but may need to be removed to
examine the track. Infill may be more resistant
to erosion than the surrounding sediment,
which may result in positive relief of the track.

The above definitions assume that the
tracks described are surface tracks. In the
case of undertracks (transmitted or penetra-
tive) or overtracks, the more general and
descriptive terms concave epirelief (instead
of “mould”) and convex hyporelief (instead of
“cast”) are preferable. Alternatively, the terms
epichnia and hypichnia refer to traces on the
upper and lower surfaces of a stratum,
respectively. The more specific term “under-
track cast” is rarely used, and should be
avoided. Sometimes, the terms positive and
negative are used, with “positive” often but
incorrectly applied to the mould and “negative”
to the cast. However, these terms are ambigu-
ous and, in fact, the mould must be regarded
as the negative of the foot and the cast as the
positive copy of the mould (Leonardi et al.,
1987). In invertebrate ichnology, the classifi-
cation of traces based on their mode of occur-
rence (e.g., as epirelief or hyporelief) and the
nature of the relief (e.g., concave or convex) is
known as toponomy (Frey, 1973).

An ex situ slab containing only the con-
cave epireliefs is referred to as the main slab,
while the corresponding slab containing the
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convex hyporeliefs is referred to as the
counter slab (or “counterslab”). Note, how-
ever, that the split into main slab and counter
slab does not always occur cleanly across a
track surface, so that material belonging to the
natural cast may sometimes be found as infill
in the main slab (Thulborn, 1990, p 26).

28 Overhang and undercut. In a mould, the
track walls may protrude into the shaft, form-
ing overhangs that, in top view, hide parts of
the track floor from view (Figure 6C). In a cast,
such morphologies result in undercuts; i.e.,
the track walls appear to be excavated (Fig-
ures 6B, 7A) (e.g., Milner and Lockley, 2016).
Overhangs/undercuts do often occur at the
distal ends of digit impressions, either
because the digit was pushed forwards into
the sediment (and was then withdrawn back-
ward), or because the sediment collapsed
over the descending digit. In moulds, extreme
overhangs can result in “toe tunnels” (Figure
6C) (Farlow et al., 2012b), while in casts,
extreme undercuts can result in “free” digit
impressions that protrude below the bedding
plane.

29 Counter-relief. A track on the upper surface
of a sedimentary layer that has positive relief
(i.e., is elevated relative to the surrounding
surface) (cf. Courel and Demathieu, 1984).
This can occur due to differential erosion,
where the compacted sediment beneath the
surface track is more resistant to erosion than
the surrounding less compacted sediment,
leading to inversion of the relief as erosion
progresses (Thulborn, 1990; for examples,
see Kuban, 1989a; Manning et al., 2008). In
laminated sediments, the stack of down-bent
laminae beneath the surface track may result
in an “onion-ring pattern” when exposed by
differential erosion (Thulborn, 2012). Counter-
reliefs can also form due to suction or adhe-
sion as sediment is pulled upwards as the foot
lifts (Leonardi and Carvalho, 2021a).

30 Elite tracks (synonym: elite footprints). The
term has two conflicting meanings:
• The “clearest and most distinct” tracks on

a trampled surface that overprint previ-
ously formed tracks (Figure 5D) (Lockley,
1993, p. 340). Lockley (1993) derived the
term from the term elite trace fossil of

FIGURE 6. Natural moulds and natural casts. A, Natural casts of theropod tracks on the underside of a cliff overhang,
Teyateyaneng tracksite (Lower Jurassic, Lesotho; light from left). Photo: Oliver Wings. B, Ex-situ natural cast of an
ornithopod track on a beach at Hanover point (Lower Cretaceous, Isle of Wight, England). C, deep track of a theropod
showing “toe tunnels” caused by the collapse of sediment above the digits (Paluxy Riverbed, Lower Cretaceous, Glen
Rose Formation, Texas, US). D, Elevation map of a sauropod trackway with infilled manus tracks or “plugs” (Jurassic,
Isli Formation, Imilchil, Morocco), with blue indicating low elevations and red heigh elevations (Oukassou et al., 2019).
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FIGURE 7. Examples of fossil and recent tracks. A, Natural cast of a tetradactyl track attributed to a ceratopsid, from a
coal mine near Price, Utah (Upper Cretaceous; Blackhawk Formation; specimen on exhibit at the USU Eastern Prehis-
toric Museum, Price). Note the metatarsal mark. The length of the track is ca. 43 cm. B, Natural cast of a fidelitous
track of a small theropod from the Hitchcock collection, Beneski Museum of Natural History (on slab ACM-ICH 4/1;
Lower Jurassic, Connecticut Valley, US). Also note the raindrop impressions in the upper right. Length of track: 15.4
cm. C, Elevation map of a manus-pes set of a sauropod from the Upper Triassic of Greenland (Fleming Fjord Forma-
tion; Lallensack et al., 2017). Note the impressions of the medial sides of the four laterally deflected claws of the pes,
indicating plantarflexion. D, Modern track of the left foot of a carrion crow (Corvus corone), Liverpool, England. Note
the hallux claw mark that is strongly elongated due to dragging; also note the drag marks (“smear marks”) associated
with digit IV, and a narrow drag mark on the right left by the right foot. E, Elevation map of palmate tracks of modern
seagulls (Larus sp.), Prestatyn, Wales. Note the impressions of the interdigital webs and the associated raindrop
impressions. F, Shallow tracks of a modern Tayra (Eira barbara; Serra do Gandarela National Park, Minas Gerais, Bra-
zil), showing a pes overprinting parts of the manus. Left: Orthophoto, right: elevation map. G, Deep track of a modern
South American Tapir (Tapirus terrestris), Manu National Park, Peru. H, Two tracks of trackway tr31, Dinosaur State
Park, Rocky Hill (Lower Jurassic; East Berlin Formation; Connecticut, US). Note that the tracks are exposed on differ-
ent layers, with the first track probably representing a transmitted undertrack. I–J, Elevation maps of penetrative thero-
pod tracks formed by deep sinking of the feet, El Frontal tracksite, La Rioja, Spain (Lower Cretaceous, Huérteles
Formation; Razzolini et al., 2014). I, Trackway showing the typical morphology of penetrative tracks with slit-like digit
impressions due to sediment collapse, curved digit impressions II and IV, metatarsal marks; and hallux impressions. J,
Penetrative tracks with collapsed digit impressions, resulting in a triangular shape. K, Elevation map of deep tracks of
a theropod, Barranco de Valdecevillo, La Rioja, Spain (Trackway VA4, Enciso Group; Pérez-Lorente, 2015). Note the
narrow digit impressions due to sediment collapse. L, Elevation map of a track of trackway SPMN-JTP 3, from the
Upper Cretaceous of Jordan (Klein et al., 2020). Note the strongly elongated metatarsal mark. M, Photograph of Rhyn-
chosauroides track NML-G 2022/0001 from the Middle Triassic of Bernburg, Germany (collection Frank Trostheide,
Naturkundemuseum Leipzig). Note the well-defined skin impressions.
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Bromley (1990), which refers to inverte-
brate trace fossils that “totally dominate
the fabric” (p. 154). Such dominance may
be the result of obliteration of other
traces that formed earlier, or even diage-
netic enhancement. Elite tracks are
often, but not necessarily, of higher ana-
tomical fidelity than the tracks they over-
print. Conversely, the occurrence of
indistinct and often incomplete tracks on
a trampled surface can be described as
background trampling (Figure 5D;
“background bioturbation” is a more gen-
eral term used in invertebrate ichnology).

• Tracks of high anatomical fidelity in gen-
eral (Gatesy, 2003). This definition is now
the dominant usage in the literature (e.g.,
Marty et al., 2016; Marchetti et al.,
2019a), but is not consistent with the
meaning of “elite trace fossil” and can
therefore be a source of confusion. Syn-
onyms include “high-fidelity tracks” and
“stamps” (Pérez-Lorente, 2015, p. 41). In
modern tracking, tracks with exception-
ally high anatomical fidelity have some-
times been referred to as “perfect tracks”
(e.g., Murie, 1982, p. 65; Brown et al.,
2022, p. 43).

31 Foot-sediment interface (also: skin-sedi-
ment interface; Figure 2B). The contact sur-
face between the foot and the sediment. This
surface changes during the time the foot is in
ground contact (Gatesy and Falkingham,
2020).

32 Tracking surface (synonyms: “tracked sur-
face”, “original ground surface”). The upper
surface of the substrate at the time of track
formation (Figure 2). The term was introduced
by Fornós et al. (2002). The tracking surface
can be at either the sediment-air interface
(or surface/boundary) or the sediment-water
interface (or surface/boundary); these terms
describe the boundary between the sediment
below and the air (or water) above, depending
on whether the track is submerged or not.
Layers below (and not exposed at) the track-
ing surface are referred to as subsurface lay-
ers (or levels; Figure 2C). Gatesy (2003)
distinguished between the pre-track surface
and the post-track surface: the former
includes all grains exposed before track for-
mation, while the latter includes those grains
exposed after track formation (Figure 2). Note
that the tracking surface is not always the sur-

face on which the animal walks. As the track-
maker sinks deeper into soft sediment, the
body weight may only be supported at a sub-
surface level. There may be a continuum from
supportive surface to fluid (e.g., in submerged
mud), and therefore no discrete surface on
which the animal walks.

The individual layers of a track volume
(e.g., surface track and undertracks) may also
be referred to as track surfaces. The term ich-
nosurface can be used to refer to the surface
of the bed (layer) containing the tracks as it is
seen today.

33 Negative volume. The volume of the space
between the track floor and the level of the
tracking surface (i.e., excluding displacement
rims). Note that the terms “track volume” and
“fossil volume” have been used to refer to dif-
ferent concepts.

34 True track (also: “true trace”). The portion of a
track down to the final (deepest) foot-sedi-
ment interface (Figure 2C) (sensu Gatesy,
2003). The true track thus includes the sur-
face track as well as any possible subsurface
tracks that were in direct contact with the foot.
This definition excludes overtracks and trans-
mitted undertracks, but includes penetrative
surface- and undertracks as well as collapsed
tracks. Originally, “true track” was defined as
tracks formed in the tracking surface (sensu
Sarjeant, 1990, p. 303; Lockley, 1991, p. 25),
but this layer-based definition is not applicable
to deep tracks that may extend through multi-
ple layers (Gatesy, 2003). The term “true
track” has often been used to imply fidelity to
the anatomy of the foot even though many
true tracks are not anatomically fidelitous.

“True track” has alternatively been
defined to include just the track floor of the
final foot-sediment interface (Marty et al.,
2016). Synonyms of “true track” in this narrow
sense are “true track sensu stricto” (Marty et
al., 2009) and “footprint sensu stricto” (Thul-
born, 2012). This narrow usage of “true track”
follows Brown (1999), who used the term as a
synonym of “track floor”, as opposed to the
“overall track” (or “entire track”) that also com-
prises the track walls (Brown, 1999, p. 51).
However, Brown, who was concerned with
modern tracking, did not discuss the vertical
extent of tracks into the subsurface. Marty et
al. (2009) proposed the term “modified true
track” for true tracks that have been affected
by post-formational alteration to such an
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extent that “fine details of the anatomy of the
foot” are no longer preserved. We note, how-
ever, that anatomical detail may be absent
from the outset (e.g., when the track is formed
in very soft or coarse substrate), which is
often difficult to distinguish from post-forma-
tional alteration. The usefulness of the term
“modified true track” may therefore be limited.

35 Deep track. A track formed by deep sinking of
the foot into soft sediment (cf. Gatesy et al.,
1999). This may be a penetrative track, in
which the path of the foot is sealed (Figure 2),
or an open track where the track walls have
not collapsed (Figure 7G). The latter is often
preserved as a natural cast (e.g., Engelmann
and Hasiotis, 1999). Deep tracks generally
record more of the foot movement but less of
the trackmaker anatomy than shallow tracks
(Figure 7G) (Gatesy, 2003). Deep and shallow
tracks can be seen as end members of a con-
tinuum (Gatesy, 2003).

36 Surface track. A track formed and exposed at
the same sediment-air or sediment-water
interface on which the animal walked (Figure
2C) (cf. Goldring and Seilacher, 1971). This
includes the uppermost track surface of pene-
trative tracks and collapsed tracks. In other
words, if an observer were to walk behind the
trackmaker looking down, the observed tracks
would be “surface tracks”.

37 Undertrack. A track formed in a subsurface
layer, as opposed to a surface track that is
exposed at the tracking surface (Figure 2C)
(cf. Goldring and Seilacher, 1971). The history
of the term “undertrack” has been reviewed by
Gatesy and Falkingham (2020). The term was
originally proposed by Goldring and Seilacher
(1971) for limulid traces where the legs pene-
trated the surface layers to leave tracks at dif-
ferent depths. The term was then adopted in
tetrapod track ichnology but with a different
meaning: A track formed in a subsurface layer
by transmission, without direct contact with
the foot. Seilacher (2007) proposed the terms
“penetrative undertrack” and “compressive
undertrack” to distinguish between the two
concepts. Gatesy and Falkingham (2020)
adopted the concept but proposed the modi-
fied terms penetrative track and transmitted
undertrack, the former adopted from Rainforth
(2005). These are discussed separately
below.

38 Penetrative track (synonym: sealed track). A
track in which the path of the foot is sealed by

substrate flowing around the descending foot
or by collapse of the track walls (Figure 2C).
Layers or laminae dragged down by the
descending digit or foot are V-shaped in cross
section, a feature for which the term nested
‘V’s has been coined (Figure 2B) (Gatesy and
Falkingham, 2020). When below the tracking
surface, the track visible in each of these
downfolded layers can be termed a penetra-
tive undertrack (Gatesy and Falkingham,
2020). The nested ‘V’s can break off when the
layers are separated and remain within the
impression. This creates a flat bottom of the
impression, which has been termed a false
bottom because the track extends below this
apparent bottom surface (Gatesy and Falking-
ham, 2020). Because the downfolded laminae
that seal the track will be sub-vertically ori-
ented, the “false bottom” may have a series of
subparallel striations, or ridges. Erosion may
also produce edges of such downfolded lami-
nae around the track. Such structures have
sometimes been referred to as “wrinkle struc-
tures”. Penetrative tracks generally do not
reflect the anatomy of the trackmaker and
have been a major source of misinterpretation
(e.g., Lallensack et al., 2022b).

Thulborn (1990) used the term “under-
print” for cases where only the lower (deep-
est) parts of a true track are visible because
the rock was split into slab and counterslab at
a subsurface level rather than at the tracking
surface. Marty et al. (2009, 2016), following
this usage, consequently proposed restricting
the term undertrack to transmitted under-
tracks. However, “underprint” has often been,
and sometimes still is, used as a synonym of
“undertrack” and in these cases refers to
transmitted undertracks. The term “subtrack”
has been used for a concept similar to that of
a penetrative track (e.g., Pérez-Lorente,
2015) but has also been applied to transmit-
ted undertracks (e.g., Leonardi, 1996).
Romano and Whyte (2003) suggested the
term collapsed track (in their use, “collapsed
print”, p. 197), which by their definition would
be synonymous with “penetrative track”. How-
ever, we argue that sediment flowing around
the foot does not represent collapse, and sug-
gest restricting “collapsed track” to cases
where the track walls have collapsed under
gravity (usually after the foot has been
removed).
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39 Wrinkle structures (also: “wrinkled struc-
tures”, “wrinkle marks”, “wrinkles”, “crinkle
marks”). Grooves and creases in or outside of
a track. Several different mechanisms can
lead to the formation of these structures,
including microbial mats, erosion, and impres-
sions of the integument. A common type of
wrinkle structure, consisting of sub-parallel
grooves in and around the track, caused
some confusion. Lockley et al. (2018) inter-
preted such structures on the underside of
natural casts left by hadrosaurs as “small
extensional horst- and graben-like ridges” (p.
397). Xing et al. (2021) described similar
structures, noting that they could potentially
represent the broken downfolded layers of
penetrative tracks. Martin et al. (2012, 2014)
used the term “pressure-release structures” to
describe extensive wrinkle structures in and
around tracks. Very similar features to those
observed by Martin et al. (2014) have been
described by Hadri and Pérez-Lorente (2012),
who interpreted them as the edges of laminae
that were broken by the descending foot, and
Carvalho (2004), who interpreted them as flui-
disation structures caused by “dinostatic pres-
sure”. We argue that, in most of these cases,
the described “wrinkle marks” are indeed the
broken downfolded layers of penetrative
tracks.

40 Transmitted undertrack. An undertrack
formed by transmission of force into the sedi-
ment volume. Transmitted undertracks are
formed indirectly, without direct contact with
the foot, and should be distinguished from
penetrative tracks, where the foot penetrates
the layers (Allen, 1989). In tetrapod track ich-
nology, transmitted undertracks have long
been known simply as undertracks or under-
prints (note that “underprint” has also been
used as a synonym of penetrative under-
track). Synonyms include “compressive
undertrack”, “ghost track”, ”transmitted relief“,
“subtrace”, “undertrace”, and “cleavage relief“,
but note that the latter four terms do not nec-
essarily imply the involvement of limbs. See
also Gatesy and Falkingham (2020) for a
review of terms.

41 Squelch mark. A track of little definite shape
formed in semi-liquid substrates (cf. Tucker
and Burchette, 1977). Squelch marks can be
penetrative tracks or tracks confined to a thin-
ner semi-liquid surface layer with a solid layer
beneath.

42 Axial downfold or central downfold. The
basin-shaped structure below the true track
caused by downfolded layers, as observed in
cross section (cf. Allen, 1997). The axial
downfold includes all transmitted undertracks
present in a track.

43 Leptodactylous and pachydactylous. Terms
introduced by Hitchcock (1836) to denote very
slender-toed and broad-toed tracks, respec-
tively. Hitchcock’s leptodactylous tracks are
now interpreted as penetrative tracks, i.e., the
digit impressions are narrow because of sedi-
ment flow or collapse, not because the track-
maker had narrow digits (Gatesy and
Falkingham, 2020).

44 Overtrack. A track in a sediment layer above
the true track (Langston Jr, 1986). An instruc-
tive example has been figured by Farlow (Far-
low et al., 2006, fig. 23). Multiple overtracks
per track can occur in laminated sediments.
Overtracks can form if the track is buried
during multiple sedimentation events, or due
to the growth of microbial mats that can trap
sediment particles (Marty et al., 2009). Syn-
onyms include “overprint”, “overtrace”, “super-
trace”, and “ghost track” (also used as a
synonym for transmitted undertrack). In the
terminology of Brown (1999) and Marty et al.
(2009), an “internal overtrack” covers only the
footprint sensu stricto, not the entire overall
track.

45 Displacement rim (synonyms: raised rim,
bourrelet, lip, marginal ridge, extrusion rim,
pressure ridge, displacement field, mud rim).
An elevated bulge surrounding the shaft of the
track that forms when sediment is displaced
by the sinking foot (Figures 8E, 9B). The
development of a displacement rim is caused
by the expulsion of sediment as the foot sinks
and depends on the properties of the sub-
strate: A compressible substrate will result in
small or absent displacement rims, while an
incompressible substrate will produce dis-
placement rims with a volume equal to the
negative volume of the track. In the mamma-
lian track literature, the synonym “marginal
ridge” is more commonly used; other syn-
onyms include “raised rim”, “bourrelet”, and
“lip”. Allen (1997) distinguished the marginal
ridge from the “marginal upfold” (or “marginal
fold”), which is in the subsurface below the
marginal ridge and lateral to the shaft. Where
the sediment is more brittle, the marginal
upfold may be accompanied or replaced by
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marginal thrusts (Allen, 1997). Well-devel-
oped and asymmetric displacement rims can
be used to distinguish tracks from similar non-
biogenic sedimentary structures (Falkingham
et al., 2021).

46 Withdrawal rim. Similar to a displacement
rim but formed by uplift of sediment as the foot
was withdrawn (cf. Jackson et al., 2009,
2010).

47 Sediment mound. A mound of sediment on
the tracking surface that was piled up by the

FIGURE 8. Examples of fossil trackways. A, Two parallel sauropod trackways at Cal Orck’o in 1998 (El Molino Forma-
tion, Sucre, Bolivia). The shown trackways are ca. 100 m in length. B, Trackway attributed to a giant sloth (Megathe-
richnum oportoi), from the Pliocene of Argentina (Río Negro Formation). Width of the trackway is ~ 1 m. C, Trackway
of a human (Homo sp.) descending a slope on a pyroclastic flow while leaving slip marks (Middle Pleistocene, Roc-
camonfina volcanic complex, Italy). D, Trackway attributed to an ornithopod (the holotype of Sousaichnium pricei),
from the Lower Cretaceous Sousa Formation (Passagem das Pedras, Paraíba, Brazil) (Leonardi, 1979). E, Sauropod
trackway with extensive displacement rims (Paluxy Riverbed, Lower Cretaceous, Glen Rose Formation, Texas, US).
The scale bar in the centre of the photograph is 1 m. Photo by James O. Farlow. F, Chirotherium barthii trackway,
Goldfuß-Museum (Middle Triassic, Hildburghausen, Germany). Note the prominent desiccation cracks. G, Otozoum
trackway (large tracks) associated with numerous small theropod tracks from the Hitchcock collection, Beneski
Museum of Natural History (part of specimen 6A/2; Lower Jurassic, Connecticut Valley, US). H, Large theropod track-
way with a distinct metatarsophalangeal pad, Peñaportillo (Lower Cretaceous, Upper Enciso Group, La Rioja, Spain).
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movement of the foot. Sediment mounds most
commonly occur behind the digits as they
were pushing backwards, when they are also
referred to as “push-back structures” (Figure
10E) (Xing et al., 2016). A synonym is “mud

mound” but note that this feature has a differ-
ent meaning in sedimentology. Sediment
mounds can be considered direct features, as
they consist of sediment that was at least par-
tially in direct contact with the foot, whereas

FIGURE 9. Palaeoecological interpretations of tracksites. A, Part of the Mill Canyon tracksite, Utah, US (Upper Juras-
sic; Cedar Mountain Formation), showing small and large theropod tracks and a manus-only sauropod trackway
(direction of travel to the right). This site shows a particularly diverse trace fossil assemblage, including tracks of orni-
thopods, different types of theropods, sauropods, and possible crocodylomorphs (Lockley et al., 2014). Also note the
warty surface texture, which resulted from the growth of a microbial mat (Pustularichnus; Simpson et al., 2022). The
view shown is ca. 2.2 m in width. B, The main section of the El Contadero tracksite, La Rioja, Spain (Lower Creta-
ceous, Enciso Group). The preserved ornithopod tracks vary from being deep with pronounced displacement rims to
shallow with low displacement rims. This variation could be explained by spatial differences in substrate properties, in
which case they could have been left by a single group (Pérez-Lorente, 2015). Alternatively, the tracksite could be
time-averaged, with the shallow tracks formed when the substrate was firm, and the deeper tracks formed when it was
soft.
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FIGURE 10. Interpreting behaviour from tracks. A, The Fuentesalvo tracksite (Lower Cretaceous; Villar del Río, Soria,
Spain), which has been interpreted as evidence for gregarious behaviour. The trackmakers have originally been iden-
tified as theropods (Barco et al., 2006), but an ornithopod affinity was subsequently suggested (Castanera et al.,
2013). B, Highly tortuous trackway of a modern shorebird, possibly Common Redshank (Tringa totanus), that was
searching a tidal flat for food (Liverpool, England). C, Turning trackway of a sauropod at Copper Ridge, Utah (Upper
Jurassic; Morrison Formation). Elevation map based on a 3D model captured in 2016. D–E, Elevation maps of swim-
ming tracks at the Inzar O’Founass tracksite, Morocco (Middle Jurassic, El Mers I Formation; Amzil et al., 2024). D,
scratch mark of a theropod that might have been made during punting; note the three sub-parallel scratches and the
posterior sediment mound. E, Hatcherichnus track (possibly crocodylomorph) with pronounced striations and sedi-
ment mound. F, Interpretative map of a section of the sauropod trackway Q1 from the Briar site, Arkansas, US (Lower
Cretaceous; De Queen Formation). Note the pronounced changes in stride length which suggest changes in speed of
locomotion. Data from Platt et al. (2018); interpretation after Lallensack and Falkingham (2022). G, Anomoepus rest-
ing trace, showing two sub-parallel tracks with metatarsal impressions as well as an ischial callosity impression. Hitch-
cock collection, Beneski Museum of Natural History (ACM-ICH 1/7; Lower Jurassic, Connecticut Valley, US). H, Large
ornithopod trackway with manus tracks at the Obernkirchen tracksite, Germany (Lower Cretaceous; Bückeberg For-
mation). The occurrence of both quadrupedal and bipedal ornithopod trackway indicates facultative bipedalism in
derived large ornithopods.
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displacement rims are indirect features. Sedi-
ment mounds are commonly observed in
swimming tracks (Milner and Lockley, 2016).

48 Concretionary track. Natural cast in the form
of sideritic or calcareous concretions which lie
on top of a fine-grained deposit (cf. Therrien et
al., 2015). The term was suggested by Ther-
rien et al. (2015). The rarity of such tracks
may be partly explained by their transient
nature, as they tend to disintegrate rapidly
once the surrounding sediment is removed by
modern erosion (Therrien et al., 2015).

49 Dry-sand track (or “dry sand track”). Tracks
left in dry, cohesionless sand may be easily
eroded and difficult to detect because the
track walls collapse immediately when the foot
is withdrawn (Figure 11D). However, dry-sand
tracks may be common on the slip faces of
dunes where feet have sunk deep into grain-
flows (avalanches on the lee face of the
dune): erosion by subsequent grainflows
would only truncate the tracks but leave the
deeper parts intact. Dry-sand tracks on dune
slip faces are often diachronic, i.e., subse-
quent tracks of a trackway may be formed in
different layers as the animal steps on a newly
formed grainflow triggered by its previous step
(Loope, 2006).

50 Microbial mat. A sheet of microorganisms
that is layered and up to a centimetre in thick-
ness (cf. Rich and Maier, 2015). Microbial
mats typically grow subaqueously on the sedi-
ment surface, where they trap and incorporate
sedimentary particles to avoid becoming bur-
ied by sedimentation (Callefo et al., 2021).
The resulting sedimentary structures are
known as “microbially induced sedimentary
structures” (MISS), which are a form of micro-
bialite (Figures 9A, 12A–B). Different morphol-
ogies of MISS on bedding surfaces can be
distinguished, such as reticulate textures
(“elephant skin”); warty structures (Figure 9A);
and subparallel and sinuous wrinkles (Figure
12A). The latter are often referred to as “wrin-
kle structures” or “wrinkle marks”; note that
these terms have also been used to refer to
other structures associated with tracks.
Recently, some of these types were given ich-
notaxonomic names (Figures 9A, 12A) (Stim-
son et al., 2017; Simpson et al., 2022). The
terminology for the morphological description
of MISS has been reviewed by Bouougri et al.
(2007). Microbial mats can play an important
role in the formation and preservation of

tracks (Marty et al., 2009; Carvalho et al.,
2013).

51 Pressure bulb. The distribution of stress (and
therefore displacement) beneath the indenter
(i.e., the foot). Described in detail by Manning
(2004) as resulting in transmitted undertracks
that are wider and longer than the true track.

52 Displacement bulb (synonyms: dead zone,
detached undertrack). A relatively unde-
formed volume of sediment pressed down into
the sediment by the foot (cf. Jackson et al.,
2009).

53 Deformation (synonym: distortion). A track is
the result of sediment deformation by the foot.
Such deformation may be elastic-plastic or
viscous-plastic (e.g., the formation of dis-
placement rims), or brittle (e.g., the formation
of fractures and thrusts) (Allen, 1997), or a
combination of these. Deformation may also
occur in the fleshy pads of the trackmaker’s
feet when interacting with a firmer substrate,
adding to the variability of the tracks; such
deformation has been termed pad deforma-
tion (Gatesy, 2001). Existing tracks can be
deformed by other tracks created nearby later
(Figure 5D). During diagenesis, plastic defor-
mation can lead to a reduction in track relief
due to compaction (Lallensack et al., 2022b),
but can also introduce shearing that can
skew tracks and trackways (Figure 5C)
(Schulp and Brokx, 1999; Schulp, 2002).

Tracks of low anatomical fidelity, such as
penetrative tracks formed in soft mud, have
often been characterised as being “deformed”
or “distorted”. This usage has been criticised
by Gatesy and Falkingham (2017), as it
implies that the tracks were initially copies of
the feet that were deformed, when in fact the
tracks were never foot-like.

54 Compaction. The reduction in sediment vol-
ume due to overburden. Mud and peat can
have high levels of compaction that can sig-
nificantly reduce the relief of the track, which
must be taken into account when interpreting
fossil tracks (Lallensack et al., 2022b). In
coarser sediments such as sand, compaction
tends to be insignificant. Compaction is also
caused directly by the trackmaker, and the
sediment below the direct track tends to be
more strongly compacted than outside the
track.

Lockley and Xing (2015) introduced the
term “flattened track” for several examples of
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natural track casts composed of sandstone
and associated with very thin mudstone and
siltstone intervals, which appear to be both
flattened (reduced in depth) and widened
(resulting in more rounded outlines) (Lockley
and Xing, 2015). We note that, in general,
compaction causes shortening of fossils but
not widening (Lallensack et al., 2021); “flat-
tened tracks” may therefore represent a spe-
cial case and, as such, are rare (Lockley and
Xing, 2015).

55 Tectonics. The small-scale structural defor-
mations of the sediment that occur during
track formation are analogous to the large-

scale structures caused by plate tectonics and
can therefore be described using the terminol-
ogy of structural geology (Graversen et al.,
2007). Such terms include “microfold”, “micro-
fault”, “detachment fault”, and “lateral ramp”,
amongst many others (Allen, 1997; Manning,
2004; Graversen et al., 2007; Jackson et al.,
2010).

56 Pressure pad. A semicircular body of sedi-
ment around the shaft that is slightly rotated
out of position and sharply demarcated by
microfaults (Figure 11A–C) (Fornós et al.,
2002). Pressure pads may form posterior to
the shaft as the foot pushes backwards before

FIGURE 11. Non-anatomical features of tracks. A, Trackway from the Botucatu Formation showing pressure pads with
multiple microfaults (Lower Cretaceous, Paraná Basin, Brazil). B, Trackway from the Botucatu Formation with pres-
sure pads (sand crescents) and pronounced heteropody. C, Freshly made human track in moist sand, showing stria-
tions on the medial side and a large pressure pad with radial fractures on the lateral side. D, Trackway of a dog (Canis
familiaris) descending a dry sand dune, photographed from the top of the dune. Note the avalanche structures that
flow downslope, and the retreating scarp (Loope, 2006) that greatly enlarge the tracks upslope. E, Track of a modern
raccoon (Procyon lotor) with a slip mark (left: orthophoto; right: elevation map). Note the striations within the impres-
sion.
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withdrawing. On sloping surfaces, larger pres-
sure pads typically face downhill. There may
be one or more pressure pads per track. A
similar term is sand crescent, which has
been applied to semi-circular structures found
in trackways on the slipfaces of dunes (Leon-
ardi, 1977, 1980). Fornós et al. (2002) argued
that sand crescents are avalanche struc-
tures (i.e., dry sand flowing down a surface
due to gravity after being triggered by the
impact of the foot; Figure 11D). However,
Loope (2006) suggested that many structures
described as “sand crescents” were formed in
moist sand and must be considered pressure
pads rather than avalanche structures (Loope,
2006).

57 Radial fractures (synonym: “radial cracks”).
Surface fractures on the displacement rim that

originate from the shaft in a radial manner
(Lockley et al., 1989; Allen, 1997; Schanz et
al., 2016). Concentric fractures (synonym:
“concentric cracks”) can also occur (Leonardi,
1979; Allen, 1997). Hwang et al. (2008)
described unusual dinosaur tracks with radial
internal ridges, which these authors sug-
gested represent “molds of radial cracks”
formed in transmitted undertracks and there-
fore represent a different formational mecha-
nism.

58 Ejecta. Sediment that is forcefully ejected
from beneath the descending foot onto the
sediment surface in front of or beside the track
(Allen, 1997). Such ejection can occur through
the spaces between digits.

59 Substrate strength (also: substrate consis-
tency or substrate competency). Tracks can

FIGURE 12. Sedimentary features associated with tracks. A, Wrinkle structures (Rugalichnus, see Stimson et al.,
2017) resulting from the growth of a microbial mat, Hornburg Formation (middle Permian, Wolferode, Germany). Left:
orthophoto; right: shaded relief. B, Wrinkle structures of a microbial mat associated with “Brachychirotherium” (Middle
Triassic, Braies Dolomites, Italy). Photo: Marco Avanzini. C, Tool marks, possibly produced by floating vegetation, on
the bed of the Letaba River, Kruger National Park, South Africa. Note the water cover, the invertebrate traces, and the
large bird trackways (possibly saddle-billed stork, Ephippiorhynchus senegalensis).



LALLENSACK, LEONARDI, & FALKINGHAM: GLOSSARY OF TETRAPOD TRACKS

40

only form in sediments that are neither too
soft nor too firm, a phenomenon termed the
Goldilocks effect by Falkingham et al.
(2011a). A soft substrate might also be
described as compliant, or having a low yield
strength or bearing capacity, if it deforms
easily (= high deformability) (Falkingham et
al., 2014; Schanz et al., 2016). Conversely, a
substrate that is resistant to deformation
would have a high yield strength/bearing
capacity, and be described as firm, stiff, or
competent.

60 Cohesion/Adhesion. The degree to which
particles or grains are attracted to each other
and to indenters (e.g., feet). This cohesion is
usually due to the presence of water (although
too much water will reduce cohesion) but can
also take the form of electrostatic attraction in
very small particles (clays and powders). Both
stiff and soft substrates can be cohesive (or
not). Sediment that sticks (adheres) to the foot
can produce curvilinear to concentric ridges or
spikes on the floor of the track as the foot is
withdrawn, which have been termed adhe-
sion traces (synonyms: adhesion spikes
Allen, 1997; adhesion ridges, Carey et al.,
2011).

61 Elasticity. The degree to which deformed
sediment may rebound to its original state. A
highly elastic soft substrate will behave very
differently from a low elastic soft substrate.
For example, uncompacted volcanic ash
would be described as soft but would lead to
very different tracks to a springy surface. High
levels of elasticity can occur in peat, where
tracks can be obliterated by the rebounding
peat if they are not filled with sediment quickly
enough (Parker and Rowley Jr, 1989).

62 Suction (also: suction effects). During foot
withdrawal, a vacuum can form between the
foot and the sediment, which can cause sedi-
ment to be drawn upwards or the track walls
to be drawn inwards (e.g., Thulborn, 2004;
Bennett and Morse, 2014). An elevation of the
track floor interpreted as caused by suction
has been termed a pull-up feature (or “pull-
up structure”) (e.g., Kvale et al., 2001).

63 Liquefaction (also: fluidisation). Sediments
with a high-water content can lose their
strength and behave like liquids when sub-
jected to stress, which can be caused by the
foot during track formation. Reversible lique-
faction is known as thixotropy, i.e., the lique-
fied sediment regains its strength after a short

period of time (Leeder, 1982). Liquefaction
increases sediment softness locally and can
lead to substantial sinking depths (Jackson et
al., 2010). Deep dinosaur tracks in the Wucai-
wan area of China have yielded numerous
skeletons of smaller non-avian dinosaurs that
possibly got trapped due to liquefaction that
took place during track formation (Eberth et
al., 2010).

64 Weathering and erosion. The degradation or
destruction of tracks by physical, chemical,
and/or biological processes (Figure 5A, B)
(e.g., Henderson, 2006a; Ledoux et al., 2021).
Weathering and erosion can take place both
before burial (ancient weathering/erosion) and
after the fossil tracks have been exposed
(modern or recent weathering/erosion). Ero-
sion of the tracking surface creates an ero-
sional surface that may still preserve the lower
parts of the tracks (Allen, 1997). Distinct ero-
sional features are generally aligned with the
flow of water (Figure 5B) or wind (Figure 5A)
and may be mistaken for tracks or modify
existing tracks. Such features have been
termed erosion marks or scour marks.

65 Fossil volume. Term coined by Hitchcock
(1858) for a famous specimen (ACM-ICH 27/
4) consisting of five split slabs that expose the
same dinosaur track at different depths. The
slabs were mounted together and displayed in
a book-like fashion. The fossil volume speci-
men has long been regarded as the prime
example of transmitted undertracks, but
Gatesy and Falkingham (2020) have shown
that it and similar fossils instead represent
penetrative tracks. This and similar speci-
mens allow for reconstructing the trajectory of
the foot through the substrate (Falkingham et
al. 2020; Turner et al., 2020). The term is use-
ful to refer to any single track exposed on mul-
tiple surfaces.

TRACKS AND FEET – ANATOMY AND 
MEASURES

The terminology used to describe the anat-
omy of the pes and manus and corresponding fea-
tures found in tracks is extensive, reflecting the
biodiversity involved. Adding to this complexity, the
terminology used by hominin track workers can dif-
fer drastically from that used in other subfields of
tetrapod ichnology.
66 Adjectives and nouns. When two nouns are

combined, the first usually becomes an adjec-
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tive, as in “digital pad” (not “digit pad”) and
“manual phalanx” (not “manus phalanx”).
However, when referring to the trace of a body
part, the first noun remains unchanged, as in
“skin impression” (not “dermal impression”),
“manus track” (not “manual track”), “pes track”
(not “pedal track”), or “hallux impression” (not
“hallucal impression”). We follow this common
usage here but note that some ichnologists
prefer to use the adjectival forms even in the
latter cases.

Terms of Location

67 Upper and lower. When describing tracks,
the terms “up/above” and “down/below” are
always understood relative to the orientation
of the sediment layers, which does not neces-
sarily coincide with the vertical.

68 Outer and median. Generally, “outer” refers
to the most lateral and medial digits, e.g., dig-
its I and V in a pentadactyl foot (Leonardi et
al., 1987). Conversely, “median” refers to an
inner digit, which is often digit III or, in a penta-
dactyl foot, digits II to IV (Leonardi et al.,
1987). These terms are typically restricted to
the functional digits that are facing anteriorly
and are regularly impressed in a track (i.e.,
excluding dewclaws and retroverted digits).
For example, in anisodactyl bird tracks (Figure
13A), the outer digits are digits II and IV (Half-
penny, 2019). Note that, in statistics, “median”
is a measure of average.

69 Axial and abaxial. “Close to the central axis”
and “away from the central axis”, respectively
(e.g., Leach, 1993). The central axis can be
that of a digit, foot, or body. The respective
directional terms are “axially” and “abaxially".

70 Left track and right track. A track formed by a
left foot and a right foot, respectively. In a cast,
left and right are reversed, so that the left
track appears as the right, and vice versa.
However, these terms have also been used in
a general sense to describe positions as visi-
ble in the specimen, regardless of preserva-
tion as a cast or mould (Haubold, 1971). In
sitemaps or interpretative outline drawings,
casts are often intentionally mirrored to match
the mould. Interpretative outline drawings of
tracks are also sometimes mirrored so that
they always correspond to the track of the
right (or left) foot for ease of comparison.

71 Anatomical planes. Constructed planes that
transect a body and are orthogonal or parallel
to each other. The sagittal plane (synonym:

longitudinal plane) divides the body into left
and right halves; the coronal plane (syn-
onym: frontal plane) divides the body into dor-
sal and ventral halves; and the transverse
plane (synonyms: horizontal plane, axial
plane) divides the body into cranial and cau-
dal halves. Note that these planes are defined
relative to the axis of the body – for example,
the coronal plane divides the body into upper
and lower halves if the axis is horizontal (e.g.,
in a dog) but into front and back halves if the
axis is vertical (e.g., in humans). A parasagit-
tal plane is any plane parallel to the sagittal
plane.

72 Anterior/posterior (synonyms: cranial/caudal
and frontwards/rearwards) and medial/lat-
eral. The meaning of these terms depends on
whether they are used to describe features of
a trackway or features of an individual track:
• For trackways, these terms are defined

relative to the trackway midline, which
approximates the sagittal plane of the
body: “medial” means “towards the track-
way midline” and “lateral” means “away
from the trackway midline”. “Anterior”
means “towards the direction of travel”
and “posterior” means “opposite to the
direction of travel”.

• For tracks, they are defined relative to
the long axis of the track in question:
“medial” here refers to the radial/tibial
side, i.e., the side where digit I would be
located if present, while “lateral” refers to
the ulnar/fibular side, i.e., the side where
digit V would be located if present. “Ante-
rior” means “towards the front of the
track”, and “posterior” means “towards
the rear of the track”.
However, these terms can be ambiguous

in some contexts. Firstly, the two usages
(referring to a trackway or an individual track)
are only equivalent when track rotation is 0°.
For example, when a track is rotated outwards
by 90°, the front margin of the track is the
“anterior” side if the trackway midline is the
reference, and the “medial” side if the long
axis of the track is the reference. As both defi-
nitions are used when describing tracks and
trackways, they can conflict and potentially
lead to ambiguity. Secondly, they do not
reflect the plesiomorphic (ancestral) state of
tetrapods, in which the digits are directed lat-
erally (away from the body midline). In fact, in
human anatomy these terms are often defined



LALLENSACK, LEONARDI, & FALKINGHAM: GLOSSARY OF TETRAPOD TRACKS

42

according to embryological terminology:
“Anterior” here means “towards the thumb/
great toe”, and “posterior” means “towards the
little finger/small toe”) (Biesecker et al., 2009).
Less ambiguous terms are available, such as
“preaxial” or “radial”/“tibial” instead of “medial”
and “postaxial” or “ulnar”/“fibular” instead of
“lateral” (Romer, 1933). However, to our

knowledge, such terms have not yet been
applied to tracks.

73 Proximal and distal. In a limb, “proximal”
refers to “towards the hip (or shoulder) joint”
and “distal” refers to “towards the digit tips”.
These terms are defined independently of
posture – for example, an ungual is always
distal to the penultimate phalanx of the same

FIGURE 13. Descriptive terminology for feet and tracks. A, Toe configurations in modern birds. B, The axony, as
determined by the position of the axis of an foot or track (here, right feet). C, The classification of foot static postures,
from plantigrady (the entire foot is in ground contact) to unguligrady (only the unguals are in ground contact). The
autopodial elements shown, from right to left, are the unguals (orange), the non-ungual phalanges (yellow, 2x), the
metapodials (red), and the carpals/tarsals (green). See text for details.
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digit. When describing tracks, “proximal” and
“distal” are often equivalent to “posterior” (or
“rearwards”) and “anterior” (or “frontwards”),
respectively. However, when describing the
tracks of unguligrade animals (i.e., animals
that walk on the most distal bone of the foot),
the terms “proximal” and “distal” are used as
synonyms for “upper” and “lower”, respec-
tively (e.g., in a cow track, the track floor is
distal to the lip) (Fornós et al., 2002). Another
special case is knuckle walkers, where the
digits point rearwards, in which case the rear
of the track is distal while the front is proximal.
When describing trackways, “proximal” means
“towards the beginning of the trackway” and
“distal” means “towards the end of the track-
way” (as determined by the direction of travel
of the trackmaker). Farlow (1987) instead
used the terms “uptrail” (towards the end of
the trackway) and “downtrail” (towards the
beginning of the trackway).

74 Plantar/palmar. In most cases these terms
refer to the surface of the pes (plantar) or
manus (palmar) that is in regular contact with
the ground during locomotion, i.e., the “pal-
mar/plantar surface”. The latter terms can
also refer directly to the corresponding
impression in a track. Plantar/palmar can
mean either “relating to” or, when used as a
directional term, “towards” the palmar/plantar
surface. The opposite direction is dorsal.
However, “plantar” and “palmar” have also
been used to refer only to the sole (in the pes)
or palm (in the manus) to the exclusion of the
digits.

Studies of ungulate anatomy often use
“dorsal” to describe the anterior aspect and
“plantar/palmar” to describe the posterior
aspect of unguligrade feet, while the terms
“distal” or “solar” are used to refer to the sur-
face that is in regular contact with the ground
(i.e., the underside of the hoof). Note that the
term “sole” has a different meaning in ungu-
late anatomy (namely the subunguis), and the
use of the term “solar” is therefore restricted to
this group. Another special case are knuckle
walkers, which walk on the dorsal surfaces of
the manual phalanges, with the palmar sur-
face facing upwards and therefore not in regu-
lar contact with the substrate.

75 Ipsilateral, contralateral, and diagonal. “On
the same side of the body”, “laterally on the
opposite side of the body”, and “diagonally on
the opposite side of the body”, respectively.

For example, the right pes and right manus
are ipsilateral, the right and left pes are con-
tralateral, and the right pes and left manus are
diagonal.

76 Cross section. If the sediment layer contain-
ing the track is truncated, the track can be
seen in cross section. Allen (1997) introduced
terminology to indicate the view in which a
track may be exposed in section: Sections
can be “vertical” (perpendicular to the strata),
“transverse” (parallel to the strata), or
“oblique” (between vertical and transverse).
Vertical sections can be “axial” (intersect the
central axis of the shaft), “internal-vertical”
(intersecting the shaft but not the central shaft
axis), or “external-vertical” (intersecting the
deformed zone around the shaft but not the
shaft itself). Fornós et al. (2002) extended this
terminology by defining longitudinal sections
that coincide with the sagittal plane of the
trackmaker, and lateral sections that are per-
pendicular to this plane. We propose to rede-
fine longitudinal sections to be parallel to the
long axis of the track (rather than the sagittal
plane of the body), and lateral sections to be
parallel to the transverse axis of the track, as
otherwise the sections would not be compara-
ble if track rotation varies (see discussion in
medial/lateral).

Qualitative Description of Tracks and Feet

77 Autopodium (also: autopod; plural: autopo-
dia). The distal part of the limb, i.e., the pes or
the manus. The autopodium is one of three
parts of the limb; the more proximal parts are
the stylopodium (also: stylopod; synonym:
propodium), which comprises the humerus or
the femur, and the zeugopodium (also: zeu-
gopod; synonyms: epipodium, antebrachium,
forearm), which comprises the radius and
ulna/tibia and fibula. The autopodium itself is
made up of three parts: the basipodium (tar-
sals and carpals), the metapodium (metatar-
sals and metacarpals, or, collectively,
metapodials), and the acropodium (the pha-
langes that form the digits).

78 Manus (plural: manus). The anterior autopo-
dium, which may be a hand or, when used for
locomotion, a forefoot (also: front foot) or, in
mammals, a front paw. Note that in human
anatomy, “forefoot” instead refers to the front
part of the pes. The term “hand” is also used
as a synonym for “manus” in both bipedal and
quadrupedal animals. To refer to the track left
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by a manus, the combinations “manus track”,
“manus print”, and “manus impression” are
most common. The adjectival form is “man-
ual”.

79 Pes (plural: pedes). The posterior autopo-
dium. Less technical synonyms are “hind foot”
(also “hindfoot”), “rear foot”, and, in mammals,
“rear paw”. The term foot itself refers to any
autopodium used for locomotion (Leonardi et
al., 1987) but is also used as a synonym for
“pes” (e.g., in human anatomy, “hind foot”
refers to the rear part of the pes). To indicate
the track of a pes, the combinations “pes
track”, “pes print”, and “pes impression” are
common. The adjectival form is “pedal”.

80 Foot. An autopodium used for terrestrial loco-
motion (i.e., bipeds have two feet, quadrupeds
have four feet). “Paw” is a synonym that
applies only to mammals. The term “foot” usu-
ally refers to a functional unit distinct from the
lower leg. If individual tarsals or carpals
instead form a functional unit with the lower
leg (as is the case with, e.g., the calcaneus
and astragalus in dinosaurs), they may not be
considered part of the foot proper (Brusatte,
2012, p. 53).

81 Heel. The term has two meanings:
• The tarsal region of the pes. In planti-

grade trackmakers, the impression of the
heel is called the “heel impression” or
“heel pad”.

• The rear of a track. In this usage, “heel”
does not necessarily refer to the anatom-
ical heel. The term is commonly used to
describe the rear of pes tracks but has
also been used for manus tracks (e.g.,
Halfpenny, 2019). In hoofed mammals
such as cows and horses, the “heel” is
the posteroventral edge of the foot just
posterior to the hoof. This use of the term
has been a frequent source of confusion,
and we suggest to either avoid the non-
anatomical meaning of “heel” (i.e., the
rear of tridactyl dinosaur tracks should
not be referred to as the “heel” unless the
full metatarsus is impressed), or to spec-
ify the intended meaning. Some authors
put “heel” in quotation marks to indicate
that their use of the term does not refer to
the anatomical heel.

82 Pternion. The most posterior point, or apex,
of the heel. In contrast, the acropodion (origi-
nal German spelling: Akropodion; sometimes

misspelled “acropodian” or “akropodian”; not
to be confused with acropodium) is the most
anterior point of the foot (i.e., the tip of the
most protruding digit). The terms apply to both
tracks and feet. They originate from anthropol-
ogy (Martin, 1914) and have so far only been
applied to hominin feet and tracks but are
potentially useful in other disciplines. In order
to make the term “pternion” applicable to non-
plantigrade tracks (which do not impress the
anatomical heel), we here alternatively define
it as the most posterior point of the plantar/
palmar surface (i.e., the most posterior point
of a fully impressed track).

83 Digits. The parts of the autopodium distal to
the metapodials, consisting of phalanges. The
digits of the pes are called “pedal digits” and
those of the manus are called “manual digits”.
The non-technical words “finger” and “toe” are
generally treated as synonyms of “digit”. The
digits of a pes or manus are collectively
known as the acropodium. Individual digits are
identified by Roman numerals from medial to
lateral (e.g., digit I of the manus is the pollex
or thumb, while digit I of the pes is the hallux
or big toe). The writer should be aware that
the adjectival form digital (used in, e.g., “digi-
tal pad”), while correct and recommended,
can be ambiguous in some contexts, as it can
alternatively be understood as “in form of a 3D
model”. The term ray refers to a digit plus its
corresponding metapodial.

The trace of a digit is called a digit
impression (synonyms: “digit trace”, as well
as the combinations toe/finger impression/
mark/trace). Digit impressions may be
“straight” (also: “rectlinear”) or “bent” (also:
“curved”). The term “hooked” (also: “crooked”)
may be applied to digit impressions that are
straight in their proximal part but bent in their
distal part (Leonardi et al., 1987). If a claw
mark differs in orientation from its digit impres-
sion, it is “deflected” (laterally or medially).

84 Phalanges (singular: phalanx). The individ-
ual bones that make up the digits. Individual
phalanges are identified by numerals from
proximal to distal (e.g., “pedal phalanx II-2” is
the second phalanx of the second digit of the
pes). The number of phalanges in each digit
can be expressed as a phalangeal formula.
Such a formula consists of five numbers rep-
resenting digits I to V, separated by hyphens.
For example, the theropod pes typically has
the formula 0-3-4-5-0, meaning that digits I
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and V are absent (0 phalanges), while the
second digit has 3, the third 4, and the fourth 5
phalanges (Thulborn, 1990).

85 Unguals or ungual phalanges. The terminal
phalanges, which are often modified to sup-
port a keratinous covering such as a claw,
nail, or hoof. Note that the keratinous covering
is not part of the ungual, which refers to the
bony part only (i.e., the terms “claw mark”,
“nail mark”, or “hoof mark” are more accurate
than “ungual mark” or “ungual impression”
when such a keratinous covering is present).

86 Pollex. The thumb, or digit I, of the manus.
The adjectival form is “pollical” (as in “pollical
phalanx”).

87 Hallux. The “big toe”, or digit I, of the pes. In
birds, the hallux is often retroverted (pointing
backwards). The adjectival form is “hallucal”
(as in “hallucal phalanx”).

88 Dewclaws (also “dew claws”). Reduced,
accessory digits in the forefoot or hind foot.
Dewclaws often do not touch the ground, but
those of artiodactyls (digits II and V) regularly
leave a pair of dewclaw impressions. In
artiodactyls, dewclaws are also known as
“false hooves” and their impressions as
“external pits” (Allen, 1997).

89 Dactyly. The condition of having a certain
number of digits in an autopodium or track.
For example, a monodactyl track has one
digit impression, while didactyl, tridactyl, tet-
radactyl and pentadactyl tracks have two,
three, four, and five digit impressions, respec-
tively. A track with more than five digits, as
found in some basal tetrapods, is polydactyl.
Note here that in more derived tetrapods,
“polydactyl” refers to the pathological condi-
tion of having supernumerary, or “extra”, dig-
its, the opposite of which is “oligodactyl” (the
condition of having fewer digits). Also note
that these adjectives can also be formed with
the “-ous” suffix (didactylous, tridactylous, tet-
radactylous, pentadactylous, polydactylous,
oligodactylous). The corresponding nouns are
monodactyly, didactyly, tridactyly, tetradac-
tyly, pentadactyly, and polydactyly/oligodac-
tyly. When referring to a track, these terms
indicate the number of visible digit impres-
sions, which does not necessarily reflect the
actual number of digits in the autopodium. For
example, in most non-avian theropods, only
digits II to IV are used for locomotion and reg-
ularly touch the ground, while digit I (and,
ancestrally, digit V) is a dewclaw. Although

these trackmakers leave tridactyl tracks, their
pedes are tetradactyl or even pentadactyl,
and only functionally tridactyl.

In birds, specialised terms are used to
describe the arrangement of the four digits of
the foot (Figure 13A) (Proctor and Lynch,
1993). The most common is anisodactyly,
where digit I points posteriorly and digits II–IV
point anteriorly (Figure 7D). The second most
common is zygodactyly, where digits II and III
point anteriorly and digits I and IV point poste-
riorly (i.e., digit IV is reversed to facilitate
perching). Heterodactyly is similar to zygo-
dactyly, but with digit II reversed instead of IV;
this configuration is only found in trogons.
Syndactyly is similar to anisodactyly, but dig-
its II and III are mostly fused together. Note
that outside birds, “syndactyly” refers to any
occurrence of fused digits, not just the fusion
of digits II and III. In pamprodactyly, digits I
and IV are mobile and therefore can point
backwards or forwards. The corresponding
adjectives are anisodactyl, zygodactyl, hetero-
dactyl, syndactyl, and pamprodactyl (Proctor
and Lynch, 1993).

90 Principal digit. The most important digit of a
foot or, correspondingly, the most important
digit impression of a track (cf. Thulborn,
1990). If two digits seem equally important
(as, e.g., digits III and IV in artiodactyls), both
can be considered as principal digits. The
principal digit(s) forms the axis of the foot or
track and is used to determine its axony (note
that “axis” is not identical to the long axis of
the track; Leonardi et al., 1987).

There is disagreement as to what should
be considered the principal digit (Romano et
al., 2020). Leonardi et al. (1987) suggested
that the principal digit is the most important
digit for supporting the body weight of the
trackmaker; this is generally considered to be
the most deeply impressed digit. We follow
this functional definition here. Other authors
have used a geometric definition based on the
most developed or relatively longest digit (see
Romano et al., 2020). We urge authors to
define which definition is being followed. Note
that this terminology is also used outside the
field of ichnology in zoology and palaeontol-
ogy, where similar conflicting definitions exist
(Romano et al., 2020).

The position of the axis in a foot or track
is termed axony (Figure 13B). An entaxonic
foot or track has its axis medially, as in the
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human foot where digit I is the principal digit. If
the principal digit is the central one, the foot or
track is mesaxonic; this is the case in many
tridactyl archosaurs (Leonardi et al., 1987). If
the foot is either didactyl or tetradactyl, and
digits III and IV are equally important, the foot
or track is paraxonic, a condition commonly
found in artiodactyls (Leonardi et al., 1987). If
the principal digit is located laterally, the foot
or track is ectaxonic; this condition is found in
lepidosaurs (Leonardi et al., 1987). The corre-
sponding nouns are “entaxony”, “mesaxony”,
“paraxony”, and “ectaxony”. The term “mesax-
ony” has also been used as a synonym for
digit III projection, with a “strongly mesaxonic”
track having a high digit III projection and a
“weakly mesaxonic” track having a low digit III
projection. Note, however, that such usage is
restricted to tetrapod track ichnology.

91 Relative depth pattern. The depth of impres-
sion of different parts of a track relative to
each other. As defined by Mjual et al. (2020),
the relative depth pattern describes track-
maker anatomy to the exclusion of extramor-
phological features and therefore requires
anatomical fidelity; it therefore must be con-
sistent within a trackway or ichnotaxon. The
term functional prevalence describes
whether the lateral, median, or medial part of
a track is deepest. Mujal et al. (2020) also
used the terms “medial-median functionality”,
“median functionality”, and “median-lateral
functionality” for these three cases, respec-
tively. See discussion in the entry “foot pres-
sure” for caveats on functional interpretations.

92 Grady. A set of terms describing which part of
the foot is in contact with solid ground when
standing (Figure 13C) (cf. Leonardi et al.,
1987; Carrano, 1997). Possible postures lie
between the two extremes of unguligrady and
plantigrady (Carrano, 1997), and different
conditions and definitions will be reviewed
below. The respective adjectives (e.g., unguli-
grade and plantigrade) can be applied to the
foot posture (e.g., a plantigrade foot posture),
to the tracks (e.g., a plantigrade track), or to
the trackmakers (e.g., a plantigrade track-
maker).

Michilsens et al. (2009) introduced the
terms “unguliportal”, “digitiportal”, and “planti-
portal”, which indicate the part of the foot that
carries the body weight rather than the part
that is in ground contact when standing.
These terms therefore describe dynamic foot

postures rather than static foot postures
(Michilsens et al., 2009). In most animals, the
dynamic foot postures are equivalent to the
respective static foot postures. Exceptions
include the hippopotamus and the tapir, which
are unguligrade but digitiportal, and the ele-
phant, which is digitigrade but plantiportal
(Michilsens et al., 2009).

93 Unguligrady. In an unguligrade foot, only
the unguals are in contact with the ground
(e.g., in a horse), with the phalanges and
metatarsals (or metacarpals) being sub-verti-
cal (Figure 13C). A subunguligrade (sub-
unguligrade) foot has both the ungual and the
penultimate phalanx in contact with the
ground (Figure 13C).

94 Digitigrady. In a broad sense, the term has
been used for a range of postures between
unguligrady and plantigrady (Figure 13C)
(Carrano, 1997). In the strict sense, a digiti-
grade foot has all the phalanges of the
weight-bearing digits in full contact with the
ground, including the metatarso-phalangeal
joints where the primarily flexure occurs (Car-
rano, 1997). In a sub-digitigrade (=subdigiti-
grade) foot, most of the phalanges are in
contact with the ground, but the metatarso-
phalangeal joints are elevated above the
ground. In a semi-digitigrade (=semidigiti-
grade; synonym: mid-digitigrade) foot, the
metapodium is partly in contact with the
ground or is supported by a metapodial pad
that transfers weight from the metapodium
directly to the ground (Figure 13C). Note that
semi-digitigrady is often confused with semi-
plantigrady.

95 Plantigrady. A plantigrade foot has both dig-
its and the anatomical heel in contact with the
ground, and the phalanges and metatarsals/
metacarpals are approximately horizontal
(Figure 13C). Because “plantigrade” refers to
the plantar surface of the pes, the correspond-
ing term for the manus, palmigrade, can be
used when describing forefeet. In a semi-
plantigrade (or semi-palmigrade; also semi-
plantigrade/semipalmigrade) foot, the basipo-
dium is elevated above the ground, as is the
case in primates (except African apes and
humans, which are fully plantigrade) (Figure
13C) (Gebo, 1992). To reflect the functional
meaning of these terms, we argue that the
term “semi-plantigrade” should not be used in
cases where the tarsals or carpals form a
functional unit with the long bones of the lower
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leg, because in such cases they are not part
of the foot proper. Note that the term “semi-
plantigrade” is often incorrectly used as a syn-
onym for semi-digitigrade.

Kuban (1989) defined the term “quasi-
plantigrade” to describe hypothetical crouch-
ing postures in tridactyl dinosaurs, where the
metatarsus is held low to the ground but not
fully horizontal. In such a case, the metatar-
sals would only make contact with the ground
if the substrate is compliant so that the foot
sinks in to some extent; it is therefore actually
a digitigrade posture and the term may there-
fore be misleading (Lallensack et al., 2022b).

96 Calcigrade. Condition where the (anatomical)
heel is most deeply impressed, which can
occur when the trackmaker is standing still
(Leonardi et al., 1987). This term does not
necessarily refer to foot posture or anatomy
and is used to describe the morphology of
tracks.

97 Pads. Cushion-like swellings on the under-
sides of the feet and hands. Pads often act as
shock absorbers during locomotion. The cor-
responding traces are termed “pad impres-
sions”.

Pads on the digits are digital pads.
Common synonyms include “phalangeal
pads”, “nodes”, “phalangeal/digital nodes”,
and “toe pads” (=”toepads”) and “finger pads”
for the pes and manus, respectively. In zool-
ogy, medicine, and veterinary science, the
digital pads are also known as “digital pulps”,
“tori digitales” (singular: torus digitalis) or “pul-
vini” (singular: pulvinus). The term “volar pad”
is sometimes used to refer to the digital and
palmar pads of the manus in mammals. Indi-
vidual pads may be separated by interpad
grooves, which in the mesarthral condition
may be flexion creases. In birds, the individual
digital pads are often not directly adjacent but
separated by an interpad space (Lucas and
Stettenheim, 1972). In human footprints, the
connections between the rounded toe pad
impressions and the ball area have been
termed toe stems (Robbins, 1985).

A pad beneath a metapodial-phalangeal
joint is termed a “metapodial-phalangeal pad”.
More common are the corresponding terms
for the pes and manus: metatarsophalangeal
pad (or metatarso-phalangeal pad) and meta-
carpophalangeal pad (or metacarpo-phalan-
geal pad). In mammals, these pads are
termed “plantar pads”, “interdigital pads”, or

“intermediate pads”; the most medial of these,
the “hallucal pad” (or, in the manus, “polli-
cal pad”), is often separated from the other
pads (Halfpenny, 1986; Ewer, 1998). In car-
nivorans, the “plantar pads” are often fused
into a single large pad, which may have
notches on its posterior margin forming lobes
(Figure 14C).

A pad beneath the metatarsal or meta-
carpal region is termed a “metapodial pad”;
this is often a single, larger pad. Again, the
corresponding terms for the pes and manus
are more common: metatarsal pad and meta-
carpal pad. A pad beneath the tarsal region is
termed a heel pad; humans are an example.
Note that in dinosaurs, “heel pad” usually
refers to a larger pad impression posterior to
the digit impressions that does not correspond
to the anatomical heel, and is often actually a
metatarsophalangeal pad. More general
terms for a pad posterior to the digits are
plantar pad (or “sole pad”) for the pes and
palmar pad (or “palm pad”) for the manus.
Very large pads that extend below much of the
foot have also been referred to as cushions
(e.g., Lucas and Hunt, 2007); examples
include elephants, camels, and sauropods.

98 Basal pad. A markedly enlarged pad at or
posterior to the proximal end of a digit impres-
sion. For example, the basal pad of the sey-
mouriamorph track Amphisauropus is
associated with digit I and corresponds to the
carpal (and tarsal) areas (Marchetti et al.,
2017), while the basal pad of chirothere tracks
is the metatarsophalangeal pad of digit V (Fig-
ures 8F, 12B) (Peabody, 1948).

99 Arthral and mesarthral. Terms referring to
the position of the digital pads. Pads that
enclose an interphalangeal joint are “arthral”,
while those that enclose the phalanx itself are
“mesarthral”. In the mesarthral condition, the
interpad grooves mark the position of the
interphalangeal joints.

100 Hypex (plural: “hypexes” or “hypices”). The
most proximal point of the empty space
between two digits; “the apex of the reentrant
angle between digits” (Figure 14A) (Peabody,
1948, p. 299; Leonardi et al., 1987). In con-
trast, the distal end of a digit impression has
been referred to as the “digit tip”; “claw tip”;
“toetip”/“fingertip”; or the “apex” or “terminus”
(of a digit impression). These terms are used
to describe tracks as well as hands and feet.
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FIGURE 14. Features and measures of tracks and trackways. A, Measurement scheme with a tridactyl dinosaur track
as example. B, Additional measures, with a pentadactyl track (Dromopus) as example. Redrawn after Leonardi et al.
(1987). C, Track of a modern Coyote (Canis latrans), redrawn after Halfpenny (1986). D, Track of a modern camel,
after Sarjeant and Reynolds (1999) and Lucas and Hunt (2007). E, Hoof of a modern horse in plantar view, after
Vincelette et al. (2023). F, Terminology and measures for human tracks. G, Basic measures for a bipedal theropod
trackway. Trackway T3, Münchehagen, Germany; see Lallensack et al. (2016). H, Additional trackway parameters
shown on a quadrupedal sauropod trackway. GAD-0, GAD-25, GAD-50, and GAD-75 refer to the gleno-acetabular
distance (GAD) assuming a particular limb phase (0%/100% to 75%). Trackway S1, Greenland; see Lallensack et al.
(2017). I, Bounding trackway of a modern rabbit, showing the concept of group and intergroup. After Halfpenny
(1986).
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101 Sole impression and palm impression. The
impression of the sole of the pes and the palm
of the manus, respectively. Leonardi (1987)
defined the terms “sole” and “palm” as the
area posterior to the metapodial-phalangeal
axis (i.e., excluding digits), a recommendation
we follow here. By this definition, the terms
“sole” and “palm” are not synonymous with
the term plantar/palmar surface, which refers
to the entire underside of the foot that is in
regular contact with the ground. It should also
be noted that the sole and palm impressions
seen in a track do not always correspond
exactly to the phalangeal and metapodial
parts of the hand or foot (Farlow and Britton,
2000). Note that in ungulate anatomy, “sole”
instead refers to the subunguis of the under-
side of the hoof (Figure 14E).

102 Track wall (synonym: shaft wall). The inclined
to vertical margin of a track that surrounds the
track floor (cf. Allen, 1997).

103 Shaft. The three-dimensional space between
the track walls (cf. Allen, 1997). Distinct shafts
may be absent in shallow tracks. Fornós et al.
(2002) suggested using the term “axis”
instead of “shaft” because the latter term is
already used to describe open vertical bur-
rows in invertebrate ichnology. However, we
argue that “shaft” is unambiguous when used
in the context of tetrapod tracks and note that
“axis” conveys other meanings as well.

104 Track floor (synonym: track bottom). The
base of a track that is bounded by the track
walls.

105 Lip. The upper edge of the shaft, i.e., the mar-
gin between the track walls and the surround-
ing sediment surface (cf. Allen, 1997). The lip
is often not well defined, especially where the
transition between the track and the surround-
ing sediment is smooth and/or the track is
shallow. Note that “lip” has occasionally been
used as a synonym for displacement rim, a
usage that we recommend avoiding.

106 Claws, hooves, and nails. The keratinous
covering of the unguals. Claws generally have
a pointed tip and are round or oval in cross
section, whereas hooves (singular: hoof; alter-
native plural: “hoofs”) are broadly rounded
and often have a flat underside (Thulborn,
1990). Nails lie between these extremes. The
term semiclaw has been introduced to
describe claws that are pointed but have a flat
underside, as in most pre-Cretaceous ornitho-
pods (Coombs, 1980). This term is rarely

used and is currently restricted to dinosaurs.
The claws of birds of prey are known as tal-
ons (e.g., Csermely and Rossi, 2006). The
corresponding traces are termed “claw marks”
(Figure 7B–F, M; synonyms: claw traces, claw
impressions, claw prints), “hoof marks” (syn-
onyms: hoof impressions, hoof prints), and
“nail marks” (synonyms: nail impressions, nail
prints). Claws, hooves, and nails are com-
posed of the unguis, the harder upper layer,
and the subunguis, the softer lower layer.

The hooves of hoofed mammals have
their own terminology. The unguis is known as
the wall and forms the outer edge of the foot
in plantar/palmar view. The subunguis on the
inside of the wall is known as the sole. Horses
have a unique keratinous structure known as
the frog (e.g., Vincelette et al., 2023); this
structure is V-shaped and occupies the central
and posterior areas of the plantar/palmar sur-
face of the hoof. In horses, the posterior part
of the wall is folded inwards in a    V-shape;
the two halves of these inward folds are
known as the bars. Posterior to the frog and
bars, and usually elevated above the ground,
is a pair of bulbous structures known as the
heel bulbs.

107 Interdigital space. General term for the
space between digits or digit impressions. For
example, this may be the space between the
diverging digit impressions of a tridactyl track,
or the space between the paired hooves of an
ungulate.

For ungulate tracks, Halfpenny (1986)
uses the term “interhoof distance” to refer to
the width of the interdigital space. In camels,
the two weight-bearing digits (digits III and IV)
are only partially separated by a groove
between the digital pads; this groove is
referred to as the “interdigital sulcus” (Figure
14D) (e.g., Lucas and Hunt, 2007). In a track
preserved as a natural mould, this sulcus
appears as a ridge separating the digit
impressions. Anterior and posterior to the
interdigital sulcus are notches formed by the
diverging digits; these are known as the “ante-
rior cleft” (synonym: “interclavular gap”) and
the “posterior cleft” (synonyms: “posterior
gap”, “proximal gap”), respectively (Figure
14D) (e.g., Lucas and Hunt, 2007). The sulcus
may extend into a “medial pocket” (Figure
14D) (Sarjeant and Reynolds, 1999).

108 Ball. In hominin track terminology, the ball is
the area proximal to the digital pads and
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below the metatarsal heads (i.e., the distal
ends of the metatarsals) (Figure 14F) (Ben-
nett and Morse, 2014). Ball width is often
measured perpendicular to the long axis of
the track.

109  Midfoot (=mid-foot). In human track terminol-
ogy, the midfoot is the area between the ball
and the heel (Figure 14F) (Bennett and
Morse, 2014). The human foot is arched both
anteroposteriorly and mediolaterally, resulting
in a concave sole (see Singh, 2014, for a gen-
eral overview). There are two longitudinal
arches, the medial and lateral longitudinal
arches, as well as a series of transversal
arches. The most pronounced arch, the
medial longitudinal arch, is formed by the
calcaneus, talus, navicular, three cuneiform
bones, and metatarsals I–III (Singh, 2014).
The condition of a low medial longitudinal arch
is known as a “flat foot” (pes planus), while the
opposite is a “high arched foot” (pes cavus).
The lateral longitudinal arch is much lower
than the medial longitudinal arch, and formed
by the calcaneus, cuboid, and metatarsals IV
and V. The anterior transverse arch is formed
by the metatarsal heads, while the posterior
transverse arch is formed by the remaining
part of the metatarsus and tarsus (Singh,
2014). Hatala et al. (2023, 2024) defined the
“arch volume” to quantify arch morphology in
hominin tracks and feet. Because the midfoot
is arched, it forms an isthmus (constricted
area) in shallow tracks.

110 Midtarsal break (=mid-tarsal break). The lift-
ing of the heel independently of the rest of the
foot in non-human primates (Elftman and
Manter, 1935). In humans, which lack a mid-
tarsal break, the heel and midfoot are lifted off
the ground simultaneously during walking,
with dorsiflexion occurring only at the metatar-
sophalangeal joints. Other primates show
greater foot mobility, and heel lifting occurs
before midfoot lifting (DeSilva, 2010). A syn-
onym is “two-stage heel lift” (Kidd et al.,
1996).

Measures

Quantitative analysis of tracks relies on refer-
ence points (landmarks) that can be used to define
linear and angular measures and to align (superim-
pose) outlines or 3D models of different tracks.
Such landmarks can be defined on the outline of
the track. For example, track length is measured
between the posteriormost and the anteriormost

point of the outline. Problematically, a clearly
defined outline often does not exist in a track, and
its definition is partly subjective and can vary sig-
nificantly between observers (Falkingham, 2016;
Lallensack, 2019). Landmarks can also be defined
based on the centres of outlines (typically of pads);
such landmarks are generally less affected by the
uncertain definition of the outline but are not
always available. In forensics, a measurement
scheme based on the centres of circles placed on
the pads of the human foot is known as the “optical
centre method” (e.g., Mukhra et al., 2018).
Machine learning is a promising method that allows
quantitative analysis while avoiding measurements
altogether, potentially overcoming the limitations of
traditional quantitative approaches (Lallensack et
al., 2022d).

Here, we review the terminology of the most
common measures used to quantify track shape.
Many additional combinations that are commonly
defined ad hoc and are relatively unambiguous
(such as “digit impression width”) are omitted here.
111 Track outline (also “outline”, “footprint out-

line”). The margin of the track. This margin is
not precisely defined, especially where the
track wall gradually fades with the surrounding
sediment and can be ambiguous where the
track walls are complex. Tracings of the out-
line as interpreted by the ichnologist are
called “interpretative outline drawings” (or
“interpretive outline drawings”) (Figure 4C).
Track outlines are often traced along the
steepest slope of the track wall (e.g., Olsen
and Baird, 1986). Outlines can alternatively be
traced around the track floor while excluding
the track walls, in which case they are called
internal track outlines (also “internal out-
lines”, “inner outlines”, “minimum outlines”), or
at the intersection of the track wall with the
original sediment surface, when they are
called external track outlines (also “external
outlines”, “outer outlines”, “maximum out-
lines”). Internal outlines are generally
assumed to reflect the original shape of the
foot more accurately than external outlines,
and where an interpretative outline drawing
includes both, the internal outline is often indi-
cated by a solid line and the external outline
by a dashed line (e.g., Marty, 2008). Interpre-
tative outline drawings may be idealised to
varying degrees (e.g., including or excluding
extramorphological features such as cracks),
and may include additional features inside
and outside of the track walls. A non-idealised
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outline that precisely reflects the track at a
given depth is called a contour.

Interpretative outline drawings have been
the primary means of conveying track mor-
phology in the literature and form a basis for
measurements and landmarks. However, their
two-dimensional nature is an oversimplifica-
tion of a complex three-dimensional morphol-
ogy. In addition, the subjectivity involved in
defining the track margins affects the resulting
measurements, compromising quantitative
analysis (Falkingham, 2016). A number of
approaches have been proposed to define
track margins and measures more objectively,
including the use of both internal and external
outlines (Falkingham, 2016); contours sam-
pled from a consistent depth (Razzolini et al.,
2016); centroids of features such as digital
pads (Kennedy et al., 2005); and objective
outlines generated using computer algo-
rithms (Lallensack, 2019). None of these
approaches are universally applicable. It is
strongly recommended that 3D models, and
2D visualisations of them, are provided along-
side outline drawings to allow for independent
assessment (Falkingham et al., 2018).

112 Composite track. A hypothetical shape
derived from two or more superimposed
tracks. Traditionally, composite outlines
were drawn by ichnologists by manual super-
imposition and interpolation. The concept was
introduced by Baird (1952) as a novel method
to “minimize the errors which may arise when
a single set of impressions rather than the
entire trackway is used as a basis for descrip-
tion” (p. 833). Thanks to computational
advances, outlines can now be superimposed
(aligned) based on landmarks using Pro-
crustes superimposition, median or mean out-
lines can be computed, and statistical
differences between samples can be calcu-
lated. This concept has also been applied to
3D models (e.g., Crompton et al., 2011;
McClymont and Crompton, 2021) and some-
times referred to as “whole-track analysis”
(Bennett and Morse, 2014). The resulting 3D
composite tracks have been termed stat-
tracks, and stat-tracks derived from type
specimens have been termed mediotypes
(Belvedere et al., 2018).

A “composite manus-pes set“ combines
the most fidelitous manus track with the most
fidelitous pes track of a sample. Note that the
term “composite track” has also been used to

refer to actual tracks that overlap each other
(amalgam in our usage).

113 Reference point (also “landmark”). A point
that can be consistently identified across mul-
tiple tracks of a sample, such as the tips of
digit impressions or the centroids of phalan-
geal pads. Mathematically, reference points
can be expressed as 2D or 3D coordinates.
Landmarks form the basis for linear measure-
ments and can be subjected to geometric
morphometric analysis. Note that in tracks,
landmarks do not precisely capture homolo-
gous anatomical features (e.g., differences in
the relative positions of the claw marks are
often the result of variations in foot kinematics
and behaviour rather than anatomy).

Trackway parameters such as pace and
stride length require a reference point that is
consistently identifiable in all measurable pes
(or manus) tracks of the trackway. In amphibi-
ans and reptiles, this is conventionally the
base of digit impression III. In tridactyl tracks,
the tip of digit impression III is commonly cho-
sen, while in sauropod tracks and tracks lack-
ing anatomical detail, the centroid of the track
may be used (Leonardi et al., 1987). In homi-
nin tracks, the reference point is often the
pternion of the heel (e.g., Bennett and Morse,
2014). Note that a distal reference point (such
as the tip of digit impression III) will be more
affected by variations in foot rotation.

114 Digital axis (also “digit axis”). The midline,
and generally the axis of symmetry, of a digit
impression (Figure 14A) (Leonardi et al.,
1987). The digital axis can be difficult to
define, particularly if the digit impression is
curved. If only the distal part of the digit
impression is curved, the digital axis is
defined based on the proximal part (Leonardi
et al., 1987). Digital axes form the basis for
measures such as digit impression width and
interdigital angle.

115 Track long axis (synonyms: longitudinal axis,
central axis, footprint long axis, foot axis). Axis
indicating the orientation of a track (Figure
14A). Per convention, the long axis corre-
sponds with the digital axis of digit impression
III. If digit III is absent, the long axis is instead
the axis of symmetry of the track (Leonardi et
al., 1987). The long axis forms the basis for
measures such as track rotation, track length,
and track width. In fossil hominin tracks, the
track long axis is termed the central axis and
often defined between the pternion and the tip
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of digit impression II (Figure 14F) (Bennett
and Morse, 2014). Alternatively, the “desig-
nated longitudinal axis” is defined between
the pternion and the most lateral point of the
toe pad of digit I (Figure 14F) (Robbins, 1985).

116 Transverse axis. The horizontal axis perpen-
dicular to the long axis (Figure 14B) (Leonardi
et al., 1987). In Robbins (1985) terminology of
human tracks, a line perpendicular to the des-
ignated longitudinal axis and tangent to the
pternion is termed the base line.

117 Metapodial-phalangeal axis. The axis
formed by the metapodial-phalangeal joints
(Figure 14B). In the pes, this axis is also
termed the “metatarso-phalangeal axis”, and
in the manus, it is termed the “metacarpo-pha-
langeal axis”. In a track, this axis can be
defined as a single straight line that coincides
as closely as possible with the midpoints of
the metapodial-phalangeal pads (Leonardi et
al., 1987).

118 Cross-axis angle (cross axis angle). Angle
between the metapodial-phalangeal axis and
the long axis (Figure 14B). These two axes
form four angles when they cross; the cross-
axis angle is the anterolateral angle (Leonardi
et al., 1987).

119 Track dimensions. The size of a track can be
used as a proxy for the size of the trackmaker
(Figure 14A). The most important measure is
track length (=footprint length), typically mea-
sured between the track walls and parallel to
the long axis from the most posterior to the
most anterior point of the outline (Leonardi et
al., 1987). In fossil hominin tracks, track
length is often measured between the pter-
nion and the tip of digit impression II (Bennett
and Morse, 2014). Farlow et al. (2018a) used
the term “field length” for quick measurements
of track length that are not necessarily aligned
with the long axis. The influence of substrate
and speed on track length has been tested by
Wiseman and De Groote (2022). Track width
(=footprint width) is usually measured parallel
to the transverse axis between the most
medial and lateral points of the outline (Leon-
ardi et al., 1987). Track span is an alternative
measure of track width that is unaffected by
the width of the individual digit impressions.
Track depth (also “footprint depth”, “true track
depth”, “surface track depth”, “thickness of the
relief”) is measured between the track floor
and the tracking surface (excluding displace-
ment rims). “Relative track depth” is track

depth relative to size (e.g., track depth / track
length). Lockley et al. (2002) distinguished
between true dimensions (or “true track
dimensions”) that are measured based on the
internal outline of the tracks, and apparent
dimensions (or “apparent track dimensions”)
that include the displacement rim.

Trackmaker size is usually estimated in
terms of body height – depending on the
trackmaker taxon, this may be hip height,
height at the withers, or, in humans, total
height or stature. In quadrupeds, trackmaker
size can also be approximated by the appar-
ent gleno-acetabular distance. Body mass has
been estimated based on track area (e.g.,
Kubo, 2011). Estimating body mass and cen-
tre of mass based on track depth has been
tried (Demathieu, 1987; Schanz et al., 2013)
but remains difficult, as track depth is influ-
enced by factors other than weight, such as
the softness of the substrate and the shape of
the foot (Falkingham et al., 2010).

120 Hip height (synonyms: skeletal hip height,
acetabular height). The height of the hip joint
above the ground during normal standing
(Alexander and Jayes, 1983). Hip height is a
central parameter in Alexander’s formula for
estimating locomotion speed. Hip height can
only be estimated based on assumptions
about the anatomy of the trackmaker, and the
error associated with such estimates is often
problematic (Rainforth and Manzella, 2007).
For dinosaurs, hip height is commonly approx-
imated as “four times track length” (Hender-
son, 2003), although efforts have been made
to refine this number for specific taxa (e.g.,
Thulborn, 1990). Thulborn (1982) also defined
the “height of the hindlimb” and the “height of
the forelimb” as the combined lengths of the
long bones of the respective limb plus an
extra 9% to account for the ankle and soft tis-
sues.

A related concept is the effective limb
length, which is the distance between the hip
joint and the base of the foot (e.g., Hender-
son, 2003). Effective limb length depends on
the degree of limb flexion and is equivalent to
hip height in normal standing. Fieler and
Jayne (1998) defined effective limb length as
the distance between hip joint and the base of
the foot at the time when the footfall occurs;
this definition is equivalent to that of the
“apparent limb length”.
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121 Index of track size (=index of footprint size).
A proxy for track area that combines track
length and width as SI = (TL x TW)0.5, where
SI is the index of track size, TL is track length,
and TW is track width (Thulborn and Wade,
1984).

122 Length-to-width ratio (synonym: aspect
ratio). Track length divided by track width as a
measure of elongation. In hominin tracks, this
ratio is known as the “foot index” (Bennett and
Morse, 2014).

123 Centroid (synonyms: mid-point or midpoint).
The centre of gravity of a shape (typically a
track or pad impression). This coordinate can
be calculated from a given number of land-
marks but is more conveniently approximated
by half the length and half the width of the
shape. Centroid size is the square root of the
sum of squared distances of a given number
of landmarks from their centroid. Centroid size
can be a more accurate size proxy than track
length or the index of track size because the
precise shape of the track can be considered.
Centroid size is widely used in geometric mor-
phometrics.

124 Interdigital angle. The angle between two
digital axes of a track. Common synonyms are
“divarication angle” (also: divarication of dig-
its, digit divarication angle), “divergence
angle”, “spread angle”, and, in human track
terminology, “angle of declination” (Robbins,
1985). Interdigital angles can be measured
between two adjacent digits, which has also
been termed “partial divarication”, or between
the outer digits (“outer digit angle”, also “outer
toe angle” or “total divarication”). The term
“opposed” has been used to characterise digit
impressions that are widely divergent from the
other digit impressions (Thulborn, 1990). Note
that this does not necessarily imply that the
digit is opposable (i.e., that it can be diametri-
cally opposed to another digit, allowing for a
grasping function).

125 Digit impression length (or “digit length”;
Figure 14B) has been measured in various
ways, including parallel to the digital axis or
along the curve; with or without claw marks;
and from the first phalangeal pad or from the
metatarsophalangeal pad (e.g., Leonardi et
al., 1987; Farlow et al., 2018a). The true
length of the digit (also “length of the phalan-
geal portion of the digit”) approximates the
actual digit length when the digit is completely
impressed and is measured from the midpoint

of the metapodial-phalangeal pad or from the
flexure crease beneath the metapodial-pha-
langeal joint (Leonardi et al., 1987). The free
length (also “free digit length”; synonym:
“hypex length”) is the distance from the tip of a
digit impression to the midpoint between the
two adjacent hypexes (or to a single hypex
when measuring an outer digit), measured
parallel to the digital axis (Figure 14B). The
digital region length (also: toe region length)
is measured from the most posterior digital
pad of the foot to the tip of the most projecting
digit, and parallel to the track long axis (Figure
14F; e.g., Robbins, 1985).

126 Digit impression width (also “width of the
digit imprints”). Typically measured perpendic-
ular to the long axis of the digit impression
(Leonardi et al., 1987). This measure must be
used with great caution, as it often does not
reflect the actual digit width of the trackmaker.

127 Palm length and sole length. The maximum
length of the palm impression (or sole impres-
sion) measured parallel to the long axis of the
track. Palm width (or sole width) is the maxi-
mum width of the palm (or sole) measured
perpendicular to the long axis of the track
(Leonardi et al., 1987).

128 Track span. The distance between the tips of
the outer digit impressions (Figure 14A) (Thul-
born, 1990). Synonyms are “toetip width” (Far-
low et al., 2018a) and, in tridactyl tracks, the
width of the anterior triangle (Weems, 1992).

129 Digit projection. The distal extension of a
digit (or digit impression) beyond the other
digits (Figure 14A). The term was introduced
by Olsen (1980), who defined it as the “projec-
tion of digit III past digits II and IV” in tridactyl
dinosaur tracks. Synonyms are “toe exten-
sion” and “toetip extension” (Farlow et al.,
2018a). The projection of a digit is usually
measured from a line connecting the tips of
the two adjacent digits; in tridactyl tracks, this
line corresponds to the track span. In tridactyl
tracks, digit III projection is typically reported
as the ratio to the rest of the track. This rest of
the track (i.e., track length minus digit projec-
tion) has been referred to as backfoot length
(Farlow et al., 2018a), “length of the rear of
the phalangeal part” (Olsen et al., 1998) or
“rear projection” (Abrahams et al., 2023).
Olsen et al. (1998) defined the projection
ratio (backfoot length/digit III projection) as
well as the “corrected projection ratio” which
accounts for differences in interdigital angles
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that would otherwise affect these measure-
ments. Tridactyl tracks have also been char-
acterised as showing “strong mesaxony” (high
digit III projection) or “weak mesaxony” (low
digit III projection) (see the entry “principal
digit” for details). In tridactyl tracks, a strong
digit III projection has been associated with
increased cursoriality (Lallensack et al.,
2020).

A closely related concept applicable to
functionally tridactyl tracks is the anterior tri-
angle, introduced by Weems (1992) and later
adopted by Lockley (2009). The anterior trian-
gle is spanned between the tips of digits II, III,
and IV, while the posterior triangle (or “back-
foot triangle”; Leonardi et al., 2024) is
spanned between the tips of digits II and IV
and the rear of the track. From these triangles,
various ratios can be derived, the most com-
mon of which is the “anterior triangle length/
width ratio” (Weems, 1992; Lockley, 2009).

130 Heel width. The maximum width of the (ana-
tomical) heel of a track (Figure 14F). Syn-
onyms in human track terminology include
“calc width”, “calcaneus width”, and “breath at
heel”.

131 Instep width. The minimum width of the mid-
foot in hominin track terminology (Figure 14F).

132 Arch volume. The volume of the raised area
between the posterior and anterior of the sole
impression of a plantigrade track, or the vol-
ume of the anatomical arch of the foot. So far,
this measure has only been used for hominin
tracks and feet. “Relative arch volume” is a
dimensionless comparative value defined by a
normalized prism delimited by three land-
marks that are placed on the plantar surface
at the heel and at the metatarsophalangeal
joints of digits I and V (Hatala et al., 2023).
The relative arch volume of a track has been
shown to be more closely linked to walking
kinematics, rather than anatomy (Hatala et al.,
2023, 2024).

TRACKWAYS

Unlike the complex 3D shape of individual
tracks, which can be difficult to quantify, the posi-
tions of tracks within a trackway can be described
by simple coordinates or linear and angular mea-
surements. Trackways do not only inform about
body proportions and posture, but can also provide
information about the behaviour of the trackmaker

as they record a longer duration of time than a sin-
gle track.
133 Trackway. A sequence of tracks left by the

same individual during locomotion (Figure 8).
This term is often restricted to cases with at
least three consecutive tracks in bipeds and
six consecutive tracks (three manus-pes sets)
in quadrupeds, as this is the minimum number
of tracks required to obtain a complete set of
trackway parameters (Leonardi et al., 1987;
Thulborn, 1990; Marty et al., 2016). In prac-
tice, however, shorter sequences (at least two
tracks for bipeds and three for quadrupeds),
as well as incomplete sequences such as
manus-only trackways, are commonly
referred to as trackways. “Trackway asymme-
try” typically refers to differences between the
left and right step lengths, which can be due
to footedness, limping, or tectonic deformation
(Schulp, 2002). The “trackway course” can be
described as “straight” or “undulating” (also
“sinuous”), and the spacing of tracks as “regu-
lar” or “irregular”. “Tortuosity” is the degree of
convolution of a trackway.

A more general term, traceway, can be
used to refer to a series of impressions made
during locomotion that do not necessarily rep-
resent tracks. In tetrapod track ichnology, the
term “traceway” has often been used to
describe trackways made by buoyant track-
makers (McAllister, 1989), in which case it is
considered here as a synonym of “trackway”
(see also discussion in the entry “swimming
tracks”). A closely related term is trail. The
term movement path is even more general
and does not necessarily imply the formation
of traces. If a series of movements and stops
is associated with a particular goal (e.g., feed-
ing), the series is referred to as a “movement
phase”. Both terms originate in behavioural
biology and have been introduced into ichnol-
ogy by Plotnick (2012) but have not yet found
wide application in this field.

134 Trail. This term has several meanings:
• A trace of locomotion in general. This

may be a trackway or a trace produced
by any form of limbless locomotion (e.g.,
“the trail of a snail”, “fish trails”).

• In invertebrate ichnology, a trail is a con-
tinuous trace of locomotion on the sub-
strate surface, while a trackway
comprises multiple separate impres-
sions (e.g., Buatois and Mángano, 2011).
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• A path that is repeatedly used by animals
(e.g., “a network of hippo trails”).

135 Tortuosity. The degree of convolution of the
movement path. The tortuosity is high if the
animal made many turns (Figure 10B), and
low if it followed a straight line. The tortuosity
of trackways is usually measured in two
dimensions, but the concept can be extended
to three dimensions, for example when
describing burrows (e.g., Hasiotis et al.,
2007). A simple estimate of tortuosity is the
“straightness index” of Batschelet (1981),
which is the ratio between the “beeline dis-
tance“ (the length of the straight line connect-
ing the first to the last track) and the path
length (the sum of the stride lengths). The
straightness index is appropriate if the move-
ment was directional (i.e., when the animal
moved towards a goal). If the movement was
non-directional (milling), other methods such
as the sinuosity index may be more appropri-
ate (see Bovet and Benhamou, 1988; Benha-
mou, 2004), but to our knowledge, such
parameters have not yet been applied to fossil
trackways. Note that the term “sinuosity index”
has also been used as a synonym of “straight-
ness index” (Falk et al., 2017); we here rec-
ommend following the original definitions of
these terms to avoid confusion.

136 Trackway parameters (synonym: trackway
measures). Linear and angular measures to
describe the relative positions and orienta-
tions of the tracks of a trackway (Figure 14G,
H).

137 Trackway pattern. The sum of recurring fea-
tures in a trackway, the general trackway
characteristics. This includes the relative posi-
tion of tracks, their orientation, and associated
traces such as drag marks and tail traces, but
not the morphology of the manus and pes
tracks themselves (Leonardi et al., 1987). In
the ichnological literature, “trackway pattern”
has also been used as a synonym of both
trackway configuration and trackway orienta-
tion pattern (see Marty, 2008, for a detailed
discussion). Marty and Meyer (2006)
restricted the term “trackway pattern” to the
presence or absence of pes or manus tracks;
following this usage, the trackway pattern can
be quadrupedal or bipedal, pes or manus
only, and pes or manus dominated.

138 Trackway configuration. The relative track
positions and orientations that characterise a
trackway (Marty, 2008). Trackway configura-

tion is usually described by averages of the
trackway parameters. By this definition, track-
way configuration is less inclusive than the
similar term trackway pattern, which may also
include associated traces.

139 Stride length. The distance between two con-
secutive footfalls of the same foot (Figure
14G). This is equivalent to the distance trav-
elled during one step cycle. The stride line is
the imaginary line along which stride length is
measured. Both “stride length” and “stride
line” have often been referred to simply as
“stride”, but this term also refers to the pendu-
lar movement of a limb as well as to a com-
plete movement cycle (Alexander, 2003).
When used in the latter sense, “stride length”
is the distance travelled during one movement
cycle, a definition that can be applied to both
limbed and limbless animals (Alexander,
2003). Note that “stride” is not restricted to
striding gaits and can be applied to asymmet-
rical gaits such as the gallop (“jump stride” in
equestrian terminology; Leach, 1993). In
hominin tracks, the stride line is also known as
the “ipsilateral line of progression” (Wilkinson
et al., 1995).

140 Trackway midline (synonym: line of progres-
sion, line of travel). The passage of the track-
maker’s centre of mass projected on the
substrate. (Figure 14G). The trackway midline
can be approximated by connecting the mid-
points of successive pace lines (Voigt and
Haubold, 2000). In quadrupeds, a single
trackway midline can be defined for pes- and
manus tracks. Defining the trackway midline
separately for pes and manus tracks may pro-
vide additional insights in some cases, espe-
cially for turning trackways. For example,
Leonardi (1981) found that in the ichnogenus
Brasilichnium, the manus trackway midline is
less regular than the pes trackway midline,
indicating that the forelimbs were used for
steering while the hind limbs were only follow-
ing.

141 Pace length. The distance between two con-
secutive footfalls of a contralateral limb pair
(Figure 14G). The pace line is the imaginary
line along which pace length is measured.
Both “pace length” and “pace line” are often
referred to simply as “pace” but note that
“pace” is also a synonym for “pace gait” and
“speed”, which can be a source of confusion.
Leonardi et al. (1987) used the term “oblique
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pace” to distinguish this measure from step
length (“pace length” in their usage).

142 Step length. This term has three meanings:
• The distance between two consecutive

footfalls of a contralateral limb pair mea-
sured parallel to the trackway midline
(Figure 14G). If the left and right step
lengths are equal (i.e., the trackmaker is
not limping), step length is generally
equal to half the stride length. This defini-
tion is the predominant one in the ichno-
logical literature, and the term is used
here in this sense.

• The distance travelled by the animal
while a given foot is in ground contact
(Gray, 1968). Following this definition,
“step length” is equal to stride length mul-
tiplied by duty factor (Alexander et al.,
1977). Consequently, the first and sec-
ond definitions of “step length” are equiv-
alent only when duty factor is 0.5.

• The pace length.
143 Coupling value. The gleno-acetabular dis-

tance divided by the sum of the lengths of the
forelimb and the hind limb (Peabody, 1959).
Most trackmakers are “short-coupled” (i.e.,
have proportionally long limbs and short
trunks), while “long-coupled” trackmakers
(e.g., some lizards and salamanders) are
rarer (Peabody, 1959).

144 Set (synonyms: manus-pes set, pes-manus
set, couplet). Pair of manus and pes tracks
formed by ipsilateral footfalls of the same step
cycle in a symmetrical gait, with the pes foot-
fall occurring after or, in the case of a perfect
pace gait, at the same time as the manus foot-
fall. According to this definition (sensu Pea-
body, 1959, and Leonardi et al., 1987), the
distance between the two tracks of a set is the
manus-pes distance. At higher coupling val-
ues, the actual set may be separated by foot-
falls of different step cycles, including
“pseudo-sets” (Leonardi et al., 1987). The
term “set” has also been used to denote a
series of consecutive tracks that allow a com-
plete set of trackway parameters to be mea-
sured (three tracks for a biped and six tracks
for a quadruped) (Thulborn, 1990).

145 Group and intergroup. When a quadruped
uses an asymmetrical gait with aerial phases,
such as a bound or gallop, the tracks form a
characteristic pattern of four, known as a
“group” (Figure 14I). The groups of a trackway

are separated by an empty space, the “inter-
group” (Halfpenny, 1986). Group length and
intergroup length (also: “group/intergroup dis-
tance”) are measured parallel to the trackway
midline (Figure 14I).

146 Manus-pes distance (synonyms: pes-manus
distance, interautopodial distance). The dis-
tance between the manus and pes of a set,
measured parallel to the trackway midline
(Figure 14H). If the trackmaker has over-
stepped, the manus-pes distance will be neg-
ative (Leonardi et al., 1987). In a perfect pace
gait, the manus-pes distance is identical to the
apparent gleno-acetabular distance.

147 Track phase. The position of a manus track
relative to the positions of the previously and
subsequently formed ipsilateral pes tracks,
expressed as a value between 0 and 1 (Ste-
vens et al., 2016). This value can be calcu-
lated as manus-pes distance divided by stride
length (Polet and Hutchinson, 2022). For
example, a manus track midway between two
pes tracks corresponds to a track phase of
0.5.

148 Trackway width (synonyms: straddle, gauge
width). The width of a trackway, measured
separately for the manus tracks (manus track-
way width) and pes tracks (pes trackway
width) when applied to quadrupedal track-
ways (Figure 14G–H). Outside the field of ich-
nology, various alternative terms have been
used for equivalent concepts, including “base
of gait”, “stride width”, “dynamic base”, “walk-
ing base” (Low and Reed 1996), “step width”,
and “base of support” (see Wilkinson et al.,
1995). Trackway width has been measured in
a number of ways:
• Pace width (synonym: width of pace):

the distance between the centroids of
two consecutive tracks of a contralateral
limb pair measured perpendicular to the
trackway midline (Leonardi et al., 1987).

• Width of the angulation pattern:
roughly equivalent to the pace width as
defined by Leonardi et al. (1987) but may
be based on other reference points and
is always measured between three con-
secutive tracks produced by the same
contralateral limb pair (e.g., Marty, 2008).
In a quadrupedal trackway, both the
“width of the pes angulation pattern” and
the “width of the manus angulation pat-
tern” are measured.
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• External trackway width (synonyms:
maximum trackway width, overall width):
measured between the lateralmost points
of the track outlines (i.e., the points fur-
thest from the trackway midline) of two
consecutive contralateral tracks and per-
pendicular to the trackway midline (Fig-
ure 14G).

• Internal trackway width (synonyms:
minimum trackway width): measured in
the same way as the external trackway
width, but between the medialmost points
of the track outlines (Figure 14H). When
measured for the pes tracks, this mea-
sure has been termed the “interpedes
distance”, “interpes distance”, or “internal
pes trackway width”, and when mea-
sured for the manus tracks, it has been
termed the “intermanus distance” or the
“internal manus trackway width” (e.g.,
Hasiotis et al., 2007).

• Breadth between tracks: as internal
trackway width but measured between
two successive left and right sets (i.e.,
between those tracks of the sets that
happen to be closest to the trackway
midline). The “breath between tracks”
has been defined by Leonardi et al.
(1987), but its use remains limited.
An informative measure is the difference

between the manus and pes trackway widths.
This measure has been termed “trackway
deviation” (e.g., Pérez-Lorente, 2015) but
note that “trackway deviation” has also been
used to describe tortuosity, i.e., the deviation
of a trackway from a straight line (Lockley et
al., 2021). The measure has also been
described as the “difference between pedal
and manual gauge width” (Buchwitz et al.,
2021) and as the “midpoint manus midline dis-
tance−midpoint pes midline distance” (Farlow
et al., 2018a). As defined by Farlow et al.
(2018a), positive values indicate that the
manus was farther from the trackway midline
than the pes, and negative values indicate
that the manus was closer to the trackway
midline than the pes; this definition is followed
herein. A closely related measure is the differ-
ence between the manus and pes pace angu-
lations (e.g., Lallensack et al., 2019).

149 Gauge (or trackway gauge, synonym: gait
width). The distance of the tracks from the
trackway midline relative to the size of the
trackmaker. Narrow-gauge trackways (also:

trackways with a “narrow base”) are charac-
terised by tracks close to or intersecting the
trackway midline, and wide-gauge trackways
(also: trackways with a “wide base”) are char-
acterised by tracks away from the trackway
midline (Farlow 1992). An intermediate cate-
gory has been termed “medium gauge”
(Meyer et al., 1994). This terminology is par-
ticularly popular when describing sauropod
trackways but is increasingly being applied to
other quadrupedal tetrapod trackways (e.g.,
Petti et al., 2009; Castanera et al., 2021).

Gauge is typically quantified as the ratio
of trackway width to pes or manus length (or
width). For sauropod trackways, Marty (2008)
defined the width of the angulation pattern
divided by track length or width. For the pes
tracks, this is the WAP/PL ratio, i.e., the width
of the pes angulation pattern divided by pes
track length, and for the manus tracks, it is the
WAM/MW ratio, i.e., the width of the manus
angulation pattern divided by manus track
width. According to Marty (2008), WAP/PL
ratios below 1 can be considered “narrow
gauge”; ratios between 1 and 1.2 as “medium
gauge”, and ratios above 1.2 as “wide gauge”.

Romano et al. (2007) defined the “track-
way ratio” for quadrupedal trackways as the
ratio between “side width” (the maximum track
width measured perpendicular to the trackway
midline) and the “overall width” (external
trackway width). The respective ratios for pes
and manus tracks were termed the “pes track-
way ratio” and the “manus trackway ratio”,
respectively. According to Romano et al.
(2007), trackway ratios above 50% can be
classified as “narrow gauge”; ratios between
35% and 50% as “medium gauge”, and ratios
lower than 35% as “wide gauge”. Marty (2008)
criticised the trackway ratio as a measure,
arguing that it is susceptible to variations in
track rotation.

150 Pace angulation (synonym: pace angle). The
angle between two consecutive pace lines
(Figure 14G). The “pes pace angulation” and
the “manus pace angulation” are measured
between the pes and manus tracks, respec-
tively; these terms are sometimes abbreviated
to “pes angulation” and “manus angulation”.
The pace angulation will be 180° if the feet are
placed exactly in front of each other in a
straight line, and will be lower the more pro-
nounced the zigzag arrangement.
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151 Step angle. The angle between the pace line
and the stride line of the same track. Note that
“step angle” has sometimes been used as a
synonym of “pace angulation”. Step angle and
pace angulation have similar implications and
are usually redundant.

152 Gleno-acetabular distance (synonyms: gle-
noid-acetabular distance, trunk length, inter-
girdle distance). The distance between the
glenoid (shoulder joint) and the acetabulum
(hip joint) (Figures 14H, 15B). This distance
can be projected onto a quadrupedal track-
way, when it may be referred to as the appar-
ent gleno-acetabular distance (also
“apparent trunk length”), to distinguish it from
the true (osteological) gleno-acetabular dis-
tance (in the ichnological literature, both are
typically referred to simply as the gleno-ace-
tabular distance). The concept of apparent
gleno-acetabular distance was developed by
Soergel (1925) (see also Lallensack et al.,
2019).

Apparent gleno-acetabular distance can
be a precise approximation of the (horizontal)
trunk length, and therefore body size. How-
ever, it depends on the limb phase used by
the trackmaker (Figure 15B), and separate
ways of measuring it have been defined,
assuming limb phases of 0 (or 100%; pace
gait); 25% (lateral-sequence singlefoot); 50%
(trot), and 75% (diagonal-sequence single-
foot). In all cases, it is measured based on the
expected position of the feet at the time when
a footfall of a pes occurs. At 0% (or 100%)
and 50% limb phase, four feet are simultane-
ously on the ground when the footfall of a pes
occurs, and the apparent gleno-acetabular
distance is measured between the midpoints
of these pes- and manus pairs. At 25% and
75% limb phase, one of the manus will be in
mid-swing at the moment the footfall of a pes
occurs, and the apparent gleno-acetabular
distance is measured to the inferred position
of this swinging manus (based on the position
of the contralateral manus footfall, the mid-
point of the stride, or both) (Figure 15B).

When measured on the same trackway
segment, these distances decrease linearly
with increasing limb phase (i.e., the distance
assuming 75% limb phase is the shortest and
that assuming 0% or 100% is the longest)
(Figure 15B). Because of this linearity, the
apparent gleno-acetabular distance corre-
sponding to all intermediate limb phases can

be derived (Lallensack and Falkingham,
2022). Stevens et al. (2022) referred to such a
continuous apparent gleno-acetabular dis-
tance as the “coupling length” (not to be con-
fused with “coupling value”), which we here
consider as a synonym of “apparent gleno-
acetabular distance”. The variation of appar-
ent gleno-acetabular distance with speed has
been used to calculate limb phase, and hence
gait (Lallensack and Falkingham, 2022; Ste-
vens et al., 2022).

The relationship between limb phase
(LP), gleno-acetabular distance (GAD),
manus-pes distance (MPD), and stride length
can be expressed as LP = 1 − (GAD-MPD) /
stride length (Lallensack and Falkingham,
2022).

153 Track rotation (synonyms: footprint rotation,
divarication from midline, foot placement
angle). The horizontal orientation of a track
relative to the direction of travel (Figure 14G).
Track rotation can be measured as the angle
between the track long axis and the previous
stride line, the next stride line, the opposite
stride line, or the average of all three stride
lines. It can also be measured between the
long axes of two consecutive left and right
tracks. The terms “inward rotation” and “out-
ward rotation” are used to indicate whether a
track is rotated towards or away from the
trackway midline, respectively. Per conven-
tion, an inward rotation is indicated by a nega-
tive value of the measured angle, while
outward rotation is indicated by a positive
value (Leonardi et al., 1987). Alternatively, the
terms “negative rotation” (inward rotation) and
“positive rotation” (outward rotation) are used
(Leonardi et al., 1987); however, these terms
are also used in the opposite sense and are
therefore ambiguous (e.g., Thulborn, 1990).
Rarer synonyms include “track/footprint orien-
tation”, “pes angulation” (or “manus angula-
tion”), “toeing in” and “toeing out”, and “yaw”;
see Thulborn (1990) for a brief review. For
human tracks, the terms “angle of gait”, “foot
angle”, and “toe out angle” (or “toe in angle”)
have been used (Wilkinson et al., 1995;
Levine et al., 2012). Note that the terms “pes/
manus angulation”, “divarication”, and “angle
of gait” convey different meanings in general
tetrapod palaeoichnology and are therefore
ambiguous. Ellenberger (1972, 1974) used
the medical terms “valgus” as a synonym of
“outward rotation” and “varus” as a synonym
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of “inward rotation”, but because these terms
are reserved for deformities, this usage
should be avoided.

154 Heteropody and homopody. These terms
have two meanings:
• The difference in area between manus

and pes tracks (e.g., Sarjeant and
Stringer, 1978). In this sense, “strong het-
eropody” indicates a large discrepancy in
area, while “weak heteropody” indicates
a small discrepancy and “homopody”
indicates no discrepancy. Heteropody is
often quantified using the heteropody
index, which is the ratio between the
manus and pes track areas (Marty, 2008;
Gonzalez Riga and Calvo, 2009).

• More generally, the difference (or similar-
ity) in both size and morphology between
pes and manus tracks (Figure 11B)
(Leonardi et al., 1987).

155 Manus-only trackway. Trackway of a quad-
ruped consisting of manus tracks without pes
tracks (Figure 9A). Conversely, the trackway
of a quadruped that consists only of pes
tracks is called a pes-only trackway. Bird
(1944) famously interpreted a manus-only

sauropod trackway from Texas as evidence
for floating of the posterior trunk during swim-
ming, which became known as the “punting
hypothesis” (see Farlow et al., 2020). Track-
ways that show clear manus tracks but barely
visible or often missing pes tracks have been
described as “manus-dominated”, while the
reverse condition has been termed “pes-domi-
nated”.

Manus-only trackways are now gener-
ally thought to be the result of differential pres-
sure (e.g., Falkingham et al., 2011b). The
deformation of a firmer substrate remains
small until its bearing capacity is reached and
the substrate deforms, at which point the foot
sinks in (Falkingham et al., 2011b). Conse-
quently, if the peak pressure during stance
phase is higher in the manus than in the pes,
the manus may exceed the bearing capacity
and form deeper tracks, whereas the pes
does not exceed bearing capacity and conse-
quently forms only a very shallow track (Falk-
ingham et al., 2011b).

156 Overstep (also: overstepping). The condition
in which the pes is placed anterior to the
manus (Leonardi et al., 1987). The opposite
condition, in which the pes is placed posterior

FIGURE 15. Classification of symmetrical quadrupedal gaits. A, Hildebrand diagram showing the classification of gaits
based on limb phase and duty factor. The gait space occupied by modern mammals as well as by selected mammals
is shown. After Hildebrand (1976, 1989), Cartmill et al. (2002), and Lallensack and Falkingham (2022). B, The influ-
ence of differences in limb phase on the trackway pattern, with trackmaker size and speed being constant. Squares
represent the footfall positions of the pedes and circles those of the manus. Footfalls are shown in black if the foot is
currently in ground contact, and previous and future footfalls are shown in grey. Note how the manus-pes distance
increases with increasing limb phase (from a negative value at a limb phase of 0% (or 100%) to more than half a stride
length at a limb phase of 75%). Redrawn from Lallensack and Falkingham (2022).
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to the manus, is termed an understep (also:
understepping). Depending on the coupling
value, the overstep can be primary, second-
ary, or tertiary if the overstepped manus was
formed during earlier step cycles (Leonardi et
al., 1987). Note that “overstep” has also been
erroneously used as a synonym for “over-
print”.

157 Overprint (also: overprinting; synonyms:
overlap, register). The condition in which the
pes is placed on the manus track (Figure 7F,
16A). An overprint can be total, partial, or mar-
ginal (Leonardi et al., 1987). The term has
also been used in a more general sense for
any overlapping tracks. The term amalgam
(synonyms: compound track; composite track)
can be used to describe the coincidental over-
lap of two or more tracks, typically from differ-
ent individuals (Thulborn and Wade, 1984).
Intersections of trackways are often called
crosscuts.

158 Sequence of tracks. The numbering of the
tracks along a trackway is usually unambigu-
ous for bipeds. In quadrupeds, the numbers

are often given according to the manus-pes
sets (either the actual sets or pseudo-sets),
starting with the first left (or right) manus-pes
set (e.g., LP1, LM1) followed by the first right
(or left) manus-pes set (e.g., RP1, RM1). Note
here that such numbering generally does not
reflect the actual timing of the footfalls.
Sequence numbering of a trackway may
change as additional tracks are discovered
that extend the trackway proximally; some
workers assign negative numbers in such
cases.

A sequence graph is a diagram that
visualises the changes in a trackway measure
along a trackway (Leonardi, 1981; Leonardi
and Carvalho, 2021a). The horizontal axis of
the graph shows the footfalls of the trackways
(numbered consecutively), while the vertical
axis shows the measure of interest (e.g., the
stride length). Plotting stride length in this way
allows the variability, accelerations, and decel-
erations of a trackway to be visualised. For
quadrupeds, sequence graphs can be plotted
separately for pes and manus tracks. If pes
and manus tracks are to be plotted as a single

FIGURE 16. Integumentary impressions in tracks. A, Tracks of an African bush elephant (Loxodonta africana) show-
ing ridges that result from furrows on the underside of the foot, which enhance traction. The shown impression is a
manus-pes set, with the pes overprinting most of the manus. Kruger National Park, South Africa. B, Dimetropus track
from the Lower Permian Boskovice Basin, Czech Republic, showing flexion creases; Calábková et al. (2023). Photo-
graph: Gabriela Calábková. C, Skin impressions in a Synaptichnium track (Middle Triassic, Berndorf, Germany). Col-
lection Hendrik Klein; photograph: Michael Buchwitz. D, Pes and manus track of a modern Nile crocodile
(Crocodylus niloticus) with skin impressions (Kruger National Park, South Africa).
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graph, their sequence should be defined
according to the actual footfall timings rather
than per set, as this is the only way the graph
will accurately show the events over time (see
Lallensack and Falkingham, 2022, for meth-
ods).

159 Turning trackway. Trackway that shows a
marked change in the direction of travel over a
relatively short trackway segment (Figure
10C) (Ishigaki and Matsumoto, 2009). In qua-
drupedal trackways, the manus trackway mid-
line may deviate significantly from the pes
trackway midline at the turn. This phenome-
non is known as off-tracking, a term bor-
rowed from automobile engineering (Ishigaki
and Matsumoto, 2009). Based on compari-
sons with four-wheel vehicles, Ishigaki and
Matsumoto (2009) argued that the more exte-
rior (wider) midline is formed by the contralat-
eral limb pair that steers – in sauropods, this
would be the front limbs.

TRACKSITES

The most important information conveyed by
a track is often not in the track itself, but in its con-
text as part of a tracksite and palaeohabitat. Unlike
bones, tracks are unlikely to be reworked and
transported away from the site where they were
made. An assemblage of tracks therefore often
reflects the palaeocommunity of a particular habi-
tat. Tracksites can inform about the behaviour of
the trackmakers; for example, parallel trackways
can sometimes be interpreted as evidence of herd-
ing. It is therefore often desirable to leave, and ide-
ally protect, tracks in the field. As tracks are both
fossils and sedimentary structures, the sedimentol-
ogy of a tracksite is of paramount importance in
understanding the formation, preservation, and
morphology of the track, the sequence of events
recorded by the tracksite, and the palaeoenviron-
mental setting. While important, such sedimento-
logical analyses remain the sole preserve of the
discipline of sedimentology, the terminology of
which is beyond the scope of this glossary.
160 Uses of tracks in geology. Fossil tracks can

inform about geology. They can help date
deposits, show that a surface had emerged
above sea level or, in the case of swimming
tracks, even provide a constraint on the depth
of water at the time the track was formed.
They also serve as geopetal indicators (syn-
onym: way-up criteria), features that indicate
the original orientation of layers that may have
been overturned. Tracks can help to detect

and measure deformation and displacement
in rocks (Thulborn, 1990; Schulp, 2002).
Finally, they provide important clues to sedi-
mentary properties at the time of track forma-
tion and in this function have been termed
palaeopenetrometers (or “paleopenetrome-
ters”; a penetrometer is a device used to mea-
sure the strength of a substrate) (Falkingham
et al., 2010).

161 Substrate. The medium in which tracks form,
typically sediments or soils. Note that in the
biomechanics literature, “substrate” often
refers to what an animal locomotes on, even if
no tracks are formed (e.g., branches can be a
substrate for primates).

162 Track horizon. The sedimentary horizon in
which tracks occur (e.g., Salisbury et al.,
2016). “Horizon” refers to a “particular level
without thickness in a stratigraphic sequence”,
but note that in lithostratigraphy, the term is
also used to refer to a very thin bed (Rey and
Galeotti, 2008). A more general term is ichno-
surface, which can refer to any surface con-
taining ichnofossils (e.g., Bennett and
Reynolds, 2021). Alternatively, the term
“palaeosurface” (or paleosurface) is com-
monly used, but in geology and geomorphol-
ogy this term is restricted to large-scale
topographic surfaces of regional significance
(Widdowson, 1997).

163 Tracksite (synonym: footprint site). A more or
less continuous exposure of one or more track
horizons (cf. Lockley and Meyer, 2022). It is
often possible to distinguish between transit
sites (or “trackway sites”), which record the
directional movement of individuals across the
surface, and congregation sites, where indi-
viduals are concentrated in an area (milling
behaviour; e.g., mammals around a water-
hole), typically with few or no discernible
trackways (Morse et al., 2010). If a single ich-
notaxon is present, a tracksite or assemblage
can be described as “monotypic”, and if
more than one ichnotaxon is present, it can be
described as “polytypic” (Thulborn, 1990).
Ichnosite is a more general term that is not
necessarily restricted to tracks (but note that
“ichnosite” and “tracksite” have often been
used interchangeably). Tracksites are often
time averaged. In some cases, the trampling
history (also: sequence of events) during the
track-forming window can be reconstructed –
e.g., when a track of one individual overprints
the tracks of another individual, it may be
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inferred that the former individual traversed
the surface after the latter individual (e.g., Cit-
ton et al., 2016; Lockley, 2022). The positions
and orientations of the individual tracks of a
tracksite are documented in a sitemap. Tradi-
tionally, mapping relied on transparent foil
and/or grids that were placed over the surface
(Figure 4A1–2). Three-dimensional models
can be oriented to match the bedding plane
and rendered in orthographic (distortion-free)
projection and are then an accurate basis for
sitemaps.

164 Megatracksite. A track horizon, or a
sequence of track horizons, that is laterally
extensive (Lockley and Hunt, 1995; Wagen-
sommer et al., 2021; Lockley and Meyer,
2022). The term was introduced by Lockley
and Pittman (1989). Megatracksites consist of
multiple tracksites and, unlike the latter, are
not continuously exposed. The term “mega-
tracksite” is not strictly defined, but currently
recognised megatracksites are at least sev-
eral kilometres in lateral extent and may cover
more than 1,000 km² (Lockley and Meyer,
2022). Lockley and Meyer (2022) proposed to
distinguish between three types of megatrack-
sites based on their vertical extent: “Type 1
megatracksites” consist of a single track hori-
zon, “Type 2 megatracksites” consist of a ver-
tically restricted “package” of track horizons,
and “Type 3 megatracksites” are vertically
extensive “track-rich zones” up to the level of
a geological formation. Hunt and Lucas (2007,
p. 64) proposed the terms “monostratal mega-
tracksites” for Type 1 and “multistratal mega-
tracksites” for Type 2 megatracksites. Lockley
and Meyer (2022) adopted the term ichnofau-
nal province (in their usage “zoological ich-
nofaunal province”, but as the “zoological” is
redundant because of the “faunal”, we sug-
gest just “ichnofaunal province”). The term
“ichnofaunal province” was first introduced by
Breithaupt et al. (2003) to generally refer to
track-rich regions that are more vertically
extensive than a megatracksite and may com-
prise multiple geological formations.

165 Direction of travel (synonyms: “direction of
movement”, “advancement direction”). The
direction of progression of the trackmaker. A
closely related term is trackway orientation,
which usually refers to the cardinal direction of
a trackway measured between the first and
last track. The pattern of trackway orientations
at a particular tracksite is termed the track-

way orientation pattern (synonym: move-
ment pattern). The trackway orientation
pattern can appear to be more or less random
(no preferred direction of travel among track-
makers); unidirectional (trackmakers moving
in the same direction); or bidirectional (two
preferred directions of travel) (Thulborn,
1990). The trackway orientation pattern is
most relevant in transit sites and less so in
congregation sites. It can be visualised using
a rose diagram.

166 Milling. Non-directional movement of a track-
maker, characterised by a highly tortuous (see
entry “tortuosity”), and often self-intersecting,
movement path (Cohen et al., 1993). This
behaviour is shown by, e.g., larger mammals
congregating around a water hole, or herbi-
vores feeding at a patch of vegetation. The
result may be a congregation site.

167 Time averaging. The accumulation of tracks
on the same surface over a period of time
(Figure 9B). This period can be in the order of
hours, days, months, or much longer (Cohen
et al., 1993). Consequently, associated tracks
do not necessarily indicate that the responsi-
ble trackmakers traversed the surface at
approximately the same time. A time-aver-
aged ichnosurface can also be described as
“diachronous”, while the opposite condition
– synchronous track formation – can be
described as “isochronous” (e.g., Bennett
and Reynolds, 2021).

The effects of time averaging present a
major challenge to the interpretation of track-
sites, particularly in behavioural and palaeo-
ecological terms. Severe time averaging may
occur when old strata are naturally exhumed
and then reburied, a mechanism that has
been suggested to be responsible for the
association of presumed Holocene human
tracks with tracks of Pleistocene megafauna
(Bennett and Morse, 2014; Rachal et al.,
2021). Severe time averaging can also occur
in caves, where surfaces can remain exposed
for long periods of time (Bennett and Morse,
2014).

168 Track-forming window. The time interval
during which tracks can form. Tracks on a
given surface may have formed during a sin-
gle or multiple track-forming windows, such as
when the substrate has repeatedly dried and
rewetted (Rachal et al., 2021). The track-form-
ing window may be different for different track-
makers, e.g., lighter animals may not leave
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tracks if a substrate is too firm to reach bear-
ing capacity, and heavier animals may avoid a
soft surface if there is a risk of becoming
mired (Falkingham et al., 2011a, 2014). The
term has also been used to refer to the likely
interval of geologic time during which a given
set of tracks was formed (Bennett and Budka,
2019).

169 Trace fossil assemblage (also “ichnoassem-
blage”, “ichnofossil assemblage”, or, more
specifically, “track assemblage” or “footprint
assemblage”). A group of trace fossils in a
rock unit or facies, usually in a single bed
(McIlroy, 2004, p. 18; Buatois and Mángano,
2011). The term does not imply contempora-
neity of the tracemakers (Buatois and Mán-
gano, 2011). For example, tracks in a single
track horizon may be collectively called a
track assemblage even when they accumu-
lated over a long time period (time averaging)
and were left by different biological communi-
ties. The term trace-fossil suite (or “ichnofos-
sil suite”) can be used instead to imply that the
assemblage is roughly contemporary. The
similar term ichnoassociation (also “ichno-
fossil association” or “trace-fossil association”)
is not precisely defined and has been used in
different ways, and in some cases is a syn-
onym of “ichnoassemblage” (Buatois and
Mángano, 2011).

170 Ichnocoenosis (synonyms: ichnocoenose,
ichnocommunity). A group of trace fossils pro-
duced by a biological community (Buatois and
Mángano, 2011).

171 Ichnofacies (plural: ichnofacies). A type of
trace fossil assemblage that is defined by key
features related to environmental conditions
and that recurs over long geological time peri-
ods (cf. Buatois and Mángano 2011, p. 58).
Ichnofacies are conceptual constructs that
have practical value, for example in interpret-
ing depositional settings and as a standard for
comparison (Buatois and Mángano, 2011).
The ichnofacies paradigm was developed by
Adolf Seilacher (e.g., Seilacher, 1964, 1967),
who originally named five marine (Skolithos,
Cruziana, Zoophyscus, Nereites, Glossifung-
ites) and one continental (Scoyenia) ichnofa-
cies. “True” ichnofacies as originally defined
by Seilacher are known as “archetypal ich-
nofacies” or “Seilacherian ichnofacies”. In
contrast, “medium-scale ichnofacies” or “ich-
nosubfacies” relate to a subenvironment and
may be considered part of an archetypal ich-

nofacies (MacEachern et al., 2012). Ichnofa-
cies are named after a characteristic
ichnogenus (e.g., the Scoyenia ichnofacies);
such names are sometimes considered to be
proper names, in which case they are capital-
ised (e.g., the Scoyenia Ichnofacies)
(MacEachern et al., 2012).

Lockley et al. (1994a) were the first to
propose a system of vertebrate ichnofacies
(or “tetrapod ichnofacies”). Their ichnofacies
are, however, of limited temporal range and
were therefore downgraded to ichnocoenoses
by Hunt and Lucas (2007). The latter authors
instead proposed five “archetypal vertebrate
ichnofacies”: Chelichnus (aeolian strata),
Batrachichnus (tidal flats and fluvial plains),
Brontopodus (coastal plain and marine shore-
lines), Grallator (marginal lacustrine), and
Characichnos (shallow lacustrine). Vertebrate
ichnofacies are fundamentally different from
invertebrate ichnofacies in that they are based
on the taxonomy of the tracemakers rather
than their behaviour (for background, see
introduction to the section “Ichnotaxonomy”).
They are therefore biotaxonichnofacies,
while invertebrate ichnofacies are ethoichno-
facies (Hunt and Lucas, 2007). Note, how-
ever, that vertebrate ichnofacies are not
restricted to the range of their namesake ich-
notaxon; for example, the Grallator ichnofa-
cies encompasses tridactyl avian and non-
avian dinosaurs from the Late Triassic to the
present. The concept of vertebrate ichnofa-
cies has repeatedly been questioned. Santi
and Nicosia (2008) argued that such ichnofa-
cies may not be specific for particular palaeo-
environments and are therefore of limited
practical value, while MacEachern et al.
(2012) considered them to be invalid as they
are restricted to vertebrates rather than being
taxonomically inclusive. Hunt and Lucas
(2016) presented a defence of the concept.

172 Ichnofauna. General term used to refer to
any group of trace fossils produced by ani-
mals, including ichnoassemblages, ichnoco-
enoses, and ichnofacies (Marty et al., 2016).

173 Ichnofaunal unit. Assemblage of trace fossils
produced by animals that is considered a bio-
chronological unit and can therefore be used
in biostratigraphy (Conti et al., 1997; Avanzini
et al., 2001). A more specific term is “land ich-
nofaunal unit”.

174 Ichnopopulation. Term sometimes used to
describe a regional occurrence of tracks that
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are presumed to have been made by the
same biological population of trackmakers
(e.g., Gand et al., 2005).

175 Bioturbation. Displacements within sedi-
ments and soils caused by the activity of
organisms (Richter, 1936; Flügel, 2004). Bio-
turbated substrates can also be described as
“bioturbation fabrics” or ichnofabrics, which
are defined as “all aspects of the texture and
internal structure of a sediment that result
from bioturbation” (Ekdale et al., 1984).

176 Trampling. A special case of bioturbation
resulting from the repeated formation of tetra-
pod tracks. Note that in other areas of verte-
brate palaeontology, “trampling” does not
necessarily require the formation of tracks; for
example, “trample marks” refer to subparallel
gouges on bone surfaces resulting from the
trampling of the bone (Fiorillo, 1984).

Trampling is a general term (e.g., Morse
et al., 2013), while the specific term dinotur-
bation has been used when the trackmakers
are exclusively dinosaurs. When coining the
term, Dodson et al. (1980) restricted it to
“large dinosaurs”, although the term has since
been correctly used for dinosaur tracks of any
size (e.g., Richter and Böhme, 2016). We
argue that there is little reason to use a term
that specifically excludes non-dinosaurs, and
suggest that the more general term “tram-
pling” should take precedence.

Inspired by the ichnofabric index of
Droser and Bottjer (1986), Lockley and Con-
rad (1989) defined the dinoturbation index
to quantify the density of tracks on a surface
using a scale from 0% to 100% dinoturbation.
Here 0–33% is classified as “light”, 33–67%
as “moderate”, and 67–100% as “heavy” dino-
turbation (Lockley and Conrad, 1989). As with
“dinoturbation” itself, the term is restricted to
dinosaurs even though the concept is also rel-
evant for other tetrapod groups. Therefore, we
suggest using the more general term tram-
pling index.

177 Ichnostratigraphy. Biostratigraphy based on
trace fossils. Tetrapod track biostratigraphy
has a long tradition but is limited by the accu-
racy of ichnotaxonomy (see Lucas, 2007, for a
review). Time intervals defined based on the
temporal distribution of ichnotaxa are known
as footprint biochrons (synonym: track bio-
chrons) (e.g., Voigt and Lucas, 2018). An
index ichnotaxon is an ichnotaxon that is
characteristic and specific to a particular foot-

print biochron and can therefore be used to
date a deposit. The term is derived from the
more general term “index fossil”.

178 Ichnofossil-Lagerstätte (plural: Ichnofossil-
Lagerstätten). Deposit containing exceptional
amounts of ichnological information, either
qualitatively or quantitatively (Seilacher et al.,
1985; Savrda, 2007). The term “fossil Lager-
stätte” was originally proposed for body fossil
deposits and is derived from the German term
“Lagerstätte”, which is used to describe
deposits rich in natural resources (Seilacher
et al., 1985). Conservation ichnofossil-
Lagerstätten (or “Konservat-Lagerstätten”)
are characterised by exceptional preservation,
whereas concentration ichnofossil-Lager-
stätten (or “Konzentrat-Lagerstätten”) are
characterised by exceptional abundance of
fossils (Savrda, 2007).

179 Geoheritage. Geological features of signifi-
cant scientific, cultural, or educational value
(see Brocx and Semeniuk, 2007 for a full defi-
nition). Geoheritage may include both in situ
features (known as geosites) or ex situ fea-
tures (e.g., museum collections). Geoconser-
vation is the preservation of geoheritage
features. The more specific term ichnoheri-
tage has sometimes been used when ichno-
fossils are the primary feature (e.g., Baucon et
al., 2012). Tetrapod tracksites can be an
important target for geotourism.

LOCOMOTION AND POSTURE

The study of locomotion and posture from
tracks is probably the most interdisciplinary area of
tetrapod track research. More than in other areas,
traditional ichnological terminology collides with
that of biomechanics and zoology. In addition to
ichnology-specific terms, we review a wide array of
biomechanical and zoological terms that are rele-
vant to tetrapod ichnology, with the aim of providing
a standard terminology that is as consistent as
possible with usage in these related fields.
180 Flexion and extension. “Flexion” is the bend-

ing, and “extension” the straightening, of a
joint or body part. In the autopodia, flexion can
occur in two directions, with dorsiflexion (or
“dorsi-flexion”) pulling the digits upwards and
towards the dorsal (upper) surface of the
autopodium, and plantarflexion (or, in the
manus, palmarflexion; also “plantar flexion”
and “palmar flexion”) pulling the digits down-
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wards and towards the plantar (lower) surface
of the foot.

181 Protraction and retraction. Protraction is the
anterior movement and retraction the poste-
rior movement of a body part. For example, a
limb is protracted during the swing phase and
retracted during the stance phase.

182 Supination and pronation. Rotation of the
forelimb so that the palm faces posteriorly
(pronation) or anteriorly (supination) when the
forelimb is fully extended and held vertically
(cf. Bonnan, 2003). When standing on a
straight forelimb, the digits point anteriorly in
pronation and posteriorly in supination. The
intermediate state, with the palm facing medi-
ally, is called semi-supination; this is the
basal condition in tetrapods. Many mammals
are able to actively pronate and supinate their
hands by rotating the radius relative to the
ulna, a movement lacking in most other tetra-
pods (Bonnan, 2003). Sprawling tetrapods
have their manual digits pointing anteriorly or
even medially due to the sprawling posture of
their forelimbs (Bonnan, 2003).

183 Abduction and adduction. The movement of
a body part away from the sagittal plane
(abduction) and towards the sagittal plane
(adduction). For example, when the femur of a
sprawling tetrapod is brought into a more ver-
tical (upright) orientation, it is being adducted.
When applied to the foot, abduction rotates
the foot outwards, and adduction rotates the
foot inwards.

184 Inversion and eversion. Inversion is the
movement of the foot so that the sole (or
palm) faces medially with the body weight on
its lateral edge, whereas eversion is the
movement so that the sole (or palm) faces lat-
erally with the body weight on its medial edge.

185 Pitch, roll, and yaw. Borrowed from aerody-
namics, these terms are sometimes used to
describe the rotation of a track about the
mediolateral, anteroposterior, and vertical
axis, respectively (e.g., Mossman et al.,
2003). In other words, “pitch” is the anteropos-
terior tilt and “roll” is the mediolateral tilt of a
track, while “yaw” is a synonym for track rota-
tion. When applied to tracks, these terms
have been used to interpret locomotion.

186 Sprawling and erect. In a sprawling posture
(rarely: “transversal posture”) the limbs are
spread away from the trunk (abducted)
because of subhorizontal humeri and femora.

This condition is found in basal tetrapods and
many reptiles. In contrast, an erect posture
(also: “parasagittal” posture) is characterised
by adducted limbs positioned below the trunk.
Erect limbs are often referred to as “parasagit-
tal limbs”, and sprawling limbs are very rarely
referred to as “transversal limbs”. Sprawling
and erect postures form the end members of a
continuum. An intermediate posture is called
semi-erect. Many authors substitute “posture”
with “stance” or “gait” (e.g., “sprawling
stance”; “erect gait”), which we recommend to
avoid because “stance” can be confused with
“stance phase”.

Modern crocodylians can use both a
sprawling and an erect gait. The sprawling
gait can be a slow “sprawling walk” or a fast
“belly slide” that is used to escape into the
water (Grigg and Kirshner, 2015). The erect
gait is termed the “high walk” and is the usual
gait on land (Grigg and Kirshner, 2015).

187 Crouched and upright. In a crouched pos-
ture, the limbs are bent (flexed), with the distal
limb angled against the proximal limb,
whereas in an upright posture, the limbs are
straight (extended). In hominids and apes,
walking in a crouched posture is often referred
to as bent-hip, bent-knee walking (e.g.,
Stern Jr. and Susman, 1983; Wang et al.,
2003). “Upright” can also refer to the orienta-
tion of the body: Humans have an upright, or
“orthograde”, body posture, while most other
mammals are “pronograde”, with the long axis
of the body parallel to the ground.

188 Stance phase. The period during which a foot
interacts with the ground to support, deceler-
ate, accelerate, and manoeuvre the track-
maker during locomotion (e.g., Turner et al.,
2022). In contrast, the swing phase is when a
foot is lifted to take a step forwards. A stance
and swing phase of the same foot together
make up a step cycle. While stance and swing
phases are readily distinguishable when walk-
ing on firm surfaces, they form continua when
sinking into deformable substrates (Turner et
al., 2022). Mid-stance (=midstance) is the
middle of the stance phase; in bipeds it is the
point at which the centre of mass is directly
above the stance foot. Conversely, mid-
swing (=midswing) is the middle of the swing
phase, when the foot has travelled half the
distance from one footfall position to the next.
Note that “stance” has sometimes been used
to describe limb postures (e.g., “sprawling
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stance”). The term support phase is often
used as a synonym of “stance phase”, but has
also been defined as “the period of time that
an entire organism has at least one foot in
stance phase” (Struble and Gibb, 2022, p. 6).

In addition to the cross-disciplinary terms
“stance phase” and “swing phase”, other
terms and concepts have been proposed:
• Contact phase – often synonymous with

“stance phase”, but slightly different in
definition: the phase during which a foot
(or a part of it) is in contact with the
ground.

• Touch-down phase, weight-bearing
phase, and kick-off phase – terms intro-
duced by Thulborn and Wade (1989) that
are widely used, especially in dinosaur
track research. During the touch-down
phase (or “T-phase”), the foot makes
contact with the ground; during the
weight-bearing phase (or “W-phase”), the
centre of mass passes over the foot; and
during the kick-off phase (or “K-phase”),
final propulsion, possibly including slip-
ping of digits, and lift-off occur. However,
these phases are not precisely defined
because of their continuous nature.

• For striding bipeds on deformable sub-
strates, Turner et al. (2022) proposed to
subdivide the stance phase (equated to
“contact phase”) into five sub-phases
based on the interaction with the contra-
lateral foot: time intervals between initial
ground contact, maximum sinking depth,
and the complete lift-off, for both the left
and right foot. This interaction between
contralateral feet might have a major
impact on track formation (e.g., the foot
may sink more quickly once the contra-
lateral foot begins to withdraw). These
phases are precisely defined even in
cases of deep sinking.

• In humans, stance phase may be subdi-
vided into three phases: the heel-strike
phase (also “heel-contact phase”, or sim-
ply “heel strike”), where only the heel is in
ground contact; the mid-stance phase
(also simply “mid stance”), where both
the heel and the ball and toes are in
ground contact, and the propulsion
phase, where forward thrust is gener-
ated and only the ball and toes are in
ground contact (e.g., Roca-Dols et al.,
2018). These terms are roughly analo-

gous to Thulborn’s touchdown, weight-
bearing, and kick-off phases.

189 Supports (synonym: base). The limbs that
are in stance phase at a given time during
locomotion. In “single supports” (also
“unipedal base”), only one limb is in stance
phase, while in “double supports” (also
“bipedal support” or “bipedal base”), two limbs
are in stance phase. In “triple supports” (also
“tripedal base”), three limbs are in stance,
while four limbs are in stance in “quadruple
supports” (also “quadripedal base”). In qua-
drupedal locomotion, “diagonal supports”
(synonym: “diagonal bipedality”) are two diag-
onal limbs (e.g., right hind and left fore) in
stance phase, while “lateral supports” (syn-
onyms: “unilateral supports”, “unilateral biped-
ality”) are two ipsilateral limbs (e.g., right hind
and right fore) in stance phase. A trot is char-
acterised by diagonal supports during most of
the step cycle, whereas a pace gait is charac-
terised by lateral supports.

190 Support polygon (also: stability triangle). In
quadrupedal locomotion, the minimum poly-
gon bounding the supports at a given time
during the step cycle (Cartmill et al., 2002).
Support polygons have been used to estimate
the static (instantaneous) stability of a given
gait (Cartmill et al., 2002; Henderson, 2006b).

191 Step cycle (synonyms: gait cycle, stride,
stride cycle). The limb movements that occur
between two successive footfalls of the same
hind limb (Hildebrand, 1976). Within a step
cycle, each leg will have moved once, and the
body will have covered a distance of one
stride length. A step cycle includes all sequen-
tial limb movements until repetition starts (Hil-
debrand, 1976). A step cycle could be defined
based on any repetitive events; however, the
use of a footfall of a hind limb (often the left)
as the starting point is convention (see Hildeb-
rand, 1976, for discussion). The duration of
one step cycle has been termed a “step cycle
duration”, “stride period”, or “stride interval”.
The term “step cycle” is also applied directly to
tracks: In a biped, one step cycle consists of
three consecutive tracks (two left and one
right, or vice versa), whereas for a quadruped,
a step cycle consists of five or six consecutive
tracks. Note that the term stride is a synonym
of “step cycle” and also applies to limbless
animals (Alexander, 2003). In tetrapod ichnol-
ogy, “stride” is generally used as a synonym of
“stride length” or “stride line”. The term
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“movement cycle” refers to cyclical move-
ment patterns in general and is not limited to
limbed animals.

192 Striding. Term describing a bipedal or qua-
drupedal gait with alternating limb move-
ments, as opposed to hopping or jumping,
where the contralateral limbs move in unison
(Hutchinson and Gatesy, 2001).

193 Duty factor (synonyms: duty cycle, stance
percentage). The percentage of the step cycle
duration that a foot is in stance phase. Duty
factors below 50% are characterised by aerial
phases in bipeds. The duty factors of the hind-
and forelimbs can be different. This difference
can be expressed by the duty factor index,
which is defined as 100 * hindlimb duty factor /
forelimb duty factor (Cartmill et al., 2002).
Therefore, duty factor indices greater than
100 indicate that the duty factor of the hind
limbs is greater than that of the forelimbs, and
vice versa.

194 Step duration. The amount of time that a foot
is in stance phase. If the duty factor is 50%,
the step duration is approximately half the
step cycle duration.

195 Bipedal and quadrupedal. Locomotion on
two legs and four legs, respectively. Tetrapods
that move bipedally are termed “bipeds”, while
those that move quadrupedally are termed
“quadrupeds”. The corresponding nouns are
“bipedalism” and “quadrupedalism” (syn-
onyms: “bipedality” and “quadrupedality”). In
ichnology, a “bipedal trackway” (or a “quadru-
pedal trackway”) is a trackway left by a track-
maker that walked bipedally (or
quadrupedally) (Leonardi et al., 1987). “Obli-
gate bipeds” (or “obligate quadrupeds”) are
tetrapods that move exclusively on two (or
four) legs. “Facultative bipeds” (rarer: “faculta-
tive quadrupeds” or “semibipeds”) are tetra-
pods that can switch between bipedal and
quadrupedal locomotion (Figure 10H) (e.g.,
Hutchinson and Gatesy, 2001). Note that
“quadruped” is not synonymous with “tetra-
pod”, which is a taxon that includes all
amphibians and amniotes regardless of the
number of legs.

196 Apparent limb (synonym: apparent member).
A straight line from the acetabulum (or gle-
noid) to the base of the foot, at the time when
the acetabula (or glenoids) are midway
between the contralateral footfalls and both
contralateral feet are in stance (cf. Leonardi et
al., 1987). The angle of gait (synonyms:

angle of step, walking angle) is the angle
between the contralateral apparent limbs
when projected onto the sagittal plane (Leon-
ardi et al., 1987). If the angle of gait can be
estimated, these concepts allow for estimating
limb length and hip height of the trackmaker
(see also Thulborn, 1990). These concepts
are only defined for symmetrical walking gaits.

197 Aerial phase. The portion of a step cycle in
which all feet are in swing phase (and there-
fore not in ground contact). Synonyms include
“airborne phase”, “air phase”, and “suspen-
sion phase”, but the latter can be misleading
as the body is not suspended by anything
when all feet are off the ground. If there is an
aerial phase, the duty factor will be less than
50%.

198 Stride frequency (synonyms: cycle fre-
quency, cadence, step rate). The number of
step cycles per second (Struble and Gibb,
2022). The unit is hertz (Hz).

199 Speed (synonyms: speed of locomotion,
velocity of gait, pace). The velocity of a loco-
moting animal, measured in unit distance/unit
time, usually metres per second (m/s). This
parameter has also been termed “absolute
speed” to distinguish it from “relative speed”,
which is the speed relative to the size of the
trackmaker (Thulborn and Wade, 1984). Of
interest may be the maximum speeds
achieved within a trackway (or sample of
trackways), or the average speeds (also:
cruising speed, cruise speed, standard speed)
that may reflect the preferred walking speed
(e.g., Thulborn, 1990) and can be calculated
based on the median of the stride lengths. An
increase in speed is referred to as “accelera-
tion”, and a decrease as “deceleration” (Fig-
ure 10F). A trackmaker can increase speed by
increasing stride length, increasing stride fre-
quency, or a combination of both (Granatosky
and McElroy, 2022). The consequences of
acceleration generally include longer strides
and, for quadrupeds, shorter manus-pes dis-
tances (the reverse is true for deceleration).

Trackmakers may stop intermittently,
which has been called “start-stop walking” by
Falk et al. (2017). Weems (2021) used the
terms “stopping points” or “pausing points”
when referring to such instances of inter-
rupted locomotion in trackways. In trackways,
stopping can be evident when the left and
right feet are placed side by side. However,
modern birds can stop mid-stride without such
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side-by-side placement, and it may often not
be possible to infer such stopping from track-
ways (Falk et al., 2017; Farlow et al., 2018a,
pp. 187, 189).

200 Alexander’s formula. Equation for estimating
the speed of locomotion of mammals and
dinosaurs that was proposed by Robert
McNeill Alexander (Alexander, 1976) based
on the dynamic similarity hypothesis, which
assumes a linear relationship between rela-
tive stride length and Froude number. The
equation is

u = 0.25g0.5st1.67h-1.17

where u is the speed of locomotion, g the
acceleration of the free fall (9.81 m/s2), st the
stride length, and h the hip height. Similar
methods have been proposed by Georges R.
Demathieu (Demathieu, 1984, 1986).

Alexander’s formula can only be used as
a rough approximation of speeds for compara-
tive purposes, not as a precise estimate. We
note that Alexander himself stated that “the
method cannot claim to be accurate” (Alexan-
der, 2006, p. 1850). It can provide reasonable
estimates for quadrupedal mammals with
erect limbs that are the size of a domestic cat
or larger; it has also been shown to be roughly
accurate for large bipeds such as humans and
ostriches. Since dinosaurs are comparable in
size and posture, it has been suggested that
the formula is also applicable to this group
(Alexander, 1976, 1989a; Alexander and
Jayes, 1983). However, the method may be
subject to large errors when applied to sprawl-
ing trackmakers, because these trackmakers
1) are not geometrically (and therefore
dynamically) similar to mammals with erect
legs and therefore follow different relation-
ships (Alexander and Jayes, 1983), and 2)
tend to increase speed by increasing stride
frequency rather than stride length (Granato-
sky and McElroy, 2022). Even in erect mam-
mals, a correlation between stride length and
speed is not always warranted; for example,
in humans, stride length does not increase
above a dimensionless speed of 2 (Struble
and Gibb, 2022).

201 Relative stride length (synonym: standard-
ized stride length). Stride length relative to
body size, typically defined as stride length /
hip height (Alexander and Jayes, 1983). Rela-
tive stride length approximates the speed of
locomotion relative to body size (its “relative

speed”). It is greater in mammals with flexed
limbs than in cursorial mammals with straight
limbs (Alexander and Jayes, 1983). Modern
mammals tend to switch from a walk to a run
(i.e., trot or gallop) at relative speeds of
around 2.0 (Figure 17E) (Alexander, 1976).

202 Dynamic similarity hypothesis. Different tet-
rapods tend to move in a dynamically similar
way when walking or running with equal
Froude numbers. In general, two systems
(e.g., two dinosaurs with different hip heights)
are dynamically similar if their movements can
be made identical by multiplying “all linear
dimensions by some constant factor; all time
intervals by another constant factor; and all
forces by a third constant factor” (Alexander
and Jayes, 1983, p. 136). The dynamic simi-
larity hypothesis allows comparisons between
tetrapods of different sizes moving at similar
relative speeds. For example, it predicts that
mammals of different sizes will transition from
a trot to a gallop at approximately the same
Froude number (Alexander and Jayes, 1983),
although this only applies to mammals that
trot and gallop, which is not the case for, for
example, elephants, hippos, or giraffes
(Hutchinson, 2021). Dynamic similarity theory
was first discussed in detail by Alexander and
Jayes (1983) and Alexander (1989a).

203 Froude number. Dimensionless number that
can be used as a measure of the relative
speed of locomotion. When applied to mam-
mals and dinosaurs, it can be defined as the
ratio of the speed of locomotion (u) to hip
height (h), taking into account gravity (g)
(Alexander, 1976):

F = u2/gh

The square root of the Froude number is used
as a measure of relative speed and has been
referred to as dimensionless speed (Bishop
et al., 2018; Struble and Gibb, 2022). Accord-
ing to Alexander (1976), mammals tend to
switch from a walk to a run at Froude numbers
of around 0.6.

204 Inverted pendulum model. Simplified model
to describe walking gaits using vaulting
mechanics, where the limb is abstracted as
an inverted pendulum, with the hip or shoulder
vaulted over the stance foot by a stiff leg
(Hutchinson and Gatesy, 2001; Hutchinson,
2021). The hip (or shoulder) reaches its maxi-
mum height above the ground at mid-stance,
after which the body falls forwards; this accel-
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FIGURE 17. Trackway features and their interpretation. A, Ornithopod trackway, Valdeté tracksite, La Rioja, Spain
(Lower Cretaceous; Enciso Group). This trackway shows discrepancies between the left and right pace lengths and
has therefore been interpreted as an example of a “limping trackway”, implying a pathology (Moratalla, 1993; Lockley
et al., 1994b). Note here that such left-right discrepancies can also be the result of footedness. B, Bipedal dinosaur
trackway showing a groove that extends from track to track (indicated by arrows), which is interpreted as a tail drag
mark (Pérez-Lorente, 2015), Peñaportillo tracksite, La Rioja, Spain (Lower Cretaceous; Enciso Group). C, tail drag
mark of a modern Nile crocodile (Crocodylus niloticus; Kruger National Park, South Africa). Note the longitudinal
grooves. D, Theropod (Eubrontes) trackway showing digit drag marks leading into and out of the tracks (Lower Juras-
sic, Connecticut Valley; Paläontologisches Museum München). E, Theropod trackway of three tracks from the Hitch-
cock collection, Beneski Museum of Natural History (6A/2; Lower Jurassic, Connecticut Valley, US). The first and third
track shows an apparent didactyl morphology, with digit impression II being very indistinct or absent. Note also the
very long stride lengths (relative stride: 2.7), which suggest this individual might have been running. F, Orthophoto of
the takeoff trace of a larger bird (recent; Florianopolis, Brazil). The trackway first indicates a regular walk, then transi-
tions to a skipping gait as the bird flaps its wings to take off; the two rightmost tracks are the last of the trackway.
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eration is used to lift the body on the next
step, conserving energy (Hutchinson, 2001).

205 Spring-mass model. Simplified model to
describe running and hopping gaits using
bouncing mechanics, where the limb is com-
pressed during the first half of the stance
phase, storing elastic energy which is then
released during the second half of the stance
phase (Blickhan, 1989; Hutchinson and
Gatesy, 2001). In contrast to a walking gait
that can be described by an inverted pendu-
lum model, the hip (or shoulder) reaches its
minimum height above the ground in mid-
stance (Hutchinson and Gatesy, 2001). A gait
characterised by bouncing mechanics is
termed a bouncing gait.

206 Compliant walk (synonyms: grounded walk,
Groucho walk). A walking gait characterised
by flexed (bent) limbs that allow for high duty
factors (Alexander, 1977; Alexander and
Jayes, 1978). Because of this high limb com-
pliance, compliant walking does not follow the
inverted pendulum model which assumes stiff
limbs. Compliant walking is found in, for
example, birds such as quails and non-human
primates (Alexander and Jayes, 1978;
Schmitt, 1999).

207 Compliant run (synonyms: grounded run,
Groucho run, running walk). Running gait
characterised by bouncing mechanics and the
absence of aerial phases (e.g., Lee and Har-
ris, 2018). This gait may be used during the
transition between walking and running (e.g.,
Rubenson et al., 2004). Elephants use a com-
pliant run at high speeds, in which the contra-
lateral limb pair may lose ground contact, but
at least one leg always remains in ground
contact (Hutchinson et al., 2003). In horses,
the compliant run is known as the “amble”,
“tölt” (or “toelt”), or “rack” (Lee and Harris,
2018).

208 Plantar pressure. The pressure exerted by
the pes on the substrate. “Palmar pressure” is
the pressure exerted by the manus. The
topography of a track is often used to recon-
struct the pressures exerted by different parts
of the foot; i.e., deeply impressed parts are
thought to reflect high pressures. However,
experiments and simulations on human tracks
have shown that the correlation between foot
pressures and track shape is not always
strong, especially when tracks are deep
(Bates et al., 2013). Studies have also
equated foot pressures with weight distribu-

tion; for example, a deeper impressed medial
part of a track would indicate that the medial
edge of the foot carries more weight (see also
terms and discussion in the entry “principal
digit”). However, peak pressures are often
applied during kick-off, so the deepest parts of
a track may not necessarily reflect the actual
weight distribution.

209 Ground reaction force (also: substrate reac-
tion force). Force exerted on the limb during
stance phase due to the resistance of the
ground. It is equal and opposite to the force
exerted by the limb (Hutchinson, 2021). When
plotted against time (i.e., % of stance phase
duration), the vertical component of the
ground reaction force typically shows a bipha-
sic (two-peaked) distribution in walks and a
monophasic (single-peaked) distribution in
runs (Clayton and Hobbs, 2019).

210 Footfall (also: “strike” of a foot). The instance
where a foot touches the ground to end the
swing phase during locomotion. Footfall posi-
tions are often identical to the corresponding
track positions, but the term “footfall” also
applies to cases where no tracks are formed.

211 Footfall pattern. The order and timing of foot-
falls during locomotion. Footfall patterns can
be visualised using a footfall formula or,
more commonly, a gait diagram. In a footfall
formula, light circles often represent limbs in
swing phase and dark circles represent limbs
in support phase (Muybridge, 1899). Gait dia-
grams also provide information on the relative
duration of the stance and swing phases of
each limb (Hildebrand, 1976).

212 Terrestrial (noun: terrestriality). Terrestrial
organisms are those that live primarily on the
ground (e.g., Rose, 2006). In contrast,
aquatic organisms live in the water (marine or
freshwater), including natatorial (swimming)
animals. Semi-aquatic animals are terrestrial
animals with swimming adaptations (e.g.,
beavers). Arboreal organisms instead live in
trees, while scansorial animals live both in
trees and on the ground. Volant (or “aerial”)
animals are those that fly; these are often also
terrestrial, arboreal, or aquatic. Fossorial ani-
mals are those that dig burrows or show adap-
tations for efficient burrowing (Hildebrand,
1974). The term is sometimes reserved for
just subterranean species that spend most of
the time underground, but typically refers
more generally to any terrestrial animal that
burrows. Burrowing animals that do not spend
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most of the time underground are also termed
“semi-fossorial” (Rose, 2006). When not
referring to the organisms directly, the term
“terrestrial” instead refers to any environment
on land, as opposed to aquatic environments
(e.g., terrestrial trace fossils vs. marine/fresh-
water trace fossils).

213 Scratch-digging – Digging with the use of
claws or nails by extending and flexing the
limbs (cf. Hildebrand, 1974). Other methods of
digging in tetrapods include chisel-tooth dig-
ging (in some rodents), head-lift digging,
hook-and-pull digging (in anteaters), humeral-
rotation digging (e.g., in moles), and hind-feet-
first digging (e.g., in frogs) (Hildebrand, 1985).

214 Cursorial (noun: cursoriality). Morphology
adapted for running (Carrano, 1999). An ani-
mal with cursorial adaptations is called a “cur-
sor”. The term has also been defined to refer
to locomotory performance rather than mor-
phology (see Carrano, 1999). However, tetra-
pods that can run fast or frequently do not
necessarily have cursorial adaptations, espe-
cially smaller species (Carrano, 1999). Typical
cursorial adaptations include a slender skele-
ton and elongated distal limb bones. In the
foot, reduction or loss of non-central digits and
overall shortening of the foot are often
observed in cursorial taxa (Schaller et al.,
2011). In tridactyl tracks, digit III projection
might be correlated with cursoriality (Lallen-
sack et al., 2020). Cursoriality and graviportal-
ity are end members of a continuum, and
intermediate states are sometimes referred to
as “subcursorial” (closer to the cursorial
state) and “mediportal” (closer to the gravi-
portal state).

215 Saltatorial. Morphology adapted for jumping
or hopping (e.g., Rose, 2006). Saltatorial ani-
mals are known as “saltators”.

216 Graviportal (noun: graviportality). Morphol-
ogy adapted to support large body masses.
Graviportal adaptations may include columnar
limb and foot structures (e.g., Moreno et al.,
2007) and a more robust appendicular skele-
ton. As shown by Biewener (1989), limbs
become increasingly straight to maintain con-
stant stress up to a mass of 300 kg in modern
mammals. Above this threshold, the shape of
the bones (e.g., thickness) changes to main-
tain constant stress.

217 Gait. Repetitive pattern of body movements
that advances the position of an animal (cf.
Alexander, 1989b; Struble and Gibb, 2022).

The term is most commonly applied to pat-
terns of terrestrial locomotion on legs, but it
has also been used to describe other types of
repetitive locomotion patterns, such as swim-
ming in cephalopods or flight (Alexander,
1989b; Struble and Gibb, 2022). In the ichno-
logical literature, the meaning of “gait” is often
vague and the term has also been used to
refer to posture (e.g., “narrow-gauge gait” and
“bipedal gait”). A more general term that does
not necessarily involve repetitive body move-
ments is mode of locomotion (synonyms:
“locomotor mode”, “manner of locomotion”);
for example, bipedal and quadrupedal ani-
mals have bipedal and quadrupedal modes of
locomotion, respectively. In the following, we
will discuss the terrestrial gaits of tetrapods,
using the term “gait” to refer to the repetitive
pattern of limb movement rather than posture.

Tetrapod gaits are often characterised as
either symmetrical or asymmetrical, and as
either walking or running. Gaits can also be
classified according to their footfall pattern.
The exact definition of “walking” and “running”
is controversial, and gait terminology has
been confusing and contradictory in many
areas of biology (Biknevicius and Reilly,
2006), including the study of fossil tracks. In
quadrupeds, gait terms such as “trot” and
“pace gait” have historically been reserved for
running gaits, especially when applied to
mammals. We follow recent calls for a consis-
tent terminology across disciplines, which
suggest that gait terms such as “trot” and
“pace gait” should be reserved for footfall pat-
terns (i.e., limb phase) only (Biknevicius and
Reilly, 2006). Consequently, slow walking
gaits of the same limb phase, as typically
observed in reptiles and amphibians, must be
classified as “trots”. We generally follow the
terminology of Hildebrand (1965, 1976, 1980,
1989), which has become a consensus across
different fields (Biknevicius and Reilly, 2006;
Pfau et al., 2011).

218 Symmetrical gaits. Gaits in which the foot-
falls of the left and right limbs are evenly
spaced in time (i.e., half a step cycle out of
phase). This is the condition seen in striding
tetrapods. In asymmetrical gaits, the footfalls
of the left and right limbs are not evenly
spaced, such as in a gallop or in a limp (Hil-
debrand, 1989; Struble and Gibb, 2022). Sym-
metrical gaits are the most common gaits in
tetrapods, while asymmetrical gaits are
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entirely absent in some extant groups, such
as lizards, monotremes, and salamanders
(McElroy and Granatosky, 2022). Note that
Struble and Gibb (2022) use these terms in a
different sense, with “symmetrical gaits”
describing gaits in which the left and right
limbs of a girdle move in synchrony (e.g., in
hopping gaits), and “asymmetrical gaits”
describing those in which the limbs move out
of synchrony (e.g., in striding tetrapods). In
ichnology, the term “symmetrical gait” has
also been used to describe the “ladder-like”
(Clack, 1997) trackway pattern of arthropods,
where left and right tracks are placed next to
each other rather than arranged in the zigzag
pattern typical of striding tetrapods, which has
conversely been termed an “asymmetrical
gait” (Lucas, 2015).

219 Walking gait and running gait (synonyms:
walk and run). These terms have been
defined in various ways:
• Traditionally, runs have been defined by

the presence of an aerial phase. How-
ever, while all walks lack an aerial phase,
there are some fast gaits such as
Groucho runs that also lack an aerial
phase.

• More recently, walks and runs have been
defined based on patterns of energetic
fluctuations (see Hutchinson and Gatesy,
2001, for a brief introduction). Here,
walks are defined as gaits that follow the
inverted pendulum model, while runs are
defined as gaits that follow the spring-
mass model. However, for unclear rea-
sons, sprawling tetrapods do not closely
fit any of these models (Struble and Gibb,
2022).

• Struble and Gibb (2022) proposed a
comprehensive definition of the term
“walk” based on a combination of several
criteria, including, amongst others, the
absence of aerial phases, the typical
presence of inverted pendulum mechan-
ics, and a dimensionless speed less than
1.
We note that none of the above defini-

tions can be met using data from fossil track-
ways, and the use of “walking” and “running”
when referring to the trackways of extinct taxa
will necessarily be informal.

220 Limb phase (synonyms: relative phase, limb
phasing, lateral advanced placement, diago-

nality, inter-paired-appendage phasing). In
symmetrical gaits of quadrupeds, the percent-
age of the step cycle duration that the footfall
of a forefoot follows that of the ipsilateral hind
foot (Figure 15) (Hildebrand, 1965). The term
therefore describes the relative timing of the
footfalls of the fore- and hind feet. Note that
limb phase could also be defined based on
other leg pairs (e.g., a hind foot and the diago-
nal forefoot), but the above definition is con-
vention (Hildebrand, 1976). Gaits in which two
footfalls occur at the same time are also
known as two-beat gaits (two beats per step
cycle). This is the case in the trot (limb phase
= 50%), where diagonal footfalls occur simul-
taneously, and in the pace gait (limb phase =
0% or 100%), where ipsilateral footfalls occur
simultaneously. In all other gaits, four sepa-
rate footfalls occur at different times, resulting
in a four-beat gait. A four-beat gait in which
all four footfalls are evenly spaced in time (i.e.,
at limb phases of 25% and 75%) is termed a
singlefoot. Methods for calculating limb phase
from trackways have recently been proposed
(Lallensack and Falkingham, 2022; Polet and
Hutchinson, 2022; Stevens et al., 2022).

Limb phase is the only measure that
defines quadrupedal gaits such as trot, pace
gait, and singlefoot (Figure 15A) (Biknevicius
and Reilly, 2006). Following Cartmill et al.
(2002), four ideal gaits can be defined based
on limb phase: the pace gait (0% and 100%),
the lateral-sequence singlefoot (25%), the trot
(50%), and the diagonal-sequence singlefoot
(75%). Gaits with limb phases less than 50%
are termed lateral sequence gaits, while
those with limb phases greater than 50% are
termed diagonal sequence gaits. In a lateral
sequence gait, the footfall of a hind foot is fol-
lowed by that of the ipsilateral forefoot,
whereas in a diagonal sequence gait, it is fol-
lowed by the footfall of the diagonal forefoot.
Furthermore, limb phases between 25% and
75% are termed diagonal couplet gaits
because the diagonal footfalls are closer in
time, and limb phases between 0% and 25%
and between 75% and 100% are termed lat-
eral couplet gaits because the ipsilateral
footfalls are closer in time. It follows that four
gait intervals can be distinguished (Cartmill et
al., 2002) (Figure 15A): Lateral sequence lat-
eral couplet gaits (or LSLC gaits; limb phases
0–25%); lateral sequence diagonal couplet
gaits (or LSDC gaits; limb phases 25%–50%);
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diagonal sequence diagonal couplet gaits (or
DSDC gaits; limb phases 50%–75%), and
diagonal sequence lateral couplet gaits (or
DSLC gaits; limb phases 75%–100%). Note
that Hildebrand (1965) originally subdivided
the possible limb phases (0–100%) equally
into eight gaits that a trained observer could
distinguish by eye, with the trot, for example,
occupying limb phases between 43.75% and
56.25%. However, this categorisation is arbi-
trary, and the majority of studies follow the
definitions of Cartmill et al. (2002) presented
above. In the following, we review previous
use of some of the gait terms mentioned.

221 Trot (also: “trotting gait”). Symmetrical qua-
drupedal gait with a limb phase of around
50%, in which the diagonal limb pairs move
approximately in synchrony (Figure 15B). A
“trotting” animal is termed a “trotter”. In mam-
mals, the trot is often used at faster speeds
(intermediate between a walk and a gallop)
and involves bouncing mechanics and is
therefore also known as a running trot. In the
past, the term “trot” was often reserved for the
mammalian running trot. However, a walking
trot does exist as well, and the term “trot” is
now commonly used to refer only to the foot-
fall pattern and therefore applies to both runs
and walks (Biknevicius and Reilly, 2006).
Leonardi et al. (1987) used the term “primitive
alternate pace” instead of “walking trot”. More
rarely, the terms “alternating gait”, “walk in
diagonal sequence”, and “lateral sequence
walking” have been used to describe walking
trots. In horses, a slow and relaxed (running)
trot is called a “jog” (Hildebrand, 1965). The
“fox trot” in horses is a lateral sequence diago-
nal couplet gait, i.e. the diagonal limbs are not
fully in synchrony (Clayton and Bradbury,
1995). Some carnivorous mammals may
show a “side trot”, in which the manus are
placed on one side of the trackway midline
and the pedes on the other (Halfpenny, 1986).

222 Pace gait (also: “pacing gait”). Symmetrical
quadrupedal gait with a limb phase of around
0% (or 100%), in which the ipsilateral limb
pairs move approximately in synchrony (Fig-
ure 15B). In the literature, the pace gait is
often referred to simply as the “pace”, but in
the ichnological literature, this term is also a
synonym for “pace length” and “pace line”
(i.e., the distance/line between two consecu-
tive left and right tracks). Also note that “pace”
is also a synonym for “speed“ (e.g., “a steady

walking pace”). A “pacing” animal is called a
“pacer”. Leonardi et al. (1987) used the term
“amble” instead of “pace gait”. In horses,
“amble” describes different types of four-beat
gaits, but its definition is vague (Hildebrand,
1965). Note also that the “primitive alternate
pace” of Leonardi et al. (1987) refers to a
walking trot. In modern animals the pace gait
is relatively rare but can be found, for exam-
ple, in camels (Hildebrand, 1976). In larger
animals, pace gaits appear to be restricted to
narrow-gauged trackmakers because they
would cause lateral swaying of the body at
wider gauges (Lallensack and Falkingham,
2022; but see Sellers et al., 2013).

223 Singlefoot (synonym: square gait). Symmetri-
cal quadrupedal gait in which the time inter-
vals between all four footfalls are
approximately equal (Figure 15B). The single-
foot occurs at limb phases of around 25% and
75%. At 25%, it is termed the lateral-
sequence singlefoot. In horses, this gait is
known as a “walk” for slow gaits, and as a
“running walk”, “rack”, “paso”, “amble”, or “tölt”
(or “toelt”) for runs (which often lack aerial
phases, see groucho run). The diagonal-
sequence singlefoot, at around limb phase
75%, is rarely used by extant tetrapods; how-
ever limb phases between 60% and 75% are
used by muntjacs (Muntiacus), duikers (Ceph-
alophus), and many primates (Hildebrand,
1976; Cartmill et al., 2002).

224 Hildebrand diagram. A plot of limb phase
versus duty factor, the two primary variables
used to describe symmetrical gaits (Figure
15A). When the duty factor in fore and hind
limbs is unequal, a third variable is required to
fully characterise the gait (see also duty factor
index), and modified versions of the diagram
have been proposed to deal with this com-
plexity (Hildebrand, 1976). The diagram is
named after gait analysis pioneer Milton Hil-
debrand.

225 Leading foot. In asymmetrical gaits, the lead-
ing foot is the last of a contralateral pair to
contact the ground. Conversely, the trailing
foot is the first of a pair to contact the ground
(Hildebrand, 1977). Additional terms are spe-
cific to quadrupedal gaits and are discussed in
the following.

226 Gallop. Quadrupedal gait in which both the
fore and hind limb pairs show a lead (Hildeb-
rand, 1977); i.e., all four footfalls are unevenly
spaced in time (McElroy and Granatosky,
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2022). In equestrian terminology, the terms
“canter” and “lope” describe slower variants of
the gallop. A gallop in which the ipsilateral
limbs have the same lead is termed a trans-
verse gallop, while a gallop in which the diag-
onal limbs have the same lead is termed a
rotary gallop (Hildebrand, 1977). Gallops can
furthermore be subdivided into single sus-
pension (one aerial phase per step cycle)
and double suspension (two aerial phases
per step cycle) (Struble and Gibb, 2022). Note
that the fastest terrestrial gait of modern croc-
odylians is commonly referred to as a “gallop”
(Zug, 1974), but is actually a bound (Grigg
and Kirshner, 2015).

227 Bipedal hopping (synonyms: bipedal hop,
ricochet, ricocheting, bipedal saltatory gait, in-
phase hopping). Bipedal bouncing gait in
which the footfalls of the hindfeet occur in uni-
son, such as in kangaroos (“in-phase hop-
ping”). Bipedal hopping trackways are rare in
the fossil record (but see Lockley and Milner,
2014; Leonardi, 2021b).

228 Skipping (synonyms: out-of-phase hopping).
Bipedal bouncing gait in which the footfalls
are unevenly spaced in time (Figure 17F).
Skipping is mechanically similar to the gallop
of quadrupeds, and is found in, e.g., some
birds such as crows and in children that are
about 4.5 years old (Minetti, 1998). Skipping
gaits are possibly recorded by some fossil
synapsid trackways (Brasilichnium) of the
Botucatu Formation (D’Orazi Porchetti et al.,
2017).

229 Bound (synonyms: bounding gait, quadrupe-
dal hop, quadrupedal hopping gait). Quadru-
pedal gait in which the footfalls of the two hind
limbs occur simultaneously and the same is
true for the forelimb footfalls, but with a time
difference between the hind- and forelimb
footfalls. Therefore, there is no lead in either
the hind limbs or the forelimbs (Hildebrand,
1977). Examples of proposed fossil bounding
trackways include those of frogs and rodents
(e.g., Lockley and Milner, 2014).

230 Half-bound. Quadrupedal gait in which the
forelimbs show a lead but the footfalls of the
hind limbs are simultaneous (Hildebrand,
1977). The reverse condition (i.e., the lead is
expressed only in the hind limbs) is termed a
crutch walk (Hildebrand, 1977).

231 Pronk (synonym: stott). Quadrupedal gait in
which all four footfalls occur at the same time
(Hildebrand, 1977).

232 Bottom walk. Walking on the bottom of a
body of water while fully or partially sub-
merged (e.g., Grigg and Kirshner, 2015, p.
151). A related subaqueous mode of locomo-
tion is the punt (synonym: half-swimming),
which involves phases of suspension. In croc-
odylians, bottom walking and punting cannot
be considered distinct gaits (Farlow et al.,
2018b). Despite its slow speed, punting is not
a true walking gait due to the presence of
phases of suspension (Struble and Gibb,
2022). Bottom walks and punts might be rela-
tively common in the fossil track record (Far-
low et al., 2018b).

233 Limbless locomotion. Progression without
the use of limbs. Several groups of amphibi-
ans and reptiles have strongly reduced or lost
their limbs, including caecilians and several
groups of salamanders and squamates, as an
adaptation to either aquatic environments or
environments that provide little space (Wake,
2001). “Serpentine progression” has been
used as a synonym, but is discouraged here
since “serpentine” refers specifically to
snakes, not to limbless animals in general.
Crawling traces are traces produced during
limbless locomotion. We note that this term is
also used for traces of invertebrates such as
snails and arthropods, where it is not neces-
sarily restricted to limbless locomotion. The
mode of locomotion is termed “crawling” or a
“crawl”. Modern crawling traces have also
been referred to as “tracks” (e.g., “the track of
a snake”), but we here suggest using the
more general term “trail” instead (e.g., “the
trail of a snake”).

Four main types of limbless locomotion
are distinguished in modern long-bodied tetra-
pods (Gans, 1970; Wake, 2001):
• Undulation (synonyms: “lateral undula-

tion”, “serpentine crawling”) uses alter-
nate mediolateral bending. The body
bends around an irregularity (“contact
point” or “anchor point”) of the substrate
surface to generate a forward thrust. This
bend passes down the body as the ani-
mal moves. Multiple simultaneous con-
tact points create a single irregularly
undulating path that the entire body fol-
lows. Undulation is plesiomorphic (inher-
ited) in tetrapods and is found in all
limbless members of this group (Gans,
1970; Wake, 2001). Undulatory progres-
sion within dry sand, as found in some
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reptiles, is known as sand swimming
(e.g., Catena and Hembree, 2014).

• Concertina locomotion (also: “concer-
tina crawling”) is used when the sub-
strate surface provides insufficient
anchor points (surface irregularities) to
generate forward thrust. Here, the ante-
riormost part of the body forms an S-
curve to generate friction against which
the animal can push itself forwards. This
S-curve then travels down the body as
the animal moves, and a new S-curve is
formed behind the head as the previous
S-shape at the end of the body dissolves
(Gans, 1970; Wake, 2001). The principle
of concertina locomotion resembles the
two-anchor crawling (Alexander, 1982)
described for non-tetrapods such as
geometer moth caterpillars (Geometri-
dae) and lungfish (Falkingham and
Horner, 2016).

• Rectilinear locomotion allows for
steady forward progression in a straight
line. Parts of the body contract to brace
against the ground while other parts are
being stretched. These contracted parts
pass continuously down the body (Gans,
1970; Wake, 2001). In some inverte-
brates such as snails, this mode of loco-
motion has been termed “pedal
locomotion” (Alexander, 2003).

• Sidewinding is a rapid and efficient
mode of locomotion found only in
snakes. In sidewinding, the entire body is
oriented almost 90° to the direction of
travel. Only part of the body length con-
tacts the ground, while the rest is arched.
Where contact does occur, the body is
oriented about 60° to the direction of
travel, creating a very wide trace that
increases the chances of encountering
surface irregularities that the snake can
press against to generate forward thrust.
The trace is very distinctive, with a series
of single, well-defined and straight
impressions as long as the snake itself
(Gans, 1970). The term “track” has been
used to refer both to the series of impres-
sions as a whole (“trail” in our use), and
to the individual impressions themselves.

234 Galumphing. Term sometimes used to
describe the slow undulatory progression of
earless seals (Phocidae) on land that does

not involve much use of the flippers (e.g., Fui-
man et al., 2021).

235 Digital arcade. The upward arching of the
digits during most of the stance phase, which
is found in most synapsids, including modern
mammals, but not in extant reptiles (Kümmell
and Frey, 2012). This arching is due to flexion
of the middle phalangeal joint. As a result,
only the distal portions of the metapodials and
digits are deeply impressed, while the middle
portion of the digits is weakly impressed or not
impressed at all. This feature is evident in
many fossil tracks attributed to synapsids,
such as Dimetropus (Kümmell and Frey,
2012).

236 High-stepping. Drawing the foot closer to the
body than normal. This may be done to
increase foot clearance while walking over
obstacles or through soft sediment. The high-
stepping (or “goose-stepping”) in modern plo-
vers is a courtship behaviour in which the
male approaches the female by taking very
short steps with feet lifted high, which pro-
duces a characteristic trackway pattern
(Elbroch and Marks, 2001, p. 103).

237 Knuckle-walking. Walking on flexed manual
digits so that the dorsal surface of the digits is
in ground contact. A “knuckle-walker” does
not actually walk on the knuckles (i.e., phalan-
geal joints), but rather on the dorsal surfaces
of the middle phalanges (Wunderlich, 2022).
Knuckle-walking is best known from some
extant and extinct xenarthrans (e.g., Toledo
and Arregui, 2023), as well as from gorillas,
bonobos, and chimpanzees, which in the past
led to controversy over whether or not
humans evolved from a knuckle-walking
ancestor, an idea that has now been refuted
(Kivell and Schmitt, 2009).

BEHAVIOUR, PALAEOECOLOGY, AND 
ASSOCIATED TRACES

238 Subaqueous track. Track that formed under
water cover (Morales, 1987). In contrast, a
subaerial track formed when the tracking
surface was exposed to the air. Da Silva et al.
(2008) categorised Late Triassic lacertoid
footprints from Brazil as “underwater tracks”,
“semi-aquatic tracks”, “semi-terrestrial tracks”,
“wet-substrate tracks”, and “damp substrate
tracks”.

239 Swimming tracks (also: swim tracks, swim
traces, paddling traces, paddling tracks). Gen-
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eral term for tracks made by punting track-
makers or, incidentally, by fully buoyant
(suspended) trackmakers using other swim-
ming gaits (Figure 10D–E). The latter include
“paddling” (use of limbs for propulsion) and
“undulation” (use of the tail or the whole body
for propulsion) (e.g., Sadlok and Pawełczyk,
2021). McAllister (1989) proposed the term
“footmark” for swimming tracks, with three or
more footmarks forming a “traceway”. This
terminology has been adopted by a number of
ichnologists, but the general terms “track” and
“trackway”, respectively, remain more com-
mon and are preferred here. McAllister (1989)
and McAllister and Kirby (1998) proposed
additional terms specific for swimming tracks.
These include:
• Reflectures: changes in the orientation

of the digit traces in a track. Single reflec-
tures document a single change in direc-
tion and can result in “V” or “C” shaped
traces. Double reflectures indicate two
changes of direction within the same
track and can result in “S” or “Z” shapes.
Such traces, sometimes referred to as
“Z-traces” (McAllister and Kirby, 1998),
can form when the foot is moving back-
wards, then forwards, and then back-
wards again (Thomson and Lovelace,
2014; Milner and Lockley, 2016).

• Kick-off scours (or kickoff scours): irreg-
ular and indistinct grooves posterior to
the track, apparently excavated by water
eddies formed by the foot’s withdrawal
from the sediment (McAllister and Kirby,
1998; Thomson and Lovelace, 2014).

240 Takeoff trace (=take-off trace). Trace record-
ing the take-off of a flying animal such as a
bird or pterosaur (Leonardi et al., 1987) (Fig-
ure 17F). In contrast, a landing trace records
the landing of a flying animal (Leonardi et al.,
1987). Such traces are very rare in the fossil
record but see Genise et al. (2009) and Mazin
et al. (2009) for examples. Falk et al. (2017)
described takeoff and landing traces in mod-
ern chickens and observed that they were
deeper than tracks left during walking and not
always characterised by a side-by-side place-
ment of the feet.

241 Integument (also: integumentary system). In
tetrapods, the skin and its appendages such
as scales, hair, and feathers. When not cov-
ered by such appendages, the skin is “bare”
(or “naked”), directly exposing its outer layer,

the epidermis. However, bare skin, especially
of the plantar/palmar surfaces of the feet, may
be keratinized (synonym: cornified) for robust-
ness. Scales (or more precisely “epidermal
scales”, as opposed to the dermal scales of
teleost fish) are found in modern reptiles and
birds. Hair, feathers, and similar structures are
generally referred to as “filaments” (Campione
et al., 2020). Feathers are complex filaments
with a central shaft (the rachis) that gives rise
to multiple branches (the barbs), which may
themselves be branched (forming barbules).
An extensive covering of feathers and/or fila-
ments is known as “plumage” (Hendrickx et
al., 2022), while an extensive covering of hair
is known as “fur”. The feet of some birds (e.g.,
willow ptarmigan, see Höhn, 1977) and mam-
mals are densely covered with feathers or
hair, and feather and fur impressions may be
present in tracks (e.g., Elbroch, 2003, pp. 41,
166). Possible feather and hair impressions
have been reported from the fossil track
record, but such identifications remain difficult
to confirm (Retallack, 1996; Kundrát, 2004).

242 Skin impression (synonym: skin texture).
Impression showing the texture of the bare
skin or the scalation (scale bearing skin; also:
“squamous skin”) (Figures 7M, 16). Skin
impressions may be left by the plantar (or pal-
mar) surface of a foot, or by other parts of the
body in contact with the ground, particularly in
resting traces. Skin impressions can demon-
strate that a particular track is a true track, but
do not always correlate with clear track mor-
phology, especially when tracks are very shal-
low (Figure 16D).

Impressions of bare skin can appear as
folds, ridges, and grooves (Figure 16A, B).
One of the most conspicuous are impressions
of flexion creases. Flexion creases are found
in areas where flexion occurs, such as
beneath the metacarpo-phalangeal joints of
the human hand. Depending on their location,
digital flexion creases (or “interpad creases”)
and plantar (or palmar) flexion creases can be
distinguished. Flexion creases have been
reported in fossil tracks (Figure 16B) (e.g.,
Calábková et al., 2023).

Scale impressions may document “imbri-
cated” (also “imbricate”; overlapping) or non-
imbricated scales. The shape of scales can be
described as “irregular” (no obvious geome-
try) or “polygonal” (geometry of three or more
sides) (Hendrickx et al., 2022). Separate
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types of scales are distinguished in the feet of
dinosaurs and birds, which are described
using avian terminology (Hendrickx et al.,
2022). The plantar surface of birds and dino-
saurs has small, non-imbricating, circular or
polygonal scales known as reticulate scales.
A skin impression of multiple reticulate scales
has also been termed a “reticulate array”
(Gatesy, 2001). The dorsal surfaces of the
toes and the anterior surface of the tarsometa-
tarsus are typically covered with large, sub-
rectangular, and regularly arranged scales
known as “scutate scales”, or “scutes”. Similar
but smaller scales are known as “scutellate
scales” or “scutella” (Lucas and Stettenheim,
1972; Stettenheim, 2000; Hendrickx et al.,
2022). The specialised scale layer covering
the feet of birds and at least some theropod
dinosaurs (Cuesta et al., 2015) is known as
the podotheca (Stettenheim, 2000).

243 Striations (synonyms: striae, striation marks,
scratch lines). Narrow grooves in a track that
are typically parallel to each other and record
the movement of the foot while in contact with
the substrate. Striations may be formed by
scales or other features of the foot, or by sedi-
ment particles attached to or dragged by the
foot. Striations formed by scales have also
been termed “scale striations” or “scale
scratch lines” (Milner and Lockley, 2016).
Entry striations are those formed as the foot
enters the substrate, whereas exit striations
are formed as the foot withdraws (Gatesy,
2001). Striations are sometimes classified as
a type of skin impression (Gatesy, 2001); how-
ever, they form by the movement of the skin
against the substrate and can therefore be
more aptly referred to as striation “marks”
rather than striation “impressions”.

244 Ichnopathology. A pathology of the trace-
maker inferred from its traces (McCrea et al.,
2015). The term also refers to the study of
such pathologies, as a subdiscipline of palae-
opathology (the study of fossil pathologies).
Pathologies have been inferred both from
morphological features of individual tracks
(especially when repetitive in a trackway) and
from the trackway pattern. For example, track
features interpreted as pathologies in dino-
saurs include swellings, extreme curvature,
and lack of particular digit impressions
(McCrea et al., 2015). Such pathologies can
be difficult to distinguish from features that are
unrelated to foot shape – for example, track-

ways of modern birds may consistently lack
one of the main digits under certain conditions
(Figure 17E) (Richter and Böhme, 2016, fig.
17.7; Lallensack, pers. obs.). Pronounced dif-
ferences in the right and left step lengths (Fig-
ure 17A) may possibly indicate a limp, with
the longer step associated with an injured foot
or leg (Lockley et al., 1994b). However, in
most cases, such asymmetries are more likely
the result of laterality, or footedness – the
trackmaker’s preference of one foot over the
other (Figure 17A). McCrea et al. (2015 p.
246) therefore proposed to use the general
term irregular gait when there are “irregulari-
ties in the pace or stride values”, and the more
specific term “limping gait” when the irregular-
ity can be clearly associated with a pathology.
Note that differences between the right and
left step lengths may also be caused by tec-
tonic deformation (Figure 5C) (Schulp, 2002).

245 Posterior mark. Any extension posterior to
the expected impression of the foot (Lallen-
sack et al., 2022b). Posterior marks include
drag marks, retro-scratches, metatarsal
marks, and traces of uncertain origin. Tridactyl
dinosaur tracks with long metatarsal marks
have been termed elongate tracks (Kuban,
1989b). Such tracks have been interpreted as
evidence for facultative plantigrade locomo-
tion (Kuban, 1989b), but in most cases are the
result of deep penetration of the foot into soft
sediment followed by sediment collapse (Lal-
lensack et al., 2022b).

246 Drag mark (synonyms: drag trace, smear
mark, smears). Trace that records the drag-
ging of a body part across or through the sub-
strate (Figure 7D, 17B–D). Unlike scratch
marks, drag marks are generally formed by
dragging in the direction of travel. Common
types include digit drag marks (or digit drags),
tail drag marks (or tail drags), and belly drag
marks (or belly drags). Drag marks of digits or
of the whole foot can form both when entering
and exiting the substrate and can extend from
one track to the next. Similar, but less com-
monly used terms are “skim mark” and “skid
mark”. Allen (1997) described “skim marks” as
long traces left by “part of the bent foot before
a descent into deep mud” (Allen, 1997, p. 484)
and “skid marks” as slipping of the whole foot
“in a soft but thin layer, before engaging with
and descending into firmer sediment below”
(Allen, 1997, p. 484). The exact distinction
between these types is unclear, and, given
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their inconsistent use in the literature, we con-
sider them as synonymous with “drag marks”.
The term “scrape mark” has been used as a
synonym for both “drag mark” and “scratch
mark”. Note that in sedimentology, “drag
mark” has also been defined as a type of tool
mark (Dżułyński and Walton, 1965).

247 Scratch marks (synonyms: scratches,
scratch traces, scrape marks). Grooves
formed by the digit when the limb (or parts of
it) is retracted, e.g., when scratch-digging,
swimming, climbing, or kicking off the ground.
“Scratch mark” is sometimes treated as a syn-
onym of “drag mark” (e.g., Allen, 1997). Thul-
born and Wade (1989) defined the term retro-
scratches for scratches that extend beyond
the rear wall of the track as the foot slipped
backwards during kick-off. Many modern
birds, particularly shorebirds, excavate nest
scrapes (or simply “scrapes”), which are rela-
tively simple depressions in the ground. In
plovers, males construct multiple nest scrapes
as a part of their courtship display. Lockley et
al. (2016) described fossil scrapes associated
with tracks of non-avian theropods, which
might indicate similar nest scrape display
behaviours in dinosaurs.

248 Slip mark (synonym: slide mark). Trace doc-
umenting the slipping of a foot on a wet sur-
face (Figure 8C, 11E). Typically found as a
posterior mark merging into the track itself.
Slip marks are often broad with an indistinct
posterior margin, asymmetrically curved and
sometimes angled against the long axis of the
track, and may show striations aligned with
the direction of sliding (Lallensack et al.,
2022b).

249 Traction. The friction between the foot and
the substrate. Modern tetrapods may have
adaptations to increase traction to reduce slip-
ping on wet substrates, such as furrows cov-
ering the keratinous pads of elephants (Figure
16A) or scales on the sole area of tortoises;
such adaptations may potentially be pre-
served in fossil tracks (Hall et al., 2016).

250 Tail traces. Two types of tail traces can be
distinguished: tail impressions and tail drag
marks (or “tail drags”) (Platt and Hasiotis,
2008; Kim and Lockley, 2013). Tail drag marks
document the dragging of the tail across the
substrate, whereas tail impressions show no
evidence of forward movement (e.g., in rest-
ing traces). Platt and Hasiotis (2008) pro-
posed quantifying tail drag marks based on

two metrics: the “percent interruption metric”
(the amount of interruption of the tail trace)
and “sinuosity” (the amount of curvature of the
tail trace). These metrics approximate the ver-
tical and lateral tail motion, respectively, and
can therefore inform about trackmaker loco-
motion. Kim and Lockley (2013) preferred
more general and qualitative descriptors to
describe the “path” of the tail trace, which can
be “straight”, “irregular”, or “sinuous”. Tail drag
marks may show various ornamentations
(repetitive markings within the trace), most
conspicuously chevron patterns (or “her-
ringbone striae”) which possibly form when
sediment is dragged into the trace by the tail
(Rainforth, 2002; Kim and Lockley, 2013).

251 Resting trace (synonyms: crouching trace,
sitting trace, cubichnia). Trace documenting
resting of the trackmaker, usually by crouch-
ing or lying down (Figure 10G). Resting traces
are generally (but not necessarily) character-
ised by a side-by-side arrangement of the
tracks rather than a zig-zag arrangement, and
the impression of body parts that are not nor-
mally in ground contact, such as tail impres-
sions, manus impressions (in bipeds),
metatarsal impressions (in digitigrade track-
makers), or ischial callosity impressions
(Lockley et al., 2003, p. 200; Milner et al.,
2009).

252 Ischial callosity impression. The impression
of the soft tissue bulging around the distal end
of the ischium (Figure 10G). Ischial callosity
impressions (sometimes simply referred to as
“ischial callosities”) are sometimes found in
dinosaur resting traces. Less commonly, the
term “callosity impression” is used to refer to
impressions of bulge-like soft tissues within a
track (Lockley et al., 2003; Milner et al., 2009).

253 Feeding trace (synonym: foraging trace).
Traces documenting the feeding activity of the
trackmaker may be associated with tracks,
particularly bird tracks. Bird feeding traces
include peck marks, formed by pecking at the
sediment surface, and probe marks, formed
by straight insertion of the beak into the sedi-
ment (see Falk et al., 2010, and references
therein).

254 Palmate track. Track in which the interdigital
space (the area between the digit impres-
sions) is depressed (Figure 7E). Palmate
tracks may indicate the presence of extensive
webbing, i.e., interdigital webs (membranes
between the digits) that may have been used
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for swimming. However, palmate tracks can
also form as a result of sediment failure, which
can be difficult to distinguish from actual web-
bing in isolated tracks (Falkingham et al.,
2009). A track showing evidence of a “webbed
foot” is also termed a “webbed track”.

A distinction is made between “distal
webs” which cover much of the interdigital
space; “mesial webs” which reach only to the
mid-lengths of the digit impressions; and
“proximal webs” which are restricted to the
area close to the hypexes (e.g., Halfpenny,
2019). Furthermore, the term semipalmate
(=semi-palmate) is used when the web
extends only between the proximal part of the
digits (Proctor and Lynch, 1993). In birds, the
terms “palmate” and “semi-palmate” are used
when digits II, III, and IV, but not digit I, are
connected by webs. In cases where an addi-
tional web is present between I and IV, the
condition is termed totipalmate (=toti-pal-
mate) (Proctor and Lynch, 1993). The condi-
tion where digits are widened by skin lobes
(also “fringes”), but the lobes of adjacent digits
are not connected, is known as lobate; such
feet are found in grebes (Proctor and Lynch,
1993).

255 Gregariousness. The association of track-
makers in groups (Figure 8A). Thulborn
(1990) referred to groups of herbivorous dino-
saurs as herds and to groups of theropods as
packs; groups of birds are often referred to as
flocks (e.g., Yang et al., 1995). The occur-
rences of multiple sub-parallel trackways has
been taken as evidence of gregariousness
(Ostrom, 1972). However, such interpretations
are rarely unambiguous, and similar trackway
orientations could also be due to the presence
of physical barriers (e.g., lake shores) com-
bined with time averaging (Myers and Fiorillo,
2009; Getty et al., 2015). Features such as
similar impression depths may indicate that
the tracks were made at approximately the
same time (Lockley, 1991), but cannot rule out
possible intervals of time between the pres-
ence of independent trackmakers (Myers and
Fiorillo, 2009). Additional lines of evidence for
gregariousness may include side-by-side
trackways that rarely cross (Currie, 1983) or
show consistent intertrackway spacing (dis-
tance between parallel trackways). Interaction
between trackmakers may also be evident, for
example when trackways change course in
unison (Currie, 1983). Cotton et al. (1998)

also required that the speed of locomotion
inferred from trackways must be consistent.

256 Stampede. Event of sudden escape of a
larger group of trackmakers. The only stam-
pede so far described from the fossil track
record is Lark Quarry, Australia (Thulborn and
Wade, 1984); this interpretation of the site has
been controversial (Romilio and Salisbury,
2011, 2014; Romilio et al., 2013; Thulborn,
2013, 2017; Lallensack et al., 2022d).

257 Tool mark. A mark on the sediment surface
left by an object (organic or inorganic) that has
been passively moved by a current (Figure
12C). The object responsible is called a tool.
Tool marks are a type of sole mark and ero-
sional structure. In sedimentology, different
types of tool marks have been defined, such
as groove marks (long, straight, and through-
like), chevron marks, prod marks, and roll
marks, among others (Dżułyński and Walton,
1965). Reineck and Singh (1980) also classi-
fied impressions of stationary objects as well
as obstacle marks (deposition or erosion of
sediment behind an object due to deflection of
the current flow) as a type of tool mark. Note
that anthropic traces such as chisel marks
associated with tetrapod tracks have also
been described as “tool marks”.

258 Ichnodiversity. The ichnotaxonomic rich-
ness, i.e., the number of ichnotaxa (typically
at the ichnogenus level) present in a sample
(Figure 9A) (Buatois and Mángano, 2013).
The number of individuals per ichnotaxon has
been termed ichnoabundance (Knaust et al.,
2014), and the systematic counting of individ-
uals is called a census. A complementary
concept is ichnodisparity, which assesses
the diversity of gross morphological plans of
the tracemakers and can therefore reflect
diversity at broader scales than is possible
with ichnodiversity (Buatois and Mángano,
2011). Note that the terms “ichnodiversity”,
“ichnoabundance”, and “ichnodisparity” origi-
nate from invertebrate ichnology, and that only
“ichnodiversity” has already found wider use
in studies of fossil tetrapod tracks.

259 Census. The systematic counting of individu-
als per trackmaker taxon, ichnotaxon, or mor-
photype. In the case of transit sites that show
directional movements, it may be assumed
that one trackway represents one individual,
with the caveat that separate trackways could
theoretically have been left by the same indi-
vidual trackmaker at different times (Lockley,
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1997). This approach may not be feasible
when the trackmakers might have been mill-
ing, in which case the individual tracks (rather
than trackways) could be counted to estimate
trackmaker abundance (Cohen et al., 1993). If
the tracks are preserved on multiple small
slabs, the slabs containing the respective
taxon or morphotype could be counted (“track/
slab method”; Marchetti et al., 2017). In mod-
ern wildlife monitoring, track densities are
used to estimate population densities, and
machine learning approaches are available to
estimate the minimum number of individuals
of particular species based on photographs of
individual tracks (e.g., Funston et al., 2010;
Moreira et al., 2018; Alibhai et al., 2023).

ICHNOTAXONOMY

Names are crucial to scientific communica-
tion. The formal naming and classification of trace
fossils is known as ichnotaxonomy. However, the
question of how such names should be defined
has led to ongoing debate. In tetrapod track ichno-
taxonomy, ichnotaxa are assumed to relate to the
taxonomy of the trackmakers and have therefore
been described as “proxies of biotaxa” (Hunt and
Lucas, 2007). A tetrapod ichnotaxon ideally reflects
some higher-level biological taxon, although near-
identical tracks may be produced by trackmakers
that are only distantly related (Farlow et al.,
2012a). In invertebrate ichnotaxonomy, in contrast,
ichnotaxa relate to the behaviour of the trackmak-
ers, and, consequently, an ichnotaxon can be pro-
duced by different unrelated tracemaker taxa
(Lockley, 2007; Hunt and Lucas, 2016). These dif-
ferent approaches have also been termed the “bio-
taxonomic approach” and the “ethological
approach”, respectively (Hunt and Lucas, 2007).

Tetrapod ichnotaxonomy suffers from over-
splitting (Lucas, 2007) – the erection of more ich-
notaxa than can be reliably distinguished. This is
particularly true of dinosaur track ichnotaxonomy,
where new, poorly defined ichnotaxa continue to
be named. Oversplitting has been attributed to the
use of features that do not inform, or mislead,
about the anatomy of the trackmaker (Lucas,
2007). However, a deeper cause may be at play as
well: Fossils that remain unnamed are “bound to
sink into oblivion sooner or later” (Bertling et al.,
2022, p. 1). New names, in particular, create a
higher impact, even if they are built on shaky foun-
dations. While understandable, such a practise
threatens the credibility of ichnotaxonomy as such
(Marchetti et al., 2019a, p. 115), and makes it more

difficult to achieve its ultimate goal: a better under-
standing of palaeobiology, palaeoecology, palaeo-
geography, and evolution.
260 Ichnotaxonomy. The classification, definition,

and formal naming of groups of trace fossils
based on shared features. These groups of
trace fossils are known as ichnotaxa.
Researchers who study ichnotaxonomy are
called “ichnotaxonomists”. Ichnotaxonomy
mirrors biological taxonomy but is entirely
decoupled from it (i.e., an ichnotaxon applies
only to the trace, not to the tracemaker).
Therefore, ichnotaxonomy is a parataxon-
omy, i.e., a taxonomy that is parallel but inde-
pendent from “biological taxonomy”
(synonyms: “biotaxonomy”, “orthotaxonomy”),
and ichnotaxa are “parataxa” (as opposed to
“biological taxa”, “biotaxa”, or “orthotaxa”)
(Bengtson, 1985). Note that outside of palae-
ontology, the term “parataxonomy” instead
describes taxonomic identifications made by a
junior taxonomist.

261 Nomenclature. The formalised rules for the
erection and handling of taxonomic names.
Nomenclature is governed by the International
Code of Zoological Nomenclature (ICZN, or
simply “the Code”) (International Commission
on Zoological Nomenclature, 1999). The ICZN
restricts ichnotaxonomy to fossil traces, while
names for recent traces are not allowed
unless published before 1931 (see Bertling et
al., 2022, for an overview). Note that ichnolog-
ical criteria (e.g., which ichnotaxobases are
considered to be valid) are not the objective of
nomenclature and are therefore not covered
by the ICZN.

262 Open nomenclature. An approach to assign-
ing ichnotaxonomic names to trace fossils
without committing to a formal assignment.
This can be achieved by using the abbrevia-
tion cf. (“compare”, e.g., “cf. Brontopodus”) to
indicate uncertainty in the assignment, and
the abbreviations aff. (“closely related to” or
“affinity to”) to indicate that an ichnotaxon is
similar but not identical to the described mate-
rial (Bertling, 2007).

263 Ichnosystematics (also: systematic ichnol-
ogy, systematic palaeoichnology). The study
of the relationships between ichnotaxa
(Bertling et al., 2006). Researchers concerned
with systematics are known as “systemati-
cists”.

According to the above definition, ichno-
systematics is concerned with the structure of
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the classification system, and is therefore dis-
tinct from ichnotaxonomy (Bertling et al.,
2006; Bertling, 2007). We note, however, that
in biology there is no agreement on the pre-
cise definitions of “taxonomy” and “systemat-
ics”, and taxonomy is often considered a
branch of systematics. This latter definition is
reflected in the common “Systematic ichnol-
ogy” sections in ichnological publications,
which mostly deal with ichnotaxonomy. We
also note that ichnologists rarely deal with ich-
notaxa above the ichnogenus level, and con-
sequently ichnosystematics in the narrow
sense as defined by Bertling et al. (2006)
remains a poorly developed branch of ichnol-
ogy.

264 Ichnotaxon (plural: ichnotaxa). “A taxon
based on the fossilized work of an organism,
including fossilized trails, tracks or burrows
(trace fossils) made by an animal” (Interna-
tional Commission on Zoological Nomencla-
ture, 1999). An “ichnotaxonomic name” is the
name of an ichnotaxon.

265 Ichnogenus (plural: ichnogenera; abbrevia-
tion: igen.). The primary rank in tetrapod ich-
notaxonomy, analogous to the genus rank in
biological taxonomy. An intermediate rank
between ichnospecies and ichnogenus is the
ichnosubgenus; this rank is recognised by
the ICZN but rarely used (Bertling et al.,
2006).

266 Ichnospecies (abbreviation: isp.). According
to binominal nomenclature, at least one ichno-
species (the type ichnospecies) is erected
with each new ichnogenus. An ichnogenus is
“monotypic” if it contains only a single ichno-
species; this is the case for many, if not most,
currently recognised ichnogenera in both
invertebrate and vertebrate ichnology
(Bertling, 2007). Additional ichnospecies may
be named when variation within an ichno-
genus allows. The extent of said variation is
not formalised, however. Bertling (2007)
argued that the diagnosis of an ichnogenus
should always be sufficiently broader than that
of an ichnospecies. Ichnosubspecies are
recognised by the ICZN but rarely used
(Bertling et al., 2006).

267 Ichnofamily (abbreviation: ifam.). Although
recognised by the ICZN, this higher ichnotax-
onomic rank should be (and is) used sparingly
(Bertling, 2007). Ichnotaxa above the rank of
an ichnofamily, such as ichnoorders, have

been defined but are not recognised by the
ICZN.

268 Characters. Observable characteristics of
taxa. In ichnotaxonomy, characters are often
continuous (e.g., length-to-width ratio) rather
than discrete (e.g., the number of digit
impressions). The expression of a character in
a particular taxon or specimen (e.g., the pres-
ence of three digit impressions) is known as a
trait or “character state”.

269 Ichnotaxobases. Characters suitable for
defining ichnotaxa (cf. Bromley, 1996). For tet-
rapod tracks, only morphological characters
that inform about the anatomy of the track-
maker taxon qualify as ichnotaxobases (Mar-
chetti et al., 2019a). The mode of locomotion
can be considered an ichnotaxobase if it is
unlikely to merely reflect intraspecific differ-
ences in behaviour (Marchetti et al., 2019a).
The use of size as an ichnotaxobase is con-
troversial, as differences in size may result
from different ontogenetic stages of the same
trackmaker. Bertling et al. (2022) argued that
size cannot be the sole ichnotaxobase unless
recent analogues indicate that the observed
size differences are indeed due to different
trackmaker taxa. The more general term
“taxobase” also applies to body fossils,
although its use outside the field of ichnology
is limited. “Ichnogeneric taxobases” apply to
ichnogenera, while “ichnospecific taxobases”
apply to ichnospecies.

270 Diagnosis (plural: diagnoses). The set of
traits that define a taxon. A diagnosis should
consist of either autapomorphies (unique
traits), a unique combination of traits, or a
combination of both. In tetrapod ichnology,
however, diagnoses commonly include gen-
eral traits that are neither unique nor form
unique combinations. A diagnosis does not
fulfil its purpose if the precise traits that distin-
guish the ichnotaxon from similar ichnotaxa
remain unclear.

271 Holotype. The single representative speci-
men that defines a species (or ichnospecies).
The set of specimens on which the original
description of the taxon was based is termed
the type series; any member of a type series
(including the holotype) is known as a type
specimen (Quicke, 2013). If the taxon was
originally defined based on a set of specimens
but no individual specimen was chosen as
holotype, such a single specimen may subse-
quently be selected and is then referred to as
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the lectotype. The locality where the holotype
was discovered is the type locality. If other
specimens from the type locality belong to the
same species, they are termed topotypes
(Quicke, 2013). If the holotype of a taxon is
lost, a new one may be defined, which is then
termed the neotype. An artificial physical
replica made from a holotype specimen is
often termed a plastotype, although the ICZN
does not consider replicas to be eligible types
(Lucas and Harris, 2020). Note that the term
“plastotype” is also used when the replica
consists of materials other than plaster (Lucas
and Harris, 2020). The term digitype refers to
digital 3D models of holotype specimens
(Mujal et al., 2020).

272 Synonyms. Two or more names applied to
the same taxon. The first published synonym
(the “senior synonym”) takes priority (prece-
dence) over all later names (the “junior syn-
onyms”) according to the rules of the ICZN.
Synonyms may be objective (derived directly
from ICZN rules or actions) or subjective
(based on the judgement of an ichnologist).
For example, if ichnogenus A is merged with
ichnogenus B, and ichnogenus B was named
earlier, ichnogenus A becomes a “junior sub-
jective synonym” of ichnogenus B.

273 Invalid name. The name of an ichnotaxon
that either does not conform to ICZN rules
(and is therefore an “unavailable name”), is a
junior synonym, or is not applicable to the
taxon in question (International Commission
on Zoological Nomenclature, 1999). Note that
the term “invalid” is commonly used in a
broader sense to refer to any doubtful name
that should be abandoned. The technically
correct term for such use cases is “nomen
dubium”.

274 Nomen dubium (“dubious name”; plural:
nomina dubia). “A name of unknown or doubt-
ful application” (International Commission on
Zoological Nomenclature, 1999). An ichno-
taxon may be declared a nomen dubium if it is
based on inadequate material (e.g., poor
preservation or lack of anatomical fidelity), or
if it cannot be adequately diagnosed (morpho-
logically distinguished from similar ichnotaxa).

275 Phantom taxon (plural: phantom taxa). An
ichnotaxon based on extramorphological fea-
tures (Haubold, 1996). Phantom taxa are

nomina dubia, as only morphological features
that reflect the anatomy of the trackmaker are
considered useful ichnotaxobases. Marchetti
et al. (2019a) introduced the term “ichnota-
photaxon” as a synonym of “phantom taxon”,
derived from the term “taphotaxon” proposed
by Lucas (2001) for body fossils. However, in
the literature, “taphonomy” typically refers to
“after track formation” when applied to tracks,
so the term “ichnotaphotaxon” is potentially
misleading.

276 Morphotype (synonym: ichnomorph). A mor-
phologically distinguishable category within a
sample of tracks or trackways. The morpho-
type concept is informal and is often used
before ichnotaxonomic assignments are
made, or when such assignments are not pos-
sible or desirable.

277 Plexus (plural: plexuses). A group of similar
ichnotaxa that form a morphological contin-
uum, i.e., intermediate morphologies are com-
mon. An example is the Grallator-
Anchisauripus-Eubrontes (GAE) plexus,
where Anchisauripus is an intermediate form
between the end members Grallator and
Eubrontes (Lockley, 2009).
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