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ABSTRACT—Arthrophycus alleghaniensis is a well-known trace fossil common in the lower Silurian of the Appalachian
Basin, eastern U.S.A. Despite the distinctive morphology of this trace, with few exceptions, hypotheses about the nature of
the tracemaker have not extended beyond that of a long-bodied, segmented organism. A single organic compression of a
long-bodied arthropod discovered in shale interbedded with sandstones containing A. alleghaniensis in the Silurian
(Llandovery) Tuscarora Formation at Mann Narrows, Pennsylvania is described. The specimen preserves evidence of two
trunk tagmata: an anterior tagma with tergites extending into broad, rectangular pleurae, and a posterior tagma bearing
long, curved spines. Head and appendages are not preserved. The new arthropod, Pleuralata spinosa n. gen. n. sp., matches
the size and general morphology required for an A. alleghaniensis tracemaker. Precise systematic affinities of this new
arthropod could not be determined. This discovery supports the conclusion that the tracemakers of various Arthrophycus
ichnospecies are likely poorly preserved, and presently unknown, members of the Ecdysozoa.

INTRODUCTION

ORGANISMS ARE rarely preserved with the traces they make.
There are a few exceptions, most notably the famous

mortichnia (Seilacher, 2007) from the Jurassic Solnhofen
Limestone, including the Mesolimulus Størmer, 1952 ‘‘death
marches.’’ Other examples include the Cambrian euthycarcinoid
arthropod Mictomerus Collette and Hagadorn, 2010 (Collette et
al., 2010), the Jurassic isopod Archaeoniscus Milne-Edwards,
1843 (Gaillard et al., 2005) at the end of their trackways, the
Eocene decapod Callianassa Leach, 1814 (Stilwell et al., 1997)
and the Pleistocene spatangoid echinoid Echinocardium Gray,
1825 (Bromley and Asgaard, 1975) at the end of their burrows.
In exceptional cases, size and/or morphological details of the
trace itself may lead to the identification of a specific
tracemaker, as in trackways attributed to Arthropleura Meyer,
1853 (Briggs et al., 1979, 1984) or eurypterids (Hanken and
Størmer, 1975; Briggs and Rolfe, 1983).

The makers of the various Paleozoic burrow systems assigned
to Arthrophycus Hall, 1852 remain the subject of discussion.
Arthrophycus often covers entire bedding planes either as
distinct, worm-like annulated trails (A. harlanii form) or as
bunched overlapping trails (A. alleghaniensis form). The
organisms that made Arthrophycus were active deposit feeders
(Brandt et al., 2012; Miller et al., 2009; Rindsberg and Martin,
2003). Disarticulated eurypterid cuticles (Johnson, 1985) and
rare lingulids are the only animal fossils previously found in
association with Arthrophycus in the Tuscarora Formation.
These carbonized body fossils occur in interbedded olive green
mudstones that also contain unambiguously non-marine crypto-
spore assemblages (Strother and Traverse, 1979). Neither
lingulids nor eurypterids appear related to the A. alleghaniensis

(Harlan, 1831) tracemaker. The wide stratigraphic and geo-
graphic range of Arthrophycus suggests that there may be
multiple tracemakers. Thus it is unlikely that the new arthropod
described here was responsible for all the ichnospecies of
Arthrophycus.

Arthrophycus is described as an elongate feeding burrow. It
ranges in age from the Cambrian (Mángano et al., 2005) to the
Carboniferous (Brandt et al., 2010) with greatest frequency in
the Ordovician and Silurian (e.g., Häntzschel, 1975; Seilacher,
2000). Reports of post-Paleozoic examples of Arthrophycus are
typically based on short, isolated sections with very poor

resolution of the diagnostic features, and cannot be assigned to
the ichnogenus with confidence (Mángano et al., 2005).
Arthrophycus from the Appalachian region of the United States
(e.g., Yeakel, 1962) is most commonly recorded and discussed
in the literature but the trace fossil has an essentially worldwide
distribution, e.g., Spain (Pickerill et al., 1984), Argentina
(Mángano et al., 2005), the Kandi Basin in West Africa (Alidou
et al., 1991), Libya (Turner and Benton, 1983), Australia
(Davies et al., 2011), and Antarctica (Cooper et al., 1983).
Arthrophycus mostly occurs in sandstone, interpreted as
nearshore, tidally influenced environments similar to those of
the Tuscarora Formation where frequent mudstone interbeds
were presumably mined for nutrients by the tracemaker.

The nature of the Arthrophycus tracemaker has historically
been a matter of debate with two main hypotheses: the
tracemaker is an arthropod, possibly a trilobite (e.g., Rindsberg
and Martin, 2003), or that it is a worm-like animal (Seilacher,
2000). Most current hypotheses (e.g., Seilacher, 2000) suggest
that the tracemaker is long-bodied and segmented. In one
locality, Arthrophycus includes sharp turns, suggesting a short-
bodied maker (Rindsberg and Martin, 2003). However, the
majority of Arthrophycus burrows, including all those known
from the Tuscarora section at Mann Narrows, show a smooth,
gradual curvature which is more indicative of a long-bodied
maker (Seilacher, 2000). A recent analysis of modern and fossil
traces, which compared the methods of locomotion of
arthropods and worms, strongly supports the arthropod hypoth-
esis (Brandt et al., 2012).

The Tuscarora Formation in central Pennsylvania (Fig. 1)
yields abundant examples of Arthrophycus. A new enigmatic
arthropod from the Tuscarora Formation is closely associated
with Arthrophycus alleghaniensis in the field. The specimen
was found in mudstone beds a few decimeters thick, interbedded
with similarly thin sandstones. All the sandstone interbeds
within a meter above or below the mudstone layer that yielded
the specimen contain Arthrophycus. This arthropod is a possible
candidate for the tracemaker of A. alleghaniensis in the lower
Silurian of the Appalachian region.

THE DEPOSITIONAL ENVIRONMENT OF THE TUSCARORA FORMATION

The interbedded sandstones and shales comprising the lower
Silurian (Aeronian) Tuscarora Formation (Castle, 1998) in
central Pennsylvania were deposited in a series of fluvial and
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near-shore (paralic) settings, which are sandwiched between the
fluvial red beds of the Juniata Formation, and the Fe-rich marine
sandstones and shales of the Rose Hill Formation (Fig. 1) (Berry
and Boucot, 1970). The sandstones are interpreted as marine
coast and shelf deposits, based on laterally continuous, non-
channeled beds, wavy upper surfaces, and wave-generated,
symmetrical ripples (Cotter, 1983). This is also supported by the
presence of Skolithos Haldemann, 1840 and Monocraterion

Torell, 1870 (Cotter, 1983). In contrast, abundant cryptospores
and organic fragments of land plant origin occur in the bluish
gray to olive green shales (Strother and Traverse, 1979;
Johnson, 1985; Beck and Strother, 2008) indicating a non-
marine origin. Regionally, the shales of the Tuscarora
Formation and its lithostratigraphic equivalents in Virginia
(Pratt et al., 1978; Tomescu et al., 2006) and New York (Miller
and Eames, 1982) are important sources of early land plant
remains (Gensel et al., 1990; Beck and Strother, 2008). Thus,
the muds that are interbedded with the Tuscarora sands contain
organic remains derived from freshwater rivers and streams.
Combining the clear biological signal with sedimentological
evidence, a paralic to estuarine setting characterized by low
salinity due to freshwater influx is clearly indicated. These
estuarine settings were sufficiently extensive to generate sand
bars (Cotter, 1983), while the freshwater flux excluded normal
marine invertebrates. This depositional setting is consistent with
the sporadic occurrence of disarticulated eurypterids (mostly

isolated tergites) and lingulids, which occur in the Tuscarora
shales at Mann Narrows and throughout the central and southern
Appalachians. Extensive bioturbation, evidenced by the abun-
dance of Arthrophycus and other deposit-feeding traces in the
Tuscarora, reflects high levels of nutrients delivered by this
freshwater, terrestrial influx.

SYSTEMATIC PALEONTOLOGY

Phylum ARTHROPODA

Genus PLEURALATA new genus

Type species.—Pleuralata spinosa new species by monotypy.
Diagnosis.—As for species.
Etymology.—From Latin pleura, pleura; lata, wide, referring to

the prominent pleurae.
Discussion.—As for species.

PLEURALATA SPINOSA new species
Figure 2

Diagnosis.—Axial and pleural regions each about one third of
the body width; anterior trunk tagma comprising most of the
length; each tergite overlapping the next most-posterior by almost
half the length; posterior tagma short and broad with ten pairs of
lateral spines of which the two terminal pairs are longest and
curve slightly inwards.

Description.—The specimen is represented by part and
counterpart, flattened parallel to bedding. The outline is defined
by a carbonaceous film which is much denser in the axial region.
The cuticle was presumably not biomineralized. The maximum
preserved length is 51 mm but the head and additional anterior
portions of the body, if any, are missing. Two trunk tagmata are
represented but the appendages are not preserved. The preserved
length of the anterior tagma is 45 mm, tapering distally from 20.4
mm to 10.6 mm in width. The trunk is trilobate. The anterior
tagma preserves evidence of thirteen tergites, but this is a
minimum number. The axial region, in particular, preserves
evidence of overlap between the tergites. The gut is evident as a
dark band sporadically expressed along the axis. The axis is
flanked by pleurae which are subrectangular in outline. A linear
structure runs near parallel to the outer edge of each pleura which
may represent a feature on the external surface.

The posterior tagma is 6.2 mm long and 12.1 mm wide. Ten
pairs of elongate spines project from the margin; they are directed
laterally at the anterior of the tagma and more posteriorly toward
the rear. The first eight spines are about 4 mm long, the last two
up to 7 mm. The length of the two longest spines is preserved
completely only on the right and additional spines may have been
present. There is some evidence of divisions in the axial region of
this posterior tagma but their relationship to the spines is not
clear.

Etymology.—From the Latin spinosa, spiny, referring to the
spine-like processes of the posterior tagma.

Holotype.—Yale Peabody Museum (YPM) 227997, part and
counterpart, is the only known specimen (Fig. 2) and is
designated the holotype.

Occurrence.—Tuscarora Formation, 165 m above the base,
where it outcrops along Route 322 at Mann Narrows (Jacks
Mountain), Pennsylvania; GPS datum WGS 84, N 40839.1030, W
77834.9920. Collecting at the locality in summer 2011 failed to
yield additional material of the arthropod.

Remarks.—The synapomorphies of most arthropod groups
involve features of the appendages or head; without such data it is
difficult to determine where the affinities of P. spinosa lie.

Trilobites have a heavily calcified exoskeleton, which is
lacking in P. spinosa, and they are fully marine. Pleuralata
spinosa does not preserve features (primarily characters of the

FIGURE 1—Location map and stratigraphic column for the location of
Pleuralata spinosa.
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appendages) diagnostic of chelicerates (Selden and Dunlop,
1998). Crustaceans have a wide range of morphologies, but the

diagnostic characters are in the head and appendages (Wills,

1998), neither of which are preserved in P. spinosa. The general

morphology of P. spinosa does not suggest an affinity with any of

these three major arthropod groups. The long thin posterior tagma

of the euthycarcinoids (Ortega-Hernández et al., 2010) also
differs from the relatively short, wide posterior tagma of P.

spinosa.

Pleuralata spinosa is unlikely to be a myriapod because all
known myriapods lack a differentiated posterior tagma. It does

share some similarities with arthropleurids including the long

body, segments with significant overlap, and wide pleurae with a

keel or terrace line. Pleuralata spinosa falls within the known

size range of arthropleurids, from 38 to 2200 mm (Kraus, 2005).
Two features of the dorsal exoskeleton are considered diagnostic

of arthropleurids: diplosegments and paranotal tergal lobes

(essentially pleurae) separated from the axis with a suture

(Hannibal, 1997; Shear, 1997). There is no evidence that P.

spinosa had diplosegments but without evidence of limbs this

cannot be completely ruled out. Similarly, there is no evidence of

a suture between the pleurae and the axis, although this area is

poorly preserved (Fig. 2.2, 2.3). The Order Arthropleurida is

characterized by large tubercules (Hahn et al., 1986; Hannibal,

1997) and an axis approximately one half the width of the body
(e.g., Hahn et al., 1986) which contrast with the small size,

smooth cuticle, and narrower axis (less than one third the width of

the body) in P. spinosa. Whereas the posterior end is not well

known among arthropleurids (Kraus, 2005), there is no posterior

tagma like that in P. spinosa in juvenile Arthropleura from the
late Carboniferous of Montceau-les-Mines (Briggs and Almond,

1994).

Pleuralata spinosa is more similar to members of the order
Eoarthropleurida, which are smaller than arthropleurids (Shear

and Selden, 1995; Shear, 1997) and, in some cases, have a smooth

cuticle (Størmer, 1976). The posterior end of Eoarthropleurida,

FIGURE 2—Pleuralata spinosa, n. gen. n. sp. (YPM 227997): 1, line drawing incorporating information from part and counterpart; 2, 3, part and counterpart
photographs, respectively, taken in alcohol under polarized light, red channel only, grayscale, and inverted with the infrared filter in Photoshop.
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although incompletely known (Størmer, 1976, text-figs. 12–14),
differs from that of P. spinosa. Members of the order Micro-
decemplicida reach only a few millimeters in length (Shear, 1997;
Wilson and Shear, 2000) and the anal cone (Wilson and Shear,
2000, fig. 16) differs from the posterior morphology of P.
spinosa. Arthropleurida, Eoarthropleurida and Microdecemplici-
da are all considered to be terrestrial forms. Even early Silurian
stem forms are unlikely to have generated subaqueous burrows.

Pleuralata spinosa shows some similarity to the problematic
Oxyuropoda ligioides Carpenter and Swain, 1908, from the
Devonian of Ireland. Oxyuropoda ligioides has been allied
tentatively with the isopods (Carpenter and Swain, 1908; Rolfe,
1969) or euthycarcinoids (Schram, 1971). Both P. spinosa and O.
ligioides have differentiated anterior and posterior trunk tagma.
The pleurae of O. ligioides are similar in shape and in proportion
of the body width to those of P. spinosa (Carpenter and Swain,
1908). The tergites in the anterior trunk tagma of O. ligioides
appear to be divided transversely and are much longer than the
divisions in the posterior trunk tagma (Carpenter and Swain,
1908, fig. 1; Rolfe, 1969, fig. 394, 1c). The posterior tagma of O.
ligioides is similar to that of P. spinosa; it is short and broad, and
each division likewise possesses a pair of lateral spines
(Carpenter and Swain, 1908). However, the trunk of O. ligioides
consists of only six tergites, compared to more than twice as
many in P. spinosa, and it terminates in a small telson bearing a
pair of elongate rami.

PALEOBIOLOGY OF THE ARTHROPHYCUS ALLEGHANIENSIS TRACEMAKER

Pleuralata spinosa is a promising candidate for the trace-
maker of A. alleghaniensis, however, this single specimen
preserves too little detail to test this hypothesis. Thus, we
propose two questions: 1) can an arthropod be the tracemaker of
A. alleghaniensis? and 2) if so, what features of the tracemaker
might be predicted as preserved in the specimen of P. spinosa?

Morphology of the trace Arthrophycus alleghaniensis.—
Arthrophycus alleghaniensis was described originally as gently
arched and recurved, cylindrical, with transverse wrinkles and a
longitudinally depressed midline (Fig. 3) (Harlan, 1831; Hall,
1852). These transverse wrinkles, often called ‘‘ridges’’ or
‘‘annulations,’’ are only present on the bottom of the burrow,
presumably corresponding to the ventral surface of the trace-
maker, although some authors infer their presence on all sides of
the trace (Seilacher, 2007). More recently, the description of A.
alleghaniensis was revised to include a squarish rather than
cylindrical cross section, with retrusive backfill (Seilacher, 2007).
The burrows occur mostly horizontally, in bundled or palmate
associations (Brandt et al., 2010), and are typically 5 to 15 mm
wide (Seilacher, 2000).

Can an arthropod be the tracemaker of Arthrophycus
alleghaniensis?—Arthropods are known to generate bilobed
traces with distinct scratches or annulations meeting at or near
the midline, both in fossil, e.g., Cruziana and Rusophycus (Fortey
and Seilacher, 1997), and in extant isopod trackways (Davis et al.,
2007; Brandt et al., 2012). Moreover, A. alleghaniensis has been
reported to form a morphological continuum with associated
Cruziana d’Orbigny, 1842 and Rusophycus Hall, 1852 (Hall,
1852; Selley, 1970; Häntzschel, 1975; Baldwin, 1977; Turner and
Benton, 1983), both of which are interpreted as arthropod traces
(e.g., Fortey and Seilacher, 1997). This indicates that all of these
traces were produced by slightly different arthropod behaviors
(Rindsberg and Martin, 2003). All of these traces exhibit regular
transverse ridges and a median furrow. Arthophycus brongniartii,
which has the same basic morphological features as A.
alleghaniensis including the regular transverse ridges and median
furrow, has also been reported in continuity with a trace
resembling Nereites MacLeay, 1839 at the same site where it

also forms a morphological continuum with Cruziana and
Rusophycus (Rindsberg and Martin, 2003). True Nereites is a
worm trace (Màngano et al., 2000) but arthropods have been
shown to produce a similar trace (Martin and Rindsberg, 2007).
This, in combination with the morphological continuum with
Cruziana and Rusophycus and marks that seem to correspond to
trilobite genal spines (Rindsberg and Martin, 2003), suggest that
A. brongniartii was produced by an arthropod—in this case a
trinucleid trilobite. This overall similarity between trilobite
generated traces and Arthrophycus strongly suggests that some
form of arthropod could have produced A. alleghaniensis.

A number of features of Arthrophycus burrows have suggested
a worm, rather than an arthropod, as a possible tracemaker: the
annulations are too broad to be arthropod limb scratches
(Seilacher, 2007), and some specimens of A. linearis show fine
transverse wrinkles (which have never been reported in A.
alleghaniensis) indicating that the cuticle of the maker was soft
and flexible (Seilacher, 2000, 2007). Seilacher in particular
(2007, p. 117) considered that the maker may have been a long,
segmented, soft-bodied worm-like organism with ‘‘parapodial
protuberances.’’ However, a more recent study showed that all
known fossil and modern worm traces are smooth and
unornamented, and no known worm locomotion could produce

FIGURE 3—Specimen of Arthrophycus alleghaniensis from the Tuscarora
Formation, on the bottom of a sandstone bed, found in float near the location
of Pleuralata spinosa (YPM 576475).
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an ornamented trace such as A. alleghaniensis (Brandt et al.,
2012).

Thus, A. alleghaniensis is more likely to have been produced
by an arthropod.

What features of the tracemaker can be predicted?—First, the
tracemaker would have spent at least part of its time in the area in
which A. alleghaniensis was produced and might be preserved in
association with the traces. Body fossils rarely occur with A.
alleghaniensis. They include brachiopods (Chadwick, 1908;
Grahn, 1992), molluscs (Turner and Benton, 1983; Grahn,
1992), graptolites (Turner and Benton, 1983), a trilobite
(Chadwick, 1908), eurypterids (Johnson, 1985), and Pleuralata
spinosa. Of these, only the trilobites, eurypterids, and P. spinosa,
as mobile organisms, could represent the A. alleghaniensis
tracemaker.

Second, the prevalence of smooth, gradual curves in A.
alleghaniensis suggests that the tracemaker was long-bodied
(Seilacher, 2000). Pleurolata spinosa is the only long-bodied
body fossil that occurs in proximity to the trace.

Third, the A. alleghaniensis tracemaker must have burrowed
actively (Miller et al., 2009) and thus was likely flexible in three
dimensions. The extensive overlap between the trunk tergites of
P. spinosa echoes that in Eoarthropleura, which Størmer (1976)
argued would have resulted in considerable mobility both
horizontally and vertically, and is consistent with that of an
active burrower.

Fourth, the body width of the tracemaker would match the trace
width of A. alleghaniensis. The limbs of P. spinosa are not
preserved, but assuming they did not extend beyond the pleurae,
they would have generated a trail no more than 20 mm wide.
Arthrophycus alleghaniensis is typically between 10 and 20 mm
wide, and the trails at the P. spinosa site are between 7 and 17
mm wide, consistent with the dimensions of the body fossil.

Fifth, the tracemaker would lack any protrusions which would
leave extraneous marks in the sediment. The specimens of A.
alleghaniensis preserve no marks that might have been made by
the spines on the posterior tagma of P. spinosa. However, it is
possible that these spines were kept free of the sediment, perhaps
by P. spinosa burrowing in a head-down J-position (Seilacher
2007, plate 42). With the possible exception of the posterior
spines, the preserved portions of P. spinosa present a good match
for the predicted features of the tracemaker of A. alleghaniensis.

CONCLUSIONS

Pleuralata spinosa is the only body fossil associated with A.
alleghaniensis with a morphology consistent with that of the
trace fossil, making it the best candidate thus far for the
tracemaker. More concrete evidence of the locomotion and
potential trackways of P. spinosa, and a clearer understanding of
its affinities, await the discovery of more complete specimens.
In their discussion of the probable tracemaker of the Carbon-
iferous Arthrophycus parallelus, Brandt et al. (2012, p. 4)
concluded that Arthrophycus tracemakers should be sought ‘‘on
an ichnospecies-by-ichnospecies and a fauna-by-fauna basis.’’
The discovery of Pleuralata spinosa in stratigraphic proximity
with A. alleghaniensis represents a contribution to such an
inventory of probable Arthrophycus tracemakers.

The interbedded mudstones and sandstones of the Tuscarora
Formation yield two distinct modes of preservation within the
same depositional setting—organic compressions of body fossils
and microscopic plant remains in the mudstones and trace
fossils (primarily preserved in positive semi-relief at the base of
sandstone beds) in the sandstones. Careful examination of such
heterolithic sequences could lead to the discovery of associated
tracemakers elsewhere in the rock column.
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