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Thinopus and a Critical Review of Devonian Tetrapod
Footprints

Spencer G. Lucas

New Mexico Museum of Natural History, Albuquerque, New Mexico, USA

Devonian tetrapod tracks and trackways can be recognized by
three criteria: morphology of the manus and pes impressions that
matches known Devonian tetrapod skeletal morphology, manus
smaller than pes, and the alternating trackway pattern that
results from lateral sequence walking in quadrupedal tetrapod
locomotion. The first reported Devonian tetrapod track, named
Thinopus antiquus, from Pennsylvania, is not a tetrapod track
and is likely an impression of a fish coprolite(s). A critical review
of the published Devonian track record indicates only three can
be verified as produced by a tetrapod trackmaker—Genoa River,
Australia; Easter Ross, Scotland; and Valentia Island, Ireland.
The supposed tetrapod tracks from the Middle Devonian of the
Zachelmie quarry, Poland, fail the criteria for identification as
Devonian tetrapod tracks. Indeed, no convincing case has been
made that the Zachelmie structures are tetrapod tracks. Instead,
they are reinterpreted as fish nests/feeding traces (ichnogenus
Piscichnus). The oldest Devonian tetrapod trackway is Givetian
and this is the oldest record of a tetrapod, but the sparse record
of Devonian tetrapod tracks is of no other biostratigraphic and
little paleobiogeographic significance. Bona fide Devonian
tetrapod tracks are from nonmarine facies, so they do not
support a marginal marine origin of tetrapods. They indicate
lateral sequence walking and pelvic-limb-propelled, fully
terrestrial (subaerial) locomotion in freshwater environments by
at least some Devonian tetrapods.

Keywords Thinopus, Tetrapod, Track, Trackway, Lateral sequence
walking, Devonian, Piscichnus

INTRODUCTION

The origin of tetrapods—classically, the transition from fish

to amphibian—was a Devonian event that has been the focus

of much research and discussion for over a century. Aside

from character evolution and phylogeny reconstruction, much

of the discussion has focused on timing and paleoenvironmen-

tal context—when and where did the origin of tetrapods take

place? In other words, how old is the oldest Devonian tetrapod

fossil? And, did the fish-amphibian transition take place in a

marginal marine or a freshwater setting?

The answers to these questions have mostly been based on

the body fossil record of Devonian tetrapods and their closest

relatives. This record was long only the fossils of Ichthyostega

and Acanthostega from the Upper Devonian of Greenland (Jar-

vik, 1996). However, in the last few decades, the body fossil

record of Devonian tetrapods has been much augmented by

the discovery of new genera of tetrapods (e.g., Elginerpeton,

Metaxygnathus, Sinostega, Hynerpeton, Densignathus, Tuler-

peton, Ventastega) and of their nearest relatives, the

“tetrapodomorph fishes” (particularly Panderichthys, Elpistos-

tege, and Tiktaalik) (e.g., Campbell and Bell, 1977; Ahlberg,

1998; Ahlberg et al., 1994, 2008; Lebedev and Clack, 1993;

Lebedev and Coates, 1995; Zhu et al., 2002; Shubin et al.,

2004; Daeschler et al., 2006). Current understanding thus is of

a Devonian tetrapod body fossil record from diverse localities

and an important record of the tetrapodomorph fishes that are

the closest relatives of tetrapods.

Trace fossils of Devonian tetrapods—their inferred track-

ways—have also played a role in understanding tetrapod ori-

gins (Fig. 1). Initially, this role was mostly in efforts to

interpret the locomotion of the earliest tetrapods, well exem-

plified by the discussion of the supposed tetrapod footprint

Thinopus reviewed below. However, since the 1970s, several

records of inferred Devonian tetrapod trackways have been

used to illuminate the timing of tetrapod origins and even

aspects of that evolutionary history. Particularly significant in

this regard was a recent report of Middle Devonian tetrapod

trackways from Poland by Nied�zwiedski et al. (2010). This
record has been used to both push back the origin of tetrapods

and to reassess the paleoenvironmental setting of tetrapod

origins.

The first published claim of a Devonian tetrapod footprint

was by Marsh (1896), of “footprints” he named Thinopus anti-

quus. This ichnotaxon figured prominently in early discussions

of basal tetrapod locomotion, but was later rejected as a tetra-

pod footprint and essentially forgotten. This, however, was

done without a careful re-evaluation of the holotype of Thino-

pus, which is undertaken here. Clack (1997) presented a useful

review of the ichnological record of Devonian tetrapods (also

see Clack, 2000, 2002, 2012). However, I feel that an even
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more critical and current evaluation than she presented is

needed. Thus, this paper not only presents a “long lost” reap-

praisal of Thinopus, but also an up-to-date critical review of

the Devonian record of tetrapod tracks and trackways and its

significance.

RECOGNITION CRITERIA

Before reviewing the Devonian tetrapod track and trackway

record, I identify criteria for the recognition of Devonian trace

fossils as tetrapod tracks or trackways. These criteria are

implicit in much of the literature on this subject but have not

been explicitly articulated.

Assignment of a structure to a Devonian tetrapod must, of

course, be informed by the skeletal morphology of Devonian

tetrapods. However, what we know about geologically youn-

ger tracks and trackways, and what we know about the quadru-

pedal locomotion of tetrapods, are also important in

establishing criteria. These criteria are threefold: (1) track

morphology, (2) differentiation of manus and pes, and (3)

trackway pattern.

Footprint Morphology

Single “footprints” attributed to Devonian tetrapods have

proven to be highly problematic, as the examples of Thinopus

and Notopus discussed below demonstrate. This is because we

lack an extensive Devonian record of tetrapod footprints so

that matching such isolated structures to a well-documented

range of footprint morphologies and extramorphologies is not

possible. In contrast, younger Paleozoic footprint records are

extensive, so even isolated footprints can be compared with a

well understood range of track morphology and extramorphol-

ogy (e.g., Haubold, 1971; Voigt, 2005; Fillmore et al., 2010).

The fins of tetrapodomorph fishes all bear endochondral

bones partially sheathed in lepidotrichia (Figs. 2 and 3). Fur-

thermore, the proximal portions of the fins were covered with

scales. These two features, the scales and lepidotrichia, make

it difficult to conceive of any extensive amount of terrestrial

locomotion supported by the fins of tetrapodomorph fishes.

However, the tetrapod limbs of Acanthostega and Ichthyostega

lack the scales and lepidotrichia (except for a few retained in

Acanthostega, perhaps to strengthen the foot; Coates, 1996).

Instead, they have endochondral phalanges (Figs. 2 and 3).

The skeletal morphology of the limited fossil record of the

manus and pes of Devonian tetrapods (Fig. 3) indicates that

the manus is short and wide, polydactyl (more than five digits)

and has digits that are straight, slightly tapering distally and

blunt tipped or pointed. The pes is longer than wide and also

polydactyl with digit shapes similar to those of the manus.

Typically, Devonian tetrapods are reconstructed with webbed

feet, but that webbing is inferential. The inferred limb posture

of Devonian tetrapods has been restored as a paddle limb (Ahl-

berg et al., 2005) in which the digits face laterally, or a straight

limb with forward-directed digits (Jarvik, 1996). Given the

lack of an ossified carpus/tarsus in Devonian tetrapods, the

skeletal anatomy makes both digit postures possible.

In sum, the footprints of Devonian tetrapods, if well pre-

served (ideal morphology, no extramorphology) would have a

manus wider than long and a pes longer than wide. Both

manus and pes would be polydactyl (have more than five dig-

its). The impression of interdigital webbing might be present,

and the digits could have been oriented laterally.

Differentiation of Manus and Pes

Differentiation of the manus and pes is characteristic of tet-

rapods (Figs. 3 and 4). Indeed, the manus and pes skeletons of

FIG. 1. Map of Devonian continental configuration showing principal tetrapod body fossil localities and localities of putative Devonian tetrapod tracks discussed

in the text. Abbreviations are Ar D Avalonia, B D Baltica, K D Kazakstan, Lu D Laurentia, NC D North China, SC D South China, Sib D Siberia, Ta D Tarim.

Localities are: 1. Genoa River, Australia; 2. Grampians Range, Australia; 3, Paran�a, Brazil; 4, Kap Graah, Greenland; 5, Orkney Islands, Scotland; 6, Easter

Ross, Scotland; 7, Valentia Island, Ireland; 8, Zachelmie quarry, Poland.
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early tetrapods, and the pectoral and pelvic fins of their cros-

sopterygian ancestors, differ from each other (Fig. 2). Thus, in

Carboniferous-Permian (late Paleozoic) tetrapods, the manus

is characteristically smaller than the pes, and it has a different

configuration (often is more compact) than the pes (Fig. 4).

Very early, differentiation of digit number is seen as well,

with a pentadactyl pes and tetradactyl manus common in

many late Paleozoic tetrapods (amphibians), mirrored by the

well known Carboniferous footprint ichnotaxa Hylopus,

Palaeosauropus, Batrachichnus, Limnopus and Matthewich-

nus (Haubold, 1971; Fillmore et al., 2010).

Therefore, I expect that we should be able to distinguish the

manus and pes in Devonian tetrapod trackways by both size

and shape—manus smaller, short and wide, pes larger, longer

than wide and manus with the same number or fewer digits

than the pes. Nevertheless, this prediction is confounded by

the Devonian tetrapodomorph fish body fossil record, which

encompasses some animals with larger forefins than hind fins,

and a less than clear differentiation of size and shape between

the fore feet and hind feet in some Devonian tetrapods (Figs. 2

and 3). Against that are evident Devonian tetrapod trackways

(discussed below) that show a size difference between manus

and pes impressions. Thus, the balance of data suggest that

there were Devonian tetrapods with a manus smaller than the

pes, though other shape differences that might be evident in

the track record were likely not present.

Trackway Pattern

It has long been argued that the primitive pattern of tetrapod

walking is an alternating gait (lateral sequence walking), in

which the manus of one side is placed forward in sync with the

pes of the opposite side, followed by the reverse, so the

sequence of limb movement is right forelimb-left hind limb-

left-forelimb-right hind limb (e.g., Gray, 1939; Schaeffer,

1941; Hildebrand, 1980) (Fig. 4). This pattern is well docu-

mented in living lissamphibians and is evident in all Carbonif-

erous and Permian tetrapod trackways (e.g., Haubold, 1984).

In contrast, arthropod gaits produce trackways that are charac-

teristically a set of symmetrical marks (tracks) that define a

linear or curved trail that may have a median impression (usu-

ally a telson drag mark) or no median impression (e.g., Trewin,

1994). Diplichnites is a well-known ichnogenus of Paleozoic

arthropod walking traces, and includes the large Carboniferous

trails of myriapod-like producers (some of which are as large

as 28 cm wide: Schneider et al., 2010).

Only under special conditions could a Devonian tetrapod

produce such a symmetrical trail, as this would require

hopping or trotting. Indeed, a symmetrical gait in Devonian

tetrapods seems highly unlikely given its mechanical

demands, which include bending of the vertebral column,

rotation of the limb girdles and a large amount of rotation

and retraction of the limbs (Pridmore, 1995; Pierce et al.,

2012, 2013). Ahlberg et al. (2005) suggested that Ichthyos-

tega walked with an alternating gait with a rigid trunk ele-

vated above the substrate, or used an “inchworm” motion

with vertical flexure of the lumbar region of the vertebral

column. In contrast, Pierce et al. (2012, 2013) argued that

Ichthyostega locomoted like a modern mudskipper,

“crutching” on the pectoral appendage. This would have

allowed Ichthyostega to make symmetrical gait impressions

(“a series of bilateral forelimb impressions” Pierce et al.,

2012, p. 525) with the pectoral appendage. However, as in

the case of the mudskipper (see below), there would also

be a body/tail drag impression(s) unless somehow the ani-

mal’s hind limbs and abdomen were water supported while

it “crutched” on the pectoral appendage. I thus think it was

theoretically possible for a Devonian tetrapod to produce a

symmetrical trackway (Edwards, 1977), but the circumstan-

ces and mechanism both seem unlikely.

Living sarcopterygian fishes, notably the coelacanth Lati-

meria, use an alternating motion of the fins when slow swim-

ming (Fricke et al., 1987; Fricke and Hissmann, 1991). This

suggests that the muscular ability to produce an alternating

gait was primitive among sarcopterygians and thus was inher-

ited by tetrapods from their ancestors. Ro�cek and Rage (1994)

argued that Devonian tetrapod locomotion on land was by

FIG. 2. Lateral views of skeletons and body outlines of selected tetrapodo-

morph fishes and Devonian tetrapods. Scale bars D 10 cm; note that all of

these animals have gleno-acetabular lengths between 19 and 54 cm. After Car-

roll (2009, fig. 3.1).
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crawling, dragging the ventral part of the body, instead of

walking with the body supported by the limbs. They pointed to

the heavy ribs and gastralia of Ichthyostega as evidence that

the animal dragged its abdomen. However, Ahlberg et al.

(2005) and Carroll and Holmes (2007) argued that the rela-

tively large and robust limb girdles of Acanthostega and Ich-

thyostega indicate that the trunk could be held above the

ground.

Indeed, late Paleozoic tracks of amphibians encompass rel-

atively few examples of body dragging (e.g., Haubold, 1971;

Voigt, 2005; Lucas et al., 2010; Fillmore et al., 2010). Drag-

ging the body produces tremendous resistance to forward

motion and can damage the abdomen—quadrupedal tetrapods

habitually avoid doing so—and the footprint record documents

this. Thus, a median drag mark is not diagnostic of Devonian

tetrapod trackways, though it could be present.

Walking Fish

Some living fishes locomote on land, the so-called amphibi-

ous or walking fishes. They include the mudskippers (Oxuder-

cinae), some catfishes (Clariidae) and the bichir, Polypterus.

Some other fishes walk subaqueously on the substrate (sea,

lake or river bottom), such as batfishes (Ogocephalidae), hand-

fishes (Brachionichthys), frogfish (Antennarius), some sela-

chians (notably skates) and the African lungfish Protopterus

(e.g., Helman et al., 1997). Most of the amphibious fishes

locomote by using their pectoral appendage—either the fin

rays or a pectoral spine—as a “stilt” that is planted in the sub-

strate and used as an anchor around which the body is flexed

forward. An exception is the African lungfish Protopterus,

which does not use such an anchor point. Instead, the lungfish

relies on trunk-driven crawling powered by wave-like flexure

of the axial musculature (Horner and Jayne, 2014).

FIG. 3. Selected limb skeletons of a tetrapodomorph fish (Eusthenopteron) and Devonian tetrapods (Acanthostega, Ichthyostega, Tulerpeton). Scale bars D
1 cm. After Carroll (2009, figs. 3.9–3.10).
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There are few data about modern or fossil traces left by

amphibious fishes, other than images on the worldwide web or

in some publications that give a superficial impression of what

such traces look like (e.g., Johnels, 1957; Pace and Gibb,

2009; Kawano and Blob, 2013). I have examined the trace fos-

sil from the Pennsylvanian of Alabama recently described as a

“walking fish” trace (Martin, 2014), and it is an underprint of

the well-known trace Undichna, which represents the sinusoi-

dal impression of one or more fins dragging on the subaqueous

substrate (Minter and Braddy, 2006), not a record of a

“walking fish.” Nevertheless, despite the absence of an exten-

sive ichnological database, the traces produced by amphibious

fishes certainly do not look like a quadrupedal tetrapod track-

way. They include the mark of the anchor point and/or drag

marks of the body, tail and fins made while the fish pivoted on

the anchor (or crawled without such an anchor). Thus, the

locomotion traces of amphibious fishes could not be mistaken

for a tetrapod trackway.

Vorobyeva and Kuznetsov (1992) argued that the tetrapo-

domorph fish Panderichthys moved on land by anchoring the

pectoral fin, then curving the trunk forward, then anchoring

the pelvic fin. This is analogous to locomotion by living catfish

that anchor the pectoral spine and then the tail. However, it

seems more likely that Panderichthys would have anchored

the tail, like a catfish. Nevertheless, regardless of the anchor

point, terrestrial locomotion by Panderichthys would not have

produced a trace similar to a tetrapod trackway.

Some living selachians, notably skates, also locomote suba-

queously on pelvic fins in an alternating pattern that mimics

that of tetrapod walkers (e.g., Pridmore, 1995; Goto et al.,

1999; Wilga and Lauder, 2001; Lucifora and Vassallo, 2002).

King et al. (2011) analyzed contact locomotion on a subaque-

ous substrate by the African lungfish Protopterus annectens to

show that these fishes use their pelvic fins to produce bipedal

walking gaits with the body lifted off of the substrate. They

thus demonstrated the potential for a lungfish to create a sub-

aqueous trackway with alternating steps of equal-sized foot-

prints (King et al., 2011, fig. 1), and apparently some modern

selachians can produce similar trackways subaqueously. How-

ever, preservation of such subaqueous tracks seems unlikely.

Subaqueous walking by sharks and lungfish has little relevance

to the Devonian tetrapod trackway record because the criteria

outlined above would eliminate their trackways from consider-

ation as tetrapod produced.

The important conclusion is that no fish leaves a subaerial

or a subaqueous trackway that can be mistaken for a quadrupe-

dal tetrapod trackway. The three criteria listed to diagnose

Devonian tetrapod tracks/trackways eliminate any terrestrial

or subaqueous fish walking trace from consideration.

An Unlikely Possibility

Let us suppose that the criteria I propose here for the recog-

nition of Devonian tetrapod tracks and trackways do not actu-

ally apply, because the foot structure and locomotion of

Devonian tetrapods differed fundamentally from those of their

Carboniferous-Permian descendants. Such a supposition is

implicit in the recognition of some Devonian structures as tet-

rapod tracks, such as the isolated “footprint” Thinopus (does

not resemble a tetrapod foot skeleton) or the putative tetrapod

tracks from Zachelmie, Poland (mostly symmetrical track-

ways). This would necessitate that very late in the Devonian

and/or very early in the Carboniferous major changes in either

tetrapod foot structure or gait (or both) took place. However,

both the body fossil and the trace fossil records provide no

support for this change, Furthermore, the Devonian tetrapod

body fossil and footprint record suggests, as analyzed below,

at least different sizes of manus and pes and lateral sequence

walking as far back as the Middle Devonian.

FIG. 4. Dorsal views of skeletons of tetrapods (modern amphibian on left,

Permian Trematops on right), showing lateral sequence walking and differenti-

ation of manus and pes skeletons characteristic of quadrupedal tetrapods (after

Schaeffer, 1941).
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THINOPUS

The scientific record of Devonian footprint reports begins

with Marsh (1896), who published a short article documenting

what he identified as Devonian amphibian footprints (Figs. 5

and 6). They consist of a more complete structure that Marsh

identified as a left pes impression and a less complete structure

that he identified as the posterior end of the left manus impres-

sion (Figs. 5A, 6). Marsh stated that the rock containing the

“footprints” came from Upper Devonian strata in the town of

Pleasant, Warren County, Pennsylvania. Marsh acquired the

fossil from Dr. Charles E. Beecher, who identified the strati-

graphic horizon as near the top of the “Chemung Formation”

in strata that also contain ripple marks, raindrops impression,

and mud cracks and that more generally include fossils of both

land plants and marine bivalves. Note, however, that

“Chemung Formation” is no longer used as a lithostratigraphic

unit in Pennsylvania, so the stratigraphic unit the type of Thi-

nopus came from is likely the Scherr Formation of Frasnian

(Chemungian) age (Harper, 1999).

Marsh (1896) presented a simple line drawing of the

“footprints” (Fig. 5A), assigning them the name Thinopus

antiquus, without diagnosis. By Article 12 of the International

Code of Zoological Nomenclature, this constitutes an indica-

tion, so Marsh’s ichnotaxonomic name is available.

Description

The holotype and only specimen of Thinopus antiquus is

YPM 784, which contains a single, complex structure in con-

cave epirelief that I will refer to as the “footprint” for conve-

nience (Fig. 6). The concave mark at the edge of the rock

surface identified by Marsh as part of a manus impression con-

tains little information and may not be related to the more

complete “footprint.” The rock matrix that contains the traces

is a brownish gray sandstone that is generally fine grained but

has coarse grains dispersed through it. Maximum length of the

“footprint” is 84.3 mm, maximum width is 64 mm and the

depth of the concavity is as much as 9 mm.

The “footprint” is deeply concave, with sharp, well-defined

margins that slightly overhang (are constricted around) the

concavity. The concavity of the “footprint” is readily divided

into two long structures that are joined at one edge. These

FIG. 5. Published drawings of the holotype of Thinopus antiquus (A, B, E), interpretation of that trace (C, D, F) and the proximal fin skeleton of Eusthenopteron

(G). A, Drawing of the holotype of T. antiquus (from Marsh, 1896). B–D, Interpretation of the holotype of T. antiquus with five digits (B–C) and right pes with

laterally directed digits based on this interpretation (from Morton, 1926). E–G, After Gregory (1951, fig. 11.25), drawing of Thinopus “footprint” (E), interpreta-

tion of skeletal structure (F) and homologized fin skeleton of Eusthenopteron (G). Abbreviations are H D humerus, R D radius, Ul D ulna. For scale, length of

“footprint” in A is » 84 mm.
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have been interpreted as “digits,” which gives the overall

impression of a footprint consisting of two or more digits

joined at a “heel” and separated by a median sulcus (Fig. 5).

One of these “digits” has a very narrowly pointed tip and con-

sists of three bulbous segments separated by marked constric-

tions. These segments have been interpreted as phalangeal

pads (Fig. 5B, E). The other “digit” has a blunter tip and less

distinct segments. The two “digits” are joined at one end by a

parabolic concavity. To the outside of the blunt-tipped digit

there is a distinct concave impression, which has been inter-

preted as the impression of a third “digit” (Figs. 5B–C, E).

Discussion

Before the 1930s, Thinopus was readily accepted as a

Devonian tetrapod footprint and identified as the earliest evi-

dence of amphibians (e.g., Case, 1898; Osborn, 1916; Lull,

1920). Until the discoveries of the ichthyostegalians in Green-

land during 1931 (Jarvik, 1996), it was regarded as the oldest

fossil evidence of tetrapods. Indeed, Thinopus was the basis of

Williston’s (1917) basal tetrapod taxonomic group, which he

called the Protopoda.

With regard to its significance, the analyses of Morton

(1926) and of Gregory (1951) were particularly significant.

Thus, Morton (1926) reconstructed a pentadactyl pes based on

the holotype of Thinopus (Figs. 5B–C). To do so, he added

two crowded central digits on a different plane than the other

three digits, and thus argued that the foot had a cupped shape

when impressed. He concluded that this pes was oriented dur-

ing locomotion with the digits facing laterally (outward)

(Fig. 5D). Gregory (1951), however, presented a different

analysis that identified a manus based on the Thinopus holo-

type that he readily homologized to the fin structure of the

crossopterygian fish Eusthenopteron (Figs. 5F–G).

Willard (1935) questioned the age of the Thinopus type

material, stating it is probably Early Mississippian in age

based on a personal communication from K. Caster, but did

not elaborate. The disappearance of Thinopus from the litera-

ture of vertebrate ichnology began with Abel (1935, p. 77),

who questioned it as a footprint and suggested it is an impres-

sion of a fish coprolite. Kuhn (1963, p. 112) listed Thinopus as

an invertebrate trace fossil without commentary. H€antzschel
(1975, p. W188) repeated Abel’s conclusion, listing Thinopus

with other “unrecognized or unrecognizable genera” of trace

fossils. In his comprehensive review of all named tetrapod

footprints, Haubold (1971) did not even mention Thinopus.

However, although Thinopus disappeared from the litera-

ture of vertebrate ichnology, it still remained a Devonian tetra-

pod footprint according to various authors. For example,

Pepperell and Grigg (1974), in their identification of laterally-

directed digits in a putative amphibian trackway from the Tri-

assic of Australia, referred to Morton’s (1926) interpretation

of Thinopus indicating laterally directed digits in the earliest

tetrapods. Moore (1958, p. 366) listed it in a college geology

textbook, and Thinopus appeared most recently as a Devonian

tetrapod footprint in an encyclopedia of evolutionary biology

(Arora, 2003, p. 21).

I agree with Abel (1935) and, by implication, subsequent

vertebrate ichnologists who ignored the ichnotaxon, that Thi-

nopus antiquus is not a tetrapod footprint. It has too few digits

and the wrong digit morphology to meet my criteria for a

Devonian tetrapod track. It also lacks the symmetry and any

other characteristic morphology of a tetrapod track. The fact

that the sides of the structure overhang the concavity (the con-

cavity is constricted at the bedding plane surface) also argues

against a footprint, and instead identifies the Thinopus struc-

ture as the mold of a three-dimensional object with rounded

edges.

Abel (1935) proclaimed the holotype of Thinopus antiquus

a fish coprolite/coprolites, and I concur. It well resembles cop-

rolites, likely made by fish, from the Early Mississippian of

Nova Scotia (Mansky et al., 2012, fig. 5). Indeed, I regard Thi-

nopus as the earliest ichnotaxonomic name proposed for a fish

coprolite (cf. Hunt et al., 2012).

FIG. 6. Photograph of YPM 784, the holotype of Thinopus antiquus.
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DEVONIAN TETRAPOD TRACKS AND TRACKWAYS

Some early reports of supposed Devonian tetrapod foot-

prints (e. g., Ami, 1903; Willard, 1935) were shown to be

traces left by limulids, ichnogenus Kouphichnium (Abel,

1935; Caster, 1938). Here, I review subsequent published

records of putative Devonian tetrapod tracks and trackways.

To evaluate them, I apply the criteria discussed above. These

criteria indicate that few bona fide Devonian tetrapod track-

ways are known.

Genoa River, Australia

Warren and Wakefield (1972) published what I regard as a

very convincing record of Devonian tetrapod trackways from

Upper Devonian strata on the Genoa River in New South

Wales, Australia. These are from nonmarine strata of fluvial

origin of the Combyingbar Formation of Frasnian age (Young,

2006). Here, two trackways show differentiation of manus and

pes sizes, alternating trackway patterns and, in some imprints,

evident digit impressions (Fig. 7). One trackway has a clear

median drag, and the other lacks a median impression. The

estimated gleno-acetabular length of the trackmaker is 22 cm.

Both trackways (see Leonardi, 1987, pl. 11B for the best

published photograph) show an alternating pattern and differ-

entiation (by size) of the manus (smaller) and pes (larger)

(Fig. 7). The trackway without a median drag impression pre-

serves overstepped, broad and short manus impressions

smaller than pes impressions that are longer than wide. Some

of the manus and pes impressions have at least five, short and

blunt, laterally-directed digit imprints. The other trackway

shows a definite median drag mark and well-separated manus

and pes impressions that lack definition.

Clack (1997) drew attention to how different the two track-

ways are, and argued that no know Devonian tetrapod could

have made the tracks unless they were made subaqueously.

However, Pridmore (1995) posited that the same kind of ani-

mal moving at different speeds produced the two different

trackways, and I agree with that assessment. Associated mud-

cracks suggest the tracks were impressed subaerially (Young,

2006), and this would apparently exclude Acanthostega and

Ichthyostega, so a more likely candidate for trackmaker is a

tetrapod similar to Tulerpeton (Clack, 1997, p. 241). My con-

clusion is that the Genoa River trackways meet the diagnostic

criteria outlined above, so they are tetrapod trackways made

subaerially, in a nonmarine setting.

Grampians Range, Australia

Warren et al. (1986) described a “tetrapod trackway” from

the Grampians Group at Glenisla in the Grampians Range in

eastern Australia and attributed it to a tetrapod. This trackway

has been assigned an Early Devonian (Turner, 1986; Warren,

1991) or Late Silurian (Gourmanis et al., 2003) age, and is no

younger than either of those age assignments (Young, 2006).

Milner (1993) accepted this trackway as the oldest record of

tetrapods, though he hesitated to conclude that it demonstrated

an origin of tetrapods in eastern Australia. Based in part on the

Genoa River tracks discussed above, some workers (Panchen,

1977; Janvier, 1977) had argued for an origin of tetrapods in

eastern Gondwana. In contrast, Ro�cek and Rage (1994) ques-

tioned the tracemaker of the Grampians trackway as a tetrapod

and identified it as a “rhipidistian” trackway lacking the

median body drag.

However, as noted by Clack (1997), this trackway lacks an

alternating pattern and instead has what she referred to as a

“ladder” pattern that I would describe as indicative of a sym-

metrical gait. Furthermore, there is no evident differentiation

(based even on size) of manus and pes imprints, and the

imprints themselves lack clear definition. Clack (1997) there-

fore expressed skepticism of attributing this trackway to a tet-

rapod, and I reject this attribution.

Indeed, Gourmanis et al. (2003) recently attributed the

Grampians trackway to an arthropod and identified it as

Diplichnites. They interpreted the depositional environment of

the tracksite as a nonmarine sheetflood on a delta plain. The

tracks appear to have been impressed subaerially, in part

because there are associated raindrop impressions. George and

Blieck (2011), however, regarded the Grampians trackway as

tetrapod tracks made in an Early Devonian marine environ-

ment, and this was repeated by Schultze (2013). Instead, the

Grampians tracks are not tetrapod, were not made in a marine

environment and are of Late Silutian age. These arthropod

tracks need to disappear from discussions of tetrapod origins.

FIG. 7. Drawings of parts of the Genoa River, Australia, tetrapod trackways

(after Warren and Wakefield, 1972). The trackway on the left has overstepped

manus and pes impressions and appears to show laterally oriented digits. The

trackway on the right has a median drag and poorly preserved manus and pes

impressions. Abbreviations are: m D manus, p D pes.
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Brazil

Leonardi (1983) described a structure from the Middle

(Givetian) or Upper (early Frasnian) Devonian(?) Ponta Gross

Formation of Tibagi, Paran�a, Brazil that he identified as a sin-

gle ichthyostegalian? left manus track (also see Leonardi,

1982, 1994) (Fig. 8). The Ponta Gross Formation also yields

marine brachiopod fossils as well as invertebrate traces and

plant fragments, so the depositional setting of the “track”

appears to be shallow marine (Leonardi, 1994, fig. 11a). Leo-

nardi (1983) named the “track” Notopus petri, making it the

second (after Thinopus antiquus) ichnotaxonomic name

applied to a supposed Devonian tetrapod track. Milner et al.

(1986), Milner (1993) and St€ossel (1995) accepted Notopus as

a Devonian tetrapod track.

Ro�cek and Rage (1994), however, noted that this trace has

only four digits that are relatively long and curved, far fewer

and morphologically very different from any known polydac-

tyl Devonian tetrapod foot. Therefore, Notopus fails my crite-

rion of identifying a Devonian tetrapod track by its

morphology, in this case, the shape and number of digits. So, I

agree with Ro�cek and Rage that it is not a tetrapod track.

Ro�cek and Rage (1994) re-interpreted Notopus as a trace

similar to the starfish trace fossil Asteriacites, though they hes-

itated to make a definite ichnotaxonomic reassignment.

Indeed, Notopus differs from Asteriacites, which has thinner,

longer and less curved arm impressions and is much smaller,

having a diameter less than » 32 mm (e.g., Seilacher, 1953;

Mikula�s, 1992; M�angano et al., 1999). Therefore, Notopus

may be an ophiuroid trace fossil, but it is not a synonym of

Asteriactites.

As an isolated sedimentary structure, the holotype of Noto-

pus is, like the isolated holotype of Thinopus, difficult to

attribute to a tracemaker with certainty. Clack (1997, p. 237)

concluded that “it should be treated with extreme caution as a

record of a Devonian tetrapod,” but I go further and simply

reject Notopus as a Devonian tetrapod footprint.

Greenland

Friend et al. (1976), fig. 35, pl. 28) illustrated and briefly

described two trackways from the Devonian Kap Graah Group

in eastern Greenland. These trackways occur on a sandstone

surface as two long, curved trails of symmetrically arranged

marks without median traces (Fig. 9). Friend et al. (1976, p.

64) suggested that these trackways “might have been made by

an early tetrapod” but concluded that “their regularity [mean-

ing their symmetry] and lack of overprinting suggest to us that

these tracks were not formed by tetrapods” (pp. 65–66). I con-

cur, and identify these as arthropod trackways of relatively

large size, with trail widths up to 20 cm. Friend et al. (1976, p.

66) discussed but rejected an arthropod tracemaker because

“no fossil of such large arthropods are known from fresh-water

strata of Devonian age.”

However, even larger arthropod trackways assigned to

Diplichnites are now known from Devonian strata (e.g., Smith

et al., 2003; Braddy, 2004). Therefore, I feel confident in iden-

tifying the Kap Graah trackways as arthropod made, and they

likely are assignable to Diplichnites. Instead, Friend et al.

(1976) identified the tracemaker as the placoderm fish Bothrio-

lepis. They thus envisioned the fish touching the bottom simul-

taneously and regularly with its pectoral fins while swimming.

Given that no such fin traces are known from the fossil record,

I regard this interpretation as interesting, ergo fanciful,

speculation.

FIG. 8. Two drawings of the holotype of Notopus petri, from the Devonian of Brazil. Drawing on left after Leonardi (1983), on right after Ro�cek and Rage

(1994). For scale, total width of the “footprint” is about 71 mm.
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Orkney Islands

Sarjeant (1974, fig. 5) published an earlier illustration from

Wilson et al. (1935, fig. 20) of a supposed trackway from the

upper part of the Old Red Sandstone on the Isle of Hoy in the

Orkney Islands, and Leonardi (1987, pl. 11A) also re-pub-

lished this illustration (Fig. 10). This trace was either not col-

lected or the original fossil has been lost, according to Sarjeant

(1974).

Westoll (1937, p. 32) tentatively suggested the Hoy fossil

might be a tetrapod trackway in which the animal completely

overstepped. Sarjeant (1974) offered no opinion as to its ori-

gin, but Leonardi (1987) identified the Hoy fossil as a track-

way left by a rhipidistian fish. Rogers (1990) suggested that it

is an arthropod trackway similar to Siskemia, but Siskemia is

quite different, especially in not having an impressed central

ridge/furrow (its central pattern is two parallel but separated

FIG. 9. Arthropod trackways from the Devonian Kap Graah Group in eastern Greenland (after Friend et al., 1979, fig. 35).
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marks) and not showing any connection of the appendage

imprints to the central trail (e.g., Walker, 1985, fig. 2; Trewin,

1994, text-fig. 6D; Wisshak et al., 2004, fig. 6B; Davies et al.,

2006, fig. 3C–D). Clack (1997, p. 240) regarded the Hoy fossil

as a trackway and stated “these tracks might be exactly what

one would predict for a very small Ichthyostega.”

However, given its symmetry and the connection of lateral

projections to a central trail, the Hoy fossil is clearly not a tet-

rapod trackway, nor is it obviously an arthropod trackway.

Indeed, it more resembles a plant, possibly a stem with

attached sporangia of a zosterophyll (P. Gensel, personal com-

mun., 2015). Therefore, its identity as a trace fossil is question-

able and it cannot be re-examined, so it is of no relevance to

the record of Devonian tetrapod tracks.

Northern Scotland

Rogers (1990) documented what he interpreted as a tetra-

pod trackway from the Upper Old Red Sandstone of Easter

Ross in northern Scotland. However, the Devonian age of

this tracksite is not certain. According to Rogers (1990) it is

» 900 m stratigraphically above a marine fossiliferous bed of

Givetian age, and could range from Givetian to Tournasian.

Clack (1997) also stressed that this tracksite could be Early

Carboniferous in age. According to Rogers, the track-bearing

stratum is part of an eolian sabkha deposit in a sandstone bed

with wind ripple and planar laminations, and therefore the

tracks were impressed subaerially.

The tracks form an alternating trackway of three steps in

which inferred manus and pes imprints can be differentiated

on the basis of size (manus much smaller than pes). Rogers

described the manus and pes as of similar size, but on the left

side of the trackway the inferred manus impressions are clearly

smaller than the pes impressions. The estimated glenoacetabu-

lar length of the tetrapod trackmaker is »29 cm. Clack (1997,

p. 239) judged this as a “reasonably convincing” tetrapod

trackway, and I concur, though its Devonian age remains

uncertain.

Incidentally, Rogers (1990) provided a useful review of the

history of the supposed tetrapod (“reptilian”) tracks from the

Old Red Sandstone first reported by Gordon and Joass (1863).

These tracks were never well documented nor can specimens

to voucher the report be found, so their identity remains

unclear.

Ireland

St€ossel (1995) reported a trackway from the Devonian Val-

entia Slate Formation on Valentia Island in southwestern Ire-

land. Subsequently, Williams et al. (1997) published a U-Pb

age of »385 Ma for an air-fall tuff that is »230 m stratigraph-

ically above the trackway. On the current ICS timecale,

385 Ma is a Givetian age, so this makes the trackway Middle

Devonian, though the biostratigraphy (based on fishes and

miospores) of the track-bearing stratigraphic interval is less

precise and indicates a Mid-Devonian through Fammenian age

(St€ossel, 1995). St€ossel (1995) provided few data on the envi-

ronment of deposition of the track-bearing layer, merely stat-

ing that it was a nonchannelized sheetflood deposit of alluvial

(nonmarine) origin, and he doubted that the tracks were made

subaqueously.

At the Valentia Island tracksite, there are 150 tracks with-

out median drag marks in a long, meandering trackway that

extends for a course of about 10 m. This trackway shows both

size differentiation of manus and pes tracks and an alternating

trackway pattern of a quadruped with an estimated gleno-ace-

tabular length of 38 cm and a coupling value (coupling value

D gleno-acetabular distance/length of forelimb C length of

hind limb: Peabody, 1959) of 1.2–1.4 (St€ossel, 1995). No

details of footprint morphology are preserved because of

cleavage of the sediments, but St€ossel drew attention to the

tracks being wider than long, and suggested this indicated a

polydactyl trackmaker (it also infers laterally-oriented digits).

Clack (1997) accepted the Valentia Island trackway as a tetra-

pod trackway, and I concur.

Poland

Nied�zwiedzki et al. (2010) reported putative tetrapod track-

ways from Middle Devonian (middle Eifelian: Narkiewicz and

Narkiewicz, 2015), marginal marine strata at the Zachelmie

quarry in Poland (Figs. 11 and 12). Acceptance of the

FIG. 10. Supposed trackway (external width » 3 cm) from the Devonian of

the Orkney Islands (after Leonardi, 1987).
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structures from the Zachelmie quarry as the oldest tetrapod

tracks, ergo the oldest record of tetrapods, has been wide-

spread among students of early tetrapod evolution (e.g.,

Janvier and Cl�ement, 2010; Clack, 2012; Steyer, 2012).

Indeed, the Devonian “trackways” from Zachelmie even

appeared in a recent edition of a prominent historical geology

textbook (Stanley and Luczaj, 2014, fig. 14.21).

Pushing back the oldest record of tetrapods based on the

Zachelmie quarry “tracks” forces the recognition of numerous

lengthy ghost lineages (Nied�zwiedzki et al., 2010). Further-
more, the Zachelmie quarry “tracks” indicate much larger tet-

rapods than do other Devonian tetrapod trackways and the

tetrapod body fossil record. As Clack (2012) noted, they indi-

cate a trackmaker with a body length of as much as 2.5 m,

whereas known body fossils of most Devonian tetrapods and

their close relatives among “fishes” are of much smaller ani-

mals (e.g., Fig. 2). Indeed, extremely large, “enigmatic” struc-

tures at the Zachelmie quarry, as much as 50 cm long, have

been interpreted as tetrapod undertracks (Nied�zwiedzki et al.,
2010, supplementary information, fig. 18B), although no

known Paleozoic tetrapod footprint is remotely near that size.

Also, the Zachelmie quarry “tracks” are in marginal marine

strata (Lagoonal: Narkiewicz et al., 2015), so they are taken to

indicate locomotion in a shallow nearshore marine setting by a

Devonian tetrapod, and this bears on discussion of the paleo-

environnment of tetrapod origins.

If we accept the Zachelmie quarry structures as tetrapod

tracks, Clack (2012, p. 126) wrote that “we may well have to

rethink the whole question of timing, sequence and circum-

stances of the origin of tetrapods.” However, I believe that

what needs a rethink is the identity of the structures in the

Zachelmie quarry. Not only did the original publication by

FIG. 11. Two drawings of “tracks” from the Middle Devonian of the

Zachelmie quarry in Poland (after Nied�zwiedzki et al., 2010, supplementary

material). A, Main “track” surface. B, “Trackway” with symmetrical gait.

FIG. 12. On left, photograph of “tetrapod trackway” in the Zachelmie quarry of Poland (courtesy of G. Nied�zwiedzki) and drawing on right of key features, with

“tracks” numbered (after Nied�zwiedzki et al., 2010, fig. 2), different bedding surfaces identified.
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Nied�zwiedzki et al. (2010) fail to make a convincing case that

the Zachelmie structures are tetrapod footprints, it failed to

consider and evaluate alternative interpretations. Subsequent

articles relevant to the Zachelmie structures (e.g., Narkiewicz

and Retallack, 2014; Narkiewicz et al., 2015) simply accept

them as tetrapod tracks without further evaluation. Therefore,

in my judgment, no convincing case has been made that they

are tetrapod tracks, and I can make a compelling argument

that they are fish-feeding traces/nests.

The “tracks” from the Zachelmie quarry are in a 3.2–3.8 m

thick interval of thin-bedded dolomicrites, interpreted as shal-

low marine/lagoonal sediments (Nied�zwiedzki et al., 2010).
The “trackways” come from three stratigraphic levels and

include 220 so-called “tracks” and nine “trackways.” How-

ever, only 20 of the “tracks” are “well enough preserved to

contain useful ichnological information” (Nied�zwiedzki et al.,
2010, supplementary information, p. 6). Significantly, the

“main surface” shows no organized “trackways” and no over-

lapping “tracks” (overprinting), but was interpreted by

Nied�zwiedzki et al. (2010) as a trampled surface (Fig. 11A).

Most of the “trackways” display what Nied�zwiedzki et al.
(2010) refer to as a “symmetrical gait” (e.g., Fig. 11B), which

would be “ladder trackways” in the terminology of Clack

(Nied�zwiedzki et al., 2010, fig. 2C; supplementary informa-

tion, figs. 12 15, 20, 21). These “trackways” show no evidence

of manus and pes differentiation or any distinctive morphology

of the inferred manus and pes imprints that reflects skeletal

morphology.

Thus, the Zachelmie structures do not meet the criteria I

have proposed to diagnose Devonian tetrapod tracks and track-

ways. Furthermore, the so-called symmetrical gait trackways

interpreted by Nied�zwiedzki et al. (2010) lack any regularity

of pattern by which to identify them as trackways (Fig. 11B).

Distinguishing manus and pes imprints is also not obvious

among the so-called trackways from Zachelmie. The claimed

single footprints with digit impressions all look different from

each other (Nied�zwiedzki et al., 2010, supplementary informa-

tion, fig. 10). Thus, they have from three to five variably

shaped “digit” imprints, so they do not provide clear evidence

of a polydactyl trackmaker. The “sole” impressions vary con-

siderably, from short and broad, with a rounded posterior mar-

gin, to long with complex shapes. Particularly interesting is a

supposed footprint matched by Nied�zwiedzki et al. (2010,

fig. 4) to an articulated pes skeleton of Ichthyostega. This

match requires extending the sole impression well out onto the

digits, coalescing three digits into one and having a remaining

digit wholly within the sole impression. As Schultze (2013, p.

379) put it, “I cannot see the skeletal structure superimposed

on [this] one track.”

The only published “trackway” at the Zachelmie quarry that

appears to show an alternating trackway pattern and size

differentiation of the manus and pes is Muz PGI 1728.II.16

(Geological Museum of the Polish Geological Institute)

(Nied�zwiedzki et al., 2010, fig. 2a,b) (Fig. 12). This

“trackway” has been interpreted to show 4–5 footfalls in which

smaller “manus” impressions precede larger “pes” impres-

sions. Nied�zwiedzki et al. (2010, fig. 2b) fit a “generic Devo-

nian tetrapod” to this trackway, but there are serious problems

with their interpretation. First, the orientation and spacing of

the identified manus-pes pairs varies considerably, so this is an

irregular trackway (sensu Leonardi, 1987), if it is a trackway.

Thus, the tracks on the left side of the “trackway” are angled

away from the “trackway” midline, whereas those on the right

side are parallel to that midline. Furthermore, at its

“beginning” (structures 1–4 in Fig. 12), the “trackway” is

much wider than its remaining course. Spacing between

“manus-pes pairs” is variable. To explain all of this, the track-

maker would have had to change its bearing and the width of

its gait abruptly and to have walked irregularly.

Second, the “tracks” in this “trackway” appear to be on two

different bedding planes and have very varied depths, as a

clear photograph of them indicates (Fig. 12). They are thus

underprints on varied surfaces. Breakage behind one of the

“tracks” (number 7 in Figure 12) suggests the presence of

another “track” in this location. The relative sizes of the

“tracks” also is open to reconsideration. For example, struc-

tures 3 and 4 in Figure 12 look nearly the same size, but are

drawn by Nied�zwiedzki et al. (2010, fig. 2) as of very different
sizes. The presence of a very large “track” (number 10 in Fig-

ure 12) at the end of the “trackway” also merits explanation.

Third, the trackmaker reconstructed by Nied�zwiedzki et al.
(2010, fig. 2) to fit Muz PGI 1728.II.16 has a very short cou-

pling value of 0.9. This is much less than coupling values for

Devonian tetrapods known from skeletal material, such as

Acanthostega (coupling value of 1.5), and less than the cou-

pling value estimated from bona fide Devonian tetrapod track-

ways (see above). The reason for this is that the “trackway”

Muz PGI 1728.II.16 is very wide relative to the calculated

gleno-acetabular distance, so that the inferred trackmaker

must have had an extremely long set of limbs or a very wide

body to have made it. In other words, it would have had

exactly the reverse of the body proportions seen in early tetra-

pods and in the tetrapodomorph fishes, all of which are charac-

terized by relatively long bodies and relatively short limbs/fins

(Fig. 2). My conclusion is that Muz PGI 1728.II.16 comes

closest among the Zachelmie quarry structures to looking like

a tetrapod trackway, but is not convincingly a trackway left by

a walking animal.

The supposed tracks and trackways from the Zachelmie

quarry do not meet the criteria diagnostic of Devonian tetrapod

tracks/trackways. Given that failure, let me offer a very differ-

ent interpretation of the Zachelmie “trackways,” namely that

they are not tetrapod footprints and are more likely fish feed-

ing traces/nests. Fish feeding traces/nests made by both chon-

drichthyans and osteichthyans are well documented in modern

shallow marine and freshwater settings (e.g., Cook, 1971;

Howard et al., 1977; Gregory et al., 1979; Pearson et al.,

2007; Barber, 2013 and references cited therein). These are
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mostly shallow, circular to subcircular depressions that fishes

excavate in sediment while feeding (searching for buried ben-

thic prey), or in which to lay eggs or hide (Fig. 13).

Feibel (1987) described fossil fish feeding traces/nests from

the Pleistocene of East Africa, coining the ichnogeneric name

Piscichnus for shallow, circular, dish-shaped structures. How-

ever, not all such structures made by fish are shallow and dish

shaped. Some are relatively deep and cylindrical, for example

those made by hydraulic jetting by some rays (Gregory et al.,

1979). Therefore, Gregory (1991) distinguished two ichnospe-

cies of Piscichnus, P. brownii Feibel, 1987 for shallow struc-

tures and P. waitemata Gregory, 1991 for deeper, cylindrical

structures. Piscichnus is thus a well-known, subvertical, plug-

shaped, and unbranched burrow structure (Knaust, 2012). In

the vernacular, it encompasses what are called fish nests, fish

feeding traces and fish breeding pits.

Fossil traces as old as Devonian have been identified as fish

feeding traces/nests, many of which are assigned to Piscichnus

(e.g., Gregory, 1991; Carroll and Trewin, 1995; Martinell

et al., 2001; Kotake and Nara, 2002; Kotake, 2007; Kirkham

and Evans, 2008; Joeckel, 2008; Belvedere et al., 2011;

Knaust et al., 2012), and there were many Devonian fishes,

including osteichthyans and chondrichthyans, who are candi-

dates for tracemakers of such feeding traces/nests (e.g., Long,

1993). Piscichnus is considered a typical ichnofossil of the

Skolithos ichnofacies, which is often present in shallow marine

settings with high levels of wave or current energy (MacEach-

ern et al., 2007). It is characteristic of marine estuaries and

subtidal lagoons in association with Thalassinoides, Skolithos

and other invertebrate burrows (Gingras et al., 2012; Knaust

et al., 2012)

Instead of tetrapod tracks, the Zachelmie structures well

match an aggregation of Piscichnus much like that interpreted

in the Cretaceous of Spain by Martinell et al. (2001) and the

Eocene of Italy by Belvedere et al. (2011). The arguments to

identify the Zachelmie structures as fish nests/feeding traces

and reassigning them to Piscichnus are:

1. The Zachelmie structures are circular, sub-circular or

somewhat irregular in outline and shallow to cylindrical in

cross section. They well match the morphology of Piscich-

nus (e.g., Feibel, 1987, fig. 2; Gregory, 1991, fig. 8; Marti-

nell et al., 2001, fig. 3; Kirkham and Evans, 2008, fig. 10;

Belvedere et al., 2011, figs. 2, 4). They also closely resem-

ble modern fish feeding traces/nests (e.g., Howard et al.,

1977, fig. 2; Feibel, 1987, fig. 3; Pearson et al., 2007,

fig. 2) (Fig. 13). Based on morphology, the Zachelmie

structures can be assigned to P. brownii.

2. The pattern of the Zachelmie structures, particularly on the

“main surface” (Fig. 11A), is of nonoverlapping and, in

places, regularly spaced, even locally aligned, pits. This

kind of pattern—no overlap, regular spacing and align-

ment—is often seen in modern and fossil fish feeding

traces/nests (e.g., Feibel, 1987, figs. 2.2, 3.2; Gregory,

1991, fig. 8A; Martinell et al., 2001, figs. 2–4; Pearson

et al., 2007, fig. 5; Kirkham and Evans, 2008, Figs. 10, 12;

Belvedere et al., 2011, fig. 4). In particular, the lack of

overprinting of the Zachelmie structures (though

Nied�zwiedzki et al., 2010, supplementary information,

fig. 22 may show some overprinting) suggests they are not

tracks. Most of the Zachelmie structures are of similar size,

a feature characteristic of aggregations of modern fish feed-

ing traces/nests. Indeed, Martinell et al. (2001) re-inter-

preted a trace-fossil locality in the Cretaceous of Spain,

originally identified as a trampled surface of dinosaur

tracks, as fish nests (Piscichnus). The mapped distributions

of portions of that surface are strikingly similar to the pat-

tern of traces on the main surface at the Zachelmie quarry

(compare Figure 11A to parts of Martinell et al., 2001,

fig. 4).

3. The irregular-shaped Zachelmie structures illustrated by

Niedzwiedzki et al. (2010, fig. 4, supplementary informa-

tion, fig. 10) as tracks with digit impressions are well

matched by both modern and fossil fish feeding traces/nests

(e.g., Martinell et al., 2001, fig. 3D; Pearson et al., 2007,

fig. 2; Belvedere et al., 2011, fig. 5). These irregularities at

the margin of the trace are caused by the digging of the fish

to produce the dish-shaped structure, and are usually the

imprints of the fish’s fins or mouth. The structure illustrated

by Niedzwiedzki et al. (2010, fig. 4) to match the pes skel-

eton of Ichthyostega should be compared to broken up fish

fecal material associated with nests on a beach in Canada

illustrated by Pearson et al. (2007, fig. 7A). The irregulari-

ties of the Zachelmie structure, instead of being digit

imprints, well resemble the broken up fish fecal matter.

4. Nied�zwiedzki et al. (2010, supplementary information,

fig. 13B–F) also identified the asymmetry of some of the

Zachelmie structures as reflecting the presence of displace-

ment rims behind tracks. Instead, this asymmetry is readily

seen as a result of a fish digging a pit and pushing/dropping

sediment on one side, as is evident in modern and fossil

feeding traces/nests (e.g., Howard et al., 1977, figs. 1–2;
FIG. 13. Modern fish feeding traces/nests in Shepody Bay, Canada (courtesy

of Murray Gingras). Note the similarity to the Devonian Zachelmie structures.

CRITICAL REVIEW OF DEVONIAN TETRAPOD FOOTPRINTS 149

D
ow

nl
oa

de
d 

by
 [

16
4.

64
.1

19
.1

50
] 

at
 0

5:
22

 1
2 

Se
pt

em
be

r 
20

15
 



Feibel, 1987, fig. 2.1; Martinell et al., 2001, fig. 10; Pear-

son et al., 2007, fig. 2).

5. The cross section of one of the Zachelmie structures illus-

trated by Niedzwiedzki et al. (2010, supplementary infor-

mation, fig. 19) shows a clearly-defined, plug-shaped

filling of a shallow, dish-like structure. Such fillings are

characteristic of modern and fossil fish feeding traces/nests

when they are seen in cross section filled by sediment (e.g.,

Howard et al., 1977, figs. 3–4; Gregory 1991, figs. 6–7).

6. Narkiewicz et al. (2015) concluded that the Zachelmie

structures were made subaqueously, as are fish nests/feed-

ing traces.

7. A shallow marine, lagoonal setting, such as that interpreted

for the Zachelmie quarry structures, is the environment

where Piscichnus is common and characteristic (Gingras

et al., 2012; Knaust et al., 2012). Traces associated with

the Zachelmie structures represent a low diversity ichnoas-

semblage dominated by horizontal burrows assigned to

Balanoglossites and Spongeliomorpha as well as cf. Skoli-

thos that Niedzwiedzki et al. (2014) interpreted as an

impoverished Cruziana ichnofacies. Piscichnus is com-

monly found in the Skolithos ichnofacies, which is charac-

teristic of sandy substrates, so in a carbonate-mud substrate

an impoverished Cruziana ichnofacies, indicative of shal-

low, agitated waters, is a likely facies association for Pis-

cichnus (cf. Belvedere et al., 2011).

Re-interpreting the Zachelmie structures as Piscichnus

instead of tetrapod tracks is well supported by their morphol-

ogy, distribution and facies association. Furthermore, the orig-

inal case for interpreting them as tetrapod tracks failed to meet

the diagnostic criteria outlined here. The conclusion that an

undiscovered lineage of surprisingly large Middle Devonian

tetrapods lived in and around a shallow marine lagoon based

on the Zachelmie quarry structures (Nied�zwiedzki et al., 2010;
Narkiewicz and Retallack, 2014; Narkiewicz et al., 2015)

should be abandoned.

DISCUSSION

This review of the record of supposed Devonian tetrapod

tracks/trackways indicates that only three records meet the cri-

teria by which such trackways should be distinguished—

Genoa River in Australia, Easter Ross in Scotland, and Valen-

tia Island in Ireland. What, then, does the Devonian tetrapod

track record tell us of utility to understanding tetrapod origins?

Here, I answer this question by focusing on four areas in which

this record is potentially important: biostratigraphy, biogeog-

raphy, paleoecology and locomotion.

Biostratigraphy

As Lucas (2007, p. 8) concluded, the Devonian tetrapod

footprint record “lacks abundance, diversity and any sort of

index taxa that would be of use in biostratigraphy.” He went

on to note that “the stratigraphically lowest occurrence of tet-

rapod tracks may be viewed as a valuable biostratigraphic

datum that helps to define the oldest record of tetrapods.”

Indeed, the tetrapod trackways from Valentia Island in Ireland

are no younger than Givetian, so this is the oldest record of tet-

rapods. The oldest Devonian tetrapod trackway thus provides

an important datum that places tetrapod origins during the

Middle Devonian, or earlier.

Paleobiogeography

Tetrapod tracks of Middle Devonian age are known from

Ireland, and Late Devonian tetrapod tracks are known from

Scotland and Australia. The Irish record is the oldest tetrapod

record, so on face value it could indicate an origin of tetrapods

in Euramerica. However, given how sparse the Devonian tetra-

pod footprint record is, this conclusion should be viewed with

great caution. Too few Devonian tetrapod trackways are

known to provide a reliable basis for paleobiogeographic

interpretation.

Paleoecology

The paleoenvironment of tetrapod origins has been

debated—marine or nonmarine, dry or wet—for about a cen-

tury (e.g., Retallack, 2011; George and Blieck, 2011; Clack,

2012; Schultze, 2013). Clack (2000, p. 100) argued that envi-

ronments are difficult to infer from trackways, and concluded

that “one cannot place much weight on the trackways as evi-

dence of the habitus of the earliest tetrapods.”

However, all tracksites are subject to sedimentological

interpretation, and the tracks themselves, and other associated

trace fossils, are often important clues to interpreting the pale-

oenvironment of any tracksite. Such interpretations indicate

that the three bona fide Devonian tetrapod tracksites were

formed in nonmarine environments. They thus provide no sup-

port for tetrapod origins in a marine or marginal marine set-

ting, though that is not totally excluded by such a meager track

record. Most important is elimination of the Polish “tracks”

from the Devonian tetrapod track record, as they are from a

marginal marine paleoenvironment and thus provided apparent

(but erroneous) prima facie evidence of locomotion in a shal-

low marine setting by Devonian tetrapods.

Locomotion

The tetrapodomorph fishes, notably Panderichthys and Tik-

taalik, are seen as the sister taxon to tetrapods. However, Pan-

derichthys has robust pectoral fins, much larger than its hind

fins, quite different from the larger pelvic limbs of tetrapods

(Shubin et al., 2006; Swartz, 2012) and the recently described

pelvic and hind limb elements of Tiktaalik (Shubin et al.,

2014). Tiktaalik thus appears to help bridge the gap between
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the locomotory apparatus of fully terrestrial tetrapods, driven

by hind limb propulsion, and that of many of their nearest rela-

tives, driven by forelimb propulsion (e.g., Boisvert, 2005;

Boisvert et al., 2008; Pierce et al., 2013). The Devonian tetra-

pod track record suggests this evolutionary gap had already

been bridged by the Middle Devonian.

It has long been believed that while walking, the earliest

tetrapods had forward-pointing digits (e.g., Romer and Byrne,

1931; Romer and Price, 1940; Gregory and Raven, 1941;

Schaeffer, 1941). Morton (1926) dissented, but Schaeffer

(1941) argued that his reconstruction of laterally facing digits

was based on one footprint (the holotype of Thinopus anti-

quus) and contradicted by a wealth of other footprint evidence.

However, one set of tracks at the Genoa River tracksite

(Fig. 7) suggests laterally oriented digits during terrestrial

locomotion.

The transition from fins to limbs is widely regarded to have

taken place in the aquatic realm. In other words, Devonian tetra-

pods are regarded as primarily aquatic (e.g., Coates and Ruta,

2007; Clack, 2012). Indeed, Coates and Clack (1995) argued that

the limbs of Ichthyostega and Acanthostega were relatively

inflexible paddles that were unlikely to have left the kinds of

Devonian trackways that I attribute to tetrapods. This may in

part explain the rarity of Devonian tetrapod footprints—most

Devonian tetrapods spent little or no time walking on land.

The bona fide Devonian tetrapod footprints indicate an alter-

nating pattern of limb supported locomotion with a larger hind

foot than forefoot. This is the characteristic pattern of quadru-

pedal locomotion of post-Devonian tetrapods. The Devonian

tetrapod track record thus indicates such locomotion was possi-

ble at least some of the time by some Devonian tetrapods.

Body fossils of these Devonian tetrapods await discovery.
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