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Abstract

Bromalites (trace fossils produced by food processing) from the early Eocene Willwood
Formation of Wyoming contain abundant glyptosaurid lizard skeletal elements. They
clearly represent bromalites as they are discrete, three-dimensional, disarticulated accu-
mulations of biological materials. Furthermore, they contain abundant skeletal elements,
principally osteoderms, that exhibit no indication of digestion, so they can be identified
as regurgitalites. The Willwood specimens represent orniothoregurgitalites, specifically
strigilites, the regurgitalites of owls. These strigilites are assigned to Sauresus osteodermus
igen. et isp. nov. This ichnotaxon is characterized by an elongate, sub-cylindrical or
sub-ovoid bromalite pellet with irregular surface texture that is composed of a micritic
matrix and contains abundant, well-preserved skeletal elements of glyptosaurids, prin-
cipally osteoderms. The strigilites were probably produced by Primoptynx poliotauros
that used its feet to kill glyptosaurids. The lizard, rather than rodent, content of the
strigilite supports the hypothesis that Eocene owls were diurnal in habit and only became
nocturnal in the Oligocene.

Keywords: vertebrate ichnology; regurgitalites; owls; diurnal

1. Introduction
Paleogene bromalites from nonmarine strata are best represented by specimens from

lacustrine Lagerstätten such as Messel, Green River and Menat (e.g., [1–7]). Most vertebrate
bromalites from Paleogene fluvial environments are coprolites (e.g., [8–12]). Fluvial strata
of the Paleocene–Eocene age in the western interior of the United States have yielded
extensive and significant vertebrate faunas, notably of mammals, but few bromalites have
been described (e.g., [10,13]). Here, we describe specimens of an unusual bromalite from
the Eocene Willwood Formation of Wyoming that contains abundant bony material of a
glyptosaurid lizard.
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2. Geologic Setting
Fluvial sediments derived from the rising Rocky Mountains buried and preserved

abundant remains of early Cenozoic vertebrates in the Bighorn Basin of northwestern
Wyoming [14]. Subsequently, uplift and erosion exposed large areas of Paleocene and early
Eocene sedimentary rocks. Jacob L. Wortman made the first paleontological collections
from these rocks for Edward Drinker Cope [15]. Later, several institutions made extensive
paleontological collections in these strata, notably the American Museum of Natural History,
Princeton and Yale universities and the University of Michigan [16].

The Willwood Formation was named by F. B. Van Houten for about 762 m of “red-
banded strata in the Big Horn Basin that in their normal position overlie the Polecat
Bench, or ‘Fort Union,’ formation and underlie the Tatman” ([17], p. 176). The Willwood
Formation consists of a complex association of marginal alluvial fan conglomerates grading
basinward into stream channel and floodbasin deposits [18]. Paleosol horizons that are
developed in Willwood mudstones yield abundant remains of fossil vertebrates spanning
the early Clarkforkian (late Paleocene) and middle Clarkforkian (late Paleocene) through
early Bridgerian (late early Eocene) land-mammal “ages” (LMAs) (e.g., [19–27]: Figure 1).
Granger [27] recognized four subdivisions of what is now considered the Wasatchian LMA
(early Eocene)—the Sand Coulee, Graybull, Lysite, and Lost Cabin. In the Bighorn Basin,
the middle Wasatchian is equivalent to the Graybullian land-mammal sub-age of Granger
and includes three biochrons or zones: Wa3, Wa4 and Wa5. The specimens described
here are from Wa5 or late Graybullian strata (Figure 1) and were collected by Robert T.
Bakker for the University of Colorado in the Wardel Reservoir area from 1979 to 1983 (UCM
[University of Colorado Museum, Boulder, Colorado] localities 85230 and 76800).

 
Figure 1. Chronostratigraphy of the glyptosaurid-bearing regurgitalite showing subdivisions of the
early Eocene Wasatchian land-mammal “age” (LMA) used in the Bighorn Basin, Wyoming, USA.

3. Nature of Bromalites
The hypodigm consists of two specimens (UCM 76801) from locality L85330 and

three (UCM 7600) from locality L92212 (Figures 1 and 2). We consider them to represent
bromalites as they are discrete, three-dimensional concentrations of biological materials.
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Figure 2. Holotype of Sauresus osteodermus igen et isp. nov. (UCM 76801) in lateral (A,B), terminal (C),
dorsal (D) and ventral (E) views. Red box surrounds dentigerous palatal bone (vomer, palatine
or pterygoid).

Furthermore, they contain abundant skeletal elements, principally osteoderms, be-
longing to one or more closely related animals (possibly one individual) in which the
anatomical relationships of the bones to one another is disrupted. Whereas the 3D preser-
vation of bones in anatomical relationship might result from different processes, such as
mummification or adipocere development [28], the disarticulation implies that the soft
tissue had been digested [see [29]], suggesting their passage into the digestive tract of a
predator. Because the bones exhibit no indication of digestion, the pellets can be identified
as regurgitalites [4,7,30–32]. The characteristics that distinguish regurgitalites from other
bromalites have been discussed recently by several authors [4,7,31–36].

Regurgitalites are bromalites that are egested through the mouth [30]. They are the
least studied bromalites prior to their Quaternary records, although there has been a
notable increase in publications on them during the past few years (see reviews in [4,7,37]).
Regurgitalites also have the least extensive fossil record among bromalites, although
that record extends back to the Ordovician [4,5,7]. Hunt and Lucas [38] coined terms to
distinguish those that had been retained in the anterior digestive tract for a short period
of time (ejectalites) from those that had a longer residence time and had undergone more
digestion in the stomach and intestines (ekrhexalites). Myhrvold [39] proposed the term
emetolite for regurgitalites produced by routine emesis (i.e., some ekrhexalites of birds).

https://doi.org/10.3390/fossils4020012
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The Willwood regurgitalites are derived from strata deposited in a fluvial environment.
The majority of terrestrial regurgitalites from the Cenozoic pertain to birds, but there are
rare examples from the Eocene of specimens produced by snakes and lizards [4–7].

Snakes do not commonly produce regurgitations [e.g., [40]], and serpentalites (snake
regurgitalites) are rare and are currently only known from one locality [5]. Snake ejectalites
such as Messelemeticus lehmanni consist of a complete but compressed, articulated skeleton,
whereas ekrhexalites such as Ophiemeticus smithi are elongate accumulations of bones of
a single skeleton [5]. Some living lizards, notably varanids, have been speculated to pro-
duce gastric pellets (ekrhexalites) composed of indigestible fur, feathers, horns and bones
of their prey but there is little documentation [5,39,41–43]. Lizards from the Willwood
Formation are typically not large enough—with the possible exception of Saniwa sp.—to
have produced these regurgitalites. Sub-cylindrical regurgitalites are only known from
birds [4–7] and thus we conclude that the Willwood specimens represent orniothoregur-
gitalites (bird regurgitalites). Among extant birds in forested environments, only owls
produce pellets containing large numbers of undigested and generally unbroken bones [44].
Thus, we conclude that the regurgitalites are strigilites (owl regurgitalites). Further sup-
port for this hypothesis is provided by the presence of owls in the Willwood avifauna
(see discussion below).

4. Identification of Regurgitalite Inclusions
It appears that most, if not all, of the inclusions in the bromalites documented here

pertain to a glyptosaurid anguimorph (Figures 2 and 3). Glyptosaurids are heavily ar-
mored lizards related to Anguidae that traditionally comprise two tribes—the paraphyletic
“Melansaurinae” and monophyletic Glyptosaurinae [45–47]. Glyptosauridae is a Holarctic
anguid radiation that originated in North America with a radiation in the late Cretaceous
and Paleogene and expansion to Europe in the early Eocene with a single occurrence in
Asia [47–50]. Glyptosaurids diversified during the early and middle Eocene and declined
thereafter with the last occurrence in the middle Oligocene of South Dakota [49,51–57].

The most common glyptosaurid elements in the bromalites are the distinctive tuber-
culate osteoderms, and other elements include a dentary and a dentigerous palatal bone
(vomer, palatine or pterygoid) in edge view (Figure 2E). There are several glyptosaurine taxa
present in the Graybullian strata of western North America, including Melanosaurus max-
imus (Wa2–Wa3: Willwood Formation, Clark’s Fork Basin [49]), Xestops savagei (Wa4–Wa6?:
Wasatch Formation, Washakie Basin [55], glyptosaurine A and B (Wa4–Wa6?: Wasatch
Formation, Washakie Basin [55]); it would currently be termed “glyptosaurid A and B”),
Glyptosaurus rhodinos (Wa5: Willwood Formation, Bighorn Basin [53]), Proxestops sp. (Wa5:
Willwood Formation [52]), glyptosaurine indet. (Wa5: Willwood Formation [52]; it would
currently be termed “glyptosaurid indet.”) and Glyptosaurus cf. G. yatkolai (Wa5-Wa6: San
Jose Formation [58]). Based on present knowledge, the most likely candidates are the three
taxa known from the late Graybullian (Wa5) of the Willwood Formation in the Bighorn
Basin, viz., glyptosaurid indet., Glyptosaurus rhodinos and Proxestops sp.

The majority of the inclusions in the bromalites are osteoderms. Glyptosaur osteo-
derms are generally not considered to be very diagnostic, but they provide useful infor-
mation in comparing some taxa [45,48,52,59,60]. Smith’s [52] dentary of an indeterminate
glyptosaurine has no associated osteoderms and thus cannot be compared. The specimen of
Proxestops sp. (Glyptosauridae, non-subfamily Glyptosaurinae or Melanosaurinae) includes
a left frontal fragment that preserves a distinct ornamentation that includes ridges that
are not present on the inclusions ([52]). Glyptosaurus rhodinos (subfamily Glyptosaurinae)
preserves strongly projecting osteoderms in the center of the parietal with much larger and
flatter osteoderms elsewhere, including the interparietal. The osteoderms in the bromalites
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are consistent with the ornamentation of Glyptosaurus rhodinos (Figure 12 in [52]) and other
species of this genus (e.g., [48]). However, without more diagnostic traits (and recogniz-
ing our incomplete understanding of the stratigraphic distribution of glyptosaurids), we
remain agnostic on the identification of the glyptosaur.

Figure 3. Paratype and referred specimens of Sauresus osteodermus igen et isp. nov. (A–C); paratype
(UCM 76801) in dorsal (A), ventral (B) and lateral (C) views. (D,E) Two referred specimens (UCM
7600) in lateral view.

5. Producer of Regurgitalites
While the Willwood Formation is most famous for its mammalian fossils, it also yields

a diverse fossil avifauna [e.g., [14,61–74]].
There are fossils of three raptorial birds in the Willwood Formation that are possible

sources of the regurgitalites. Paracathartes howardae is a cathartid vulture from the Graybul-
lian whose type and only specimen is the distal end of a tibiotarsus. It is an unlikely source
for the bromalite because of its size, as it has a wingspan larger than Cathartes aura, which
is typically 160–183 cm [65]. Also, the abundance of the Willwood bromalite at more than
one locality might suggest an owl as a source as they are known from several localities.
There are two owls that could have produced the bromalites.

Eostrix (Protostrix) mimica is represented by the distal end of a right tibiotarsus and
the distal end of a metatarsus from the Wasatchian [64,72]. Primoptynx poliotauros is a
large owl from the early middle Wasatchian (Wa3; early Graybullian) in the northern
Bighorn Basin [72]. Unlike all other owls, except the Bridgerian protostrigid Minerva
spp., Primoptynx has ungual phalanges of the hallux and the second toe that are distinctly
larger than those of the other toes. Mayr et al. [72] note that these features occur in extant
hawks and allies (Accipitridae). Thus, they concluded that Primoptynx and protostrigid
owls used their feet to dispatch prey like hawks do, whereas extant owls kill prey with
their beak. This suggests that Primoptynx was possibly specialized in foraging on prey
items that required an accipitrid-like killing strategy, such as larger or more defensive
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prey [72], which could include glyptosaurids with thick osteoderms covering their head
and body. Given their co-occurrence in the late Graybullian and the unusual adaptation of
this owl we tentatively identify the most likely producer of the Willwood regurgitalites as
Primoptynx poliotauros. Bridgerian–Oligocene protostrigids (e.g., Minerva, Oligostrix) may
have had similar predatory habits, and their fossil record extends into the early Oligocene
(only in Europe), and this parallels the later stratigraphic distribution of glyptosaurs [49],
which could be significant, although we do not have enough evidence to suggest that
glyptosaurids were the principal diet of protostrigids.

6. Paleogene Strigilites and Diurnal Behavior in Early Owls
Mayr [75] first suggested that early and middle Eocene owls were less nocturnal

than recent taxa based on osteological evidence. Subsequently, the description of Ypre-
siglaux michaeldanielsi from the early Eocene London Clay of England and Primoptynx
poliotauros from the Willwood Formation of Wyoming have lent more credence to this
hypothesis [72,76]. Notably, Ypresiglaux michaeldanielsi apparently had eyes that were not as
greatly enlarged and forward-facing as in extant owls and an inability to rotate its head to
the extent possible in the crown group Strigiformes. This suggests a mosaic evolution of the
strigiform body plan, with owls developing raptorial adaptations before the development
of specializations of the visual and acoustic systems that relate to crepuscular or nocturnal
activity [76]. Mayr and Schaal [44] noted that the nocturnal behavior of owls is likely to
have evolved in response to the activity patterns of rodents, which constitute the main
component of the diet of most extant owl species.

Inclusions in putative strigilites in the Eocene and Oligocene can provide evidence
for this hypothesis because it can be hypothesized that rodents would be rare or absent
in strigilites produced by diurnal owls (Table 1). Strigilites can be distinguished from
ornithoregurgitalites produced by raptors because they contain a higher percentage of bone
and most are not broken [77]. The only middle Eocene strigilite is of Palaeostrigiithus mayri
from the Messel Lagerstätte, which contains only bird bones [5,44]. A possible strigilite con-
tains elements of the early leptochoerid artiodactyl Stibarus from the latest Eocene Peanut
Peak Member of the Chadron Formation in South Dakota, USA [9]. Putative Oligocene,
and younger strigilites, such as those described herein, are, in contrast, composed primarily
of rodent skeletons [11,78].

Table 1. Early (Eocene–Miocene) strigilites (owl regurgitalites).

Strigilite
Ichnotaxon Locality Age Inclusions References

Sauresus osteodermus igen. et isp. nov. Willwood Formation, Wyoming, USA Early Eocene Glyptosaurid This paper

Palaeostrigilithus mayri Messel Lagerstätte, Germany Middle Eocene small bird [5,44]

Bridger Formation, Wyoming, USA Middle Eocene Omomys (primate) and a few
bird bones [79,80]

Chadron Formation, South Dakota, USA Late Eocene Stibarus (leptochoerid artiodactyl) [81]

Bubobromus kathyhuntae White River Formation, Wyoming, USA Early Oligocene
principally skulls and skeletons of
rodents but also marsupial, carnivore
and bird (owl)

[6,11,82,83]

White River Formation, Wyoming, USA Early Oligocene Centenodon chadronensis (insectivore),
owl (?) [82,84]

Enspel Lagerstätte, Germany Late Oligocene
main prey species are rodents; others
include cyprinid fishes, frogs and
anguimorph lizards

[77,85]

Zia Formation, New Mexico, USA Early Miocene two rodents (Proheteromys cetanes and
P. aff. P. floridanus) [86]

Gratkorn, Austria Middle
Miocene

multiple rodents, insectivores,
lagomorphs, bats [87–89]

Öhningen, Baden-Württemberg, Germany Late Miocene Megacricetodon (rodent) [90]
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The Eocene Omomys Quarry in Wyoming in the United States consists almost exclu-
sively of bones of the eponymous primate as well as bones of birds, including owls. The
quarry may represent a strigilite purgolite [79–81].

Lucas et al. [11] described a purgolite composed of the strigilite Bubobromus kathyhuntae
from the early Oligocene of eastern Wyoming [6,82,83]. The strigilites are preserved as
calcareous nodules full of fossil mammal bones and yield the type specimens of the sciurid
rodent Cedromus wilsoni and the todid bird Palaeotodus emryi. The strigilite assemblage also
includes the skeletons, bearing skulls, of at least three individual owls. Other possible
Oligocene occurrences from Wyoming include a skeleton of the insectivore Centenodon
chadronensis that exhibits features suggestive of it originating in a strigilite [84], and pellets
and possible owl bones from another locality [82].

The late Oligocene Enspel Lagerstätte in Germany also preserves presumed strigilites
that contain rodent specimens [77,85]. The main prey species are rodents, but other prey
include cyprinid fishes, frogs and anguimorph lizards [77].

Gawne [85] identified a strigilite from the early Miocene of central New Mexico. This
specimen is a small pellet containing tightly packed cranial and postcranial specimens of
two rodents (Proheteromys cejanus and P. aff. P. floridanus).

The rich fossil mammalian assemblage from the middle Miocene of Gratkorn, Austria,
includes a diverse fauna of small mammals (rodents, lagomorphs, insectivores, bats) includ-
ing Schizogalerix voesendorfensis, Galericinae gen. et sp. indet., Desmanodon fluegeli, Dinosorex
sp., cf. Myotis sp., “Cricetodon” fandli, Megacricetodon minutus, Eumyarion sp., Spermophilinus
bredai, Blackia sp., Forsythia gaudryi, Albanensia albanensis, Muscardinus aff. sansaniensis,
Miodyromys sp., Keramidomys sp., Euroxenomys minutus minutus, Prolagus oeningensis, cf.
Eurolagus fontannesi and Ochotonidae indet. Based on the degree of corrosion on the dental
elements and the presence of pellets, most, but not all, of the material is interpreted as a
result of accumulation of regurgitations of nocturnal raptors [87–89].

Tobien [90] described Megacricetodon (rodent) specimens from the late Miocene Öhningen
locality, Baden-Württemberg, Germany. These specimens are preserved in regurgitalites.
Younger strigilites are composed primarily of rodent skeletons (e.g., [6,77–92]). In con-
clusion, it appears that rodents are absent in putative strigilites until the early Oligocene.
Assuming that there was no dietary change in owls at the end of the Eocene, this pattern
supports the hypothesis that early owls were diurnal in habit. In addition, glyptosaurids
were probably principally diurnal [93], as are most extant lizards, which would further
suggest that the Willwood predator was not nocturnal.

7. Ichnotaxonomy
Sauresus igen. nov.

Coprolite containing glyptosaur elements: Hunt and Lucas [10], p. 85, Figure 4E in [10].
Type ichnospecies: Sauresus osteodermus, Hunt et al., isp. nov.
Included ichnospecies: Known only from the type ichnospecies.
Etymology: From the Greek sauros (lizard) and the Latin esum (eaten), in reference to the
origin of this bromalite.
Distribution: Early Eocene of Wyoming, USA.
Diagnosis: Elongate, sub-cylindrical or sub-ovoid bromalite pellet with irregular surface
texture that is composed of a micritic matrix and contains abundant, well-preserved skeletal
elements, principally osteoderms, of glyptosaurid lizards.

Sauresus osteodermus isp. nov.

Holotype: UCM 76801, complete regurgitalite (Figure 2).
Paratype: UCM 76801, nearly complete regurgitalite (Figure 3A–C).
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Etymology: For the osteoderms that constitute the majority of inclusions in this regurgitalite.
Type locality: UCM locality 85230, Wardel Reservoir area, Bighorn County, Wyoming, USA.
Type horizon: Willwood Formation (early Eocene, Wasatchian, late Graybullian: Wa5).
Distribution: As the ichnogenus.
Referred specimens: UCM 7600, three regurgitalites from locality 92212 (Wardel Reser-
voir area, Bighorn County, Wyoming, USA) from the Willwood Formation (early Eocene,
Wasatchian, late Graybullian: Wa5).
Diagnosis: As the ichnogenus.
Description: UCM 76801 is composed of two regurgitalites. The designated holotype
is an irregular, flattened cylinder with rounded margins (Figure 2). It is 52 mm long
with a maximum width of 24 mm and a thickness of 19 mm. The matrix is calcareous.
There are multiple bony inclusions of possibly a single glyptosaurid individual including
multiple osteoderms.

The paratype (also UCM 780: Figure 3A–C) is a flattened ovoid with angular margins
in dorsal and ventral view. It is 41 mm long, 25 mm in width and 19 mm in depth, and its
surficial inclusions are primarily glyptosaurid osteoderms. Three referred specimens (UCM
7600) derive from a different locality (Figure 3D,E). These specimens contain slightly fewer
surficial inclusions than the holotype and paratype, the majority of which are glyptosaurid
osteoderms. The largest specimen has the shape of an irregular cylinder and is 35 mm long
and 23 mm in diameter (Figure 3D). The second largest is an irregular flattened ovoid with
a maximum length of 28 mm and width of 25 mm (Figure 3E). The smallest specimen is
subtriangular in shape, with a maximum length of 25 mm and width of 21 mm.

Discussion: This is the only known regurgitalite ichnotaxon to contain inclusions of a
lizard. Smith et al. [29,92] described chameleon and other lizard specimens from the middle
Pleistocene of Israel that were probably accumulated from barn owl regurgitalites.

8. Conclusions
Bromalites from the early Eocene Willwood Formation of Wyoming contain abundant

glyptosaurid skeletal elements. These are strigilites assigned to Sauresus osteodermus igen.
et isp. nov. The strigilites were probably produced by Primoptynx poliotauros which used
its feet to kill specimens of glyptosaurs, potentially Glyptosaurus rhodinos. The number
of examples of this type of strigilite in a restricted area suggests specialized predation
on glyptosaurids by Primoptynx poliotauros. The lizard, rather than rodent, content of the
strigilite supports the hypothesis that Eocene owls were diurnal in habit and only became
nocturnal in the Oligocene.
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