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Abstract. Articulated holaspid specimens of Placoparia
Hawle and Corda, 1847 and Eoharpes Raymond, 1905 en-
tombed inside cephalopod conchs and under the remains of
large illaenid, asaphid, cyclopygid and dalmanitid trilobites
from the Middle Ordovician Sarka Formation of the Prague
Basin (Czech Republic) are described and discussed. Two
such samples were also found in the overlying Dobrotiva For-
mation of Middle/Late Ordovician age. Four articulated juve-
nile exoskeletons of Placoparia preserved under a cephalon
of the cyclopygid trilobite Degamella Marek, 1961 represent
the first record of shelter strategy of non-holaspid trilobites.
The sheltered preservation of trilobites could be explained by
a hiding behaviour associated with the danger of predation,
storm disturbances, seeking for food or high vulnerability af-
ter moulting. It is obvious that Placoparia and Eoharpes de-
liberately entered the restricted space under skeletal parts of
large trilobites or inside cephalopod conchs. These excep-
tional finds provide a new insight in the life strategy of some
Ordovician benthic trilobites and are classified as cases of
“frozen” behaviour.

1 Introduction

Hiding (cryptic) behaviour of trilobites has been documented
from Cambrian to Carboniferous fossil associations (e.g.
Brett, 1977; Chlupac, 1996; Peder and Feist, 1998; Suzuki
and Bergstrom, 1999; Davis et al., 2001; Chatterton et al.,
2003; Chatterton and Fortey, 2008; Valent et al., 2008; Flick
and Flick, 2009; Radwanski et al., 2009; Rakocinski, 2009;
Fatka and Budil, 2014; Hsieh and Plotnick, 2020). Compa-
rable behaviour was described also in Cambrian agnostids
(Chatterton et al., 2003; Fatka et al., 2009; Fatka and Sz-
abad, 2011; Fatka and Kozdk, 2014). This specific type of

defensive strategy is supposed to be triggered by an increas-
ing predation pressure connected with hunting activities of
lobopods, diverse arthropods, cephalopods and gnathostome
fishes (e.g. Brett, 2003; Brett and Walker, 2002; Babcock,
2003). The articulated trilobite carcasses transported by cur-
rents can be deposited around the cephalopod shell, but it is
unlikely that they would be washed into the body chamber
(see Wani, 2007). Consequently, it is unlikely that the trilo-
bite carcasses were washed into the cephalopod conchs.

In general, brachiopod and molluscan conchs and valves
as well as trilobite exoskeletons show evidence of healed bite
marks and peeling from the Cambrian onward, but with an in-
creased frequency in the Devonian (Brett and Walker, 2002;
cf. also Bambach, 1999; Klug et al., 2017).

In this contribution, we describe 16 examples with artic-
ulated specimens of two trilobite genera, namely the har-
petid Eoharpes Raymond, 1905 and the pliomerid Placo-
paria Hawle and Corda, 1847, entombed under pygidial and
cephalic shields of much larger asaphid and illaenid trilo-
bites, as well as several specimens of both taxa preserved
inside cephalopod shells. These natural assemblages were
collected from siliceous nodules from the Middle to the low-
ermost Upper Ordovician dark shales of the Sarka and Do-
brotiva formations (Oretanian to lowermost Berounian re-
gional stages, middle Darriwilian to lowermost Sandbian) in
the Prague Basin, Tepld-Barrandian Unit, Czech Republic
(Figs. 1, 2).

2 Geological setting and stratigraphic framework

The Prague Basin existed from the Early Ordovician
(Tremadocian) to the Middle Devonian (Givetian). Cambrian
to Devonian strata of the Barrandian area, including the
Sérka and Dobrotivéa formations, belong to the well-known
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Figure 1. Geographical distribution of localities yielding Eoharpes
and Placoparia preserved inside of cephalopod conchs and under
large exoskeletal parts.

classical sections yielding a diverse marine fauna (e.g. Bar-
rande, 1872; Bruthansova et al., 2007).

2.1 Fauna of the Sirka and Dobrotiva formations

The designation of the Sarka and Dobrotiva formations was

proposed by Kettner and Kodym (1919). The former unit
is represented by an up to 300m thick sequence of grey
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to dark grey shale with sub-ordinate fine-grained siltstone.
The thickness of the formation and amount of the coarser-
grained admixture increase toward the eastern part of the
basin. In the western and north-western parts, thick bod-
ies of coeval volcanites and volcaniclastics belong to the
Komadrov Volcanic Centre (see Havlicek, 1998). Deposits
of oolithic ironstones occurring in the Sarka Formation are
related to the volcanic activity in that centre. Shale of the
Sérka Formation locally contains numerous siliceous nodules
with three-dimensionally preserved fossils, including trilo-
bites. The overlying Dobrotivd Formation (late Darriwilian
to lowermost Sandbian) is characterized by an up to 200 m
thick rhythmical succession of quartzose sandstone (Skalka
Quartzite) in its lower portion. Black shale with silty admix-
ture and local greywacke (Dobrotivd Shale) overlay quart-
zose sandstone and dominate in the upper portion of the for-
mation. The shale is of variable thickness (up to 350 m) and
also contains siliceous nodules, locally with fossils.

The concept of both formations was specified and
modified especially by Havlicek and Vanék (1966) and
Havlicek (1998). General overviews of the stratigraphy
and depositional settings of both units were given by
Kukal (1962), Havlicek and Vanék (1966), as well as
Havlicek (1982, 1998). The Sarka Formation is subdivided
into two graptolite biozones (in ascending order): Corym-
bograptus retroflexus and Didymograptus clavulus (Havlicek
and Vanék, 1966; Kraft and Kraft, 1999; Kraft et al., 2001).
It was traditionally correlated with the British Llanvirn (e.g.
Havlicek and Vanék, 1966). Kraft and Kraft (1999) and
Gutiérrez-Marco et al. (2017) correlated it with the Oreta-
nian Regional Stage, which corresponds to the middle and
late Darriwilian. The Dobrotivd Formation is also divided
into two graptolite biozones: Hustedograptus teretiusculus
and Cryptograptus aff. tricornis (for a summary see Kraft
and Kraft, 1999). It is correlated with the late Darriwilian
to lowermost Sandbian and corresponds to the Dobrotivian
Regional Stage (Kraft and Kraft, 1999; Kraft et al., 2001;
Gutiérrez-Marco et al., 2017).

2.2 Fossil associations

The well-diversified fauna of more than 200 species of trilo-
bites, conulariids, bivalves, monoplacophorans, gastropods,
hyoliths, ostracods, brachiopods, echinoderms, agnostids,
phyllocarids, cephalopods, graptolites, and ichnofossils has
been studied for more than 150 years (for an overview see
Havli¢ek and Vangk, 1966) in the Sirka Formation. Fos-
sil associations of the Sarka Formation have been analysed
by numerous authors; Fatka et al. (2015) briefly discussed
earlier data and summarized the presence of the following
faunal complexes: the Euorthisina—Placoparia Community,
the “pelagic fauna dominated by graptolites”, the Paterula
Community Group, the stylophoran mitrocystitid and lag-
ynocystitid biofacies, and transition from the Cruziana to
the Zoophycos ichnofacies. More than 50 species of trilo-
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Figure 2. Stratigraphy of the Ordovician of the Prague Basin showing distribution of Eoharpes and Placoparia (modified from Fatka
and Budil, 2014 and Budil and Fatka, 2021). Placoparia (P.) — Placoparia (Placoparia), Placoparia (C.) — Placoparia (Coplacoparia),

Placoparia (H.) — Placoparia (Hawleia).

bites occur as dominant elements in these fossil associations
(Havlicek and Vanék, 1966; Budil et al., 2007; Mergl et al.,
2007, 2008).

The shale of the Dobrotivd Formation locally contains
a rich fauna, including 50 trilobite species (Mergl et al.,
2008), sharing some similar features with the fauna of the
Sarka Formation (most of genera persisted, several taxa
disappeared/appeared). The fauna of the lower and mid-
dle portions of the Dobrotivd Shale is assigned mostly to
the Placoparia Community or locally occurring Degamella—
Zeliszkella Assemblage; the deeper parts of the sedimentary
basin belong to the Paterula Community Group with com-
mon cyclopygids (Mergl et al., 2008). The upper part of the
formation yielded a different trilobite fauna containing Pla-
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coparia associated with Mytocephala Struve, 1958. Ichno-
fossils of the Dobrotivd Formation are similar to those of
the Sarka Formation in some respects, such as a transitional
character from the Cruziana to the Zoophycos ichnofacies in
shales. In contrast, Skolithos Haldeman, 1840 is typical for
the Skalka Quartzite, i.e. in the Dobrotivd Formation.

The trilobites of the Sarka and Dobrotivd formations can
be assigned to the atheloptic association of deeper outer
shelf environment (Fortey and Owens, 1987) and represent
an example of the dalmanitid—calymenacean fauna of Cocks
and Fortey (1988) like the illaenid—cheirurid community of
Fortey (1975; see Bruthansovd, 2003). They share numerous
genera with Armorica and cratonic Gondwana, but trilobites
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from the Prague Basin belong to associations of a deeper,
offshore character in general.

2.3 Distribution and palaeoecology of Placoparia and
Eoharpes

Eoharpes Raymond, 1905 comprises six species, all re-
stricted to the interval Darriwilian to lower Sandbian of West
Gondwana (Fatka and Budil, 2014). The type species Eo-
harpes primus (Barrande, 1856) and E. benignensis (Bar-
rande, 1872) are known from black-shale facies of the Sarka
and Dobrotiva formations of the Prague Basin (Fig. 2); they
belong to rare fossils in both units. Eoharpes has been clas-
sified as a filter-chamber feeding trilobite by Fortey and
Owens (1999).

Placoparia Hawle and Corda, 1847 is one of the most
common trilobites in the Middle Ordovician of the Prague
Basin (Bruthansovd and Budil, 2003). Fortey (1985) classi-
fied this genus, with some reservation, as an atheloptic trilo-
bite. Although Owens and Servais (2007) supposed that Pla-
coparia might have been epipelagic; especially the thick ex-
oskeleton, natant hypostome and absence of eyes are gener-
ally considered as indicative of a benthic, partly buried, par-
ticle feeder (e.g. Hammann, 1971; Bruthansovd and Budil,
2003). The sheltered preservation of some specimens of Pla-
coparia described herein supports this interpretation.

3 Material and methods

Sixteen samples with articulated exoskeletons and disartic-
ulated remains of the trilobite genera Placoparia and Eo-
harpes preserved inside or under skeletal parts of diverse in-
vertebrates were studied. Six samples represent trilobite ex-
oskeletons preserved inside of cephalopod conchs; five other
samples include trilobite remains situated under cephalic and
pygidial shields of large asaphid and illaenid trilobites.

Except for two samples, all herein studied trilobites come
from the Sarka Formation and are preserved as three-
dimensional internal and external moulds in siliceous nod-
ules; they were discovered in four localities in the south-
western part of the Prague Basin (Figs. 1, 2). Two of the
studied specimens come from the slightly younger Dobrotiva
Formation (VV 102, 172829a, b).

Specimens illustrated in this study are housed in the col-
lections of the Czech Geological Survey Prague (VV 102,
VV 285, VV 290, and VV 296a), Museum of West Bo-
hemia in Plzen (WBM S 05156, WBM S 157), Museum
of Dr. B. Hordk at Rokycany (specimen numbers MBHR
335, MBHR 337, MBHR 375, MBHR 382, MBHR 8948,
MBHR 12 251, MBHR 21 086), Geological Survey of Aus-
tria in Vienna (GBA 2011/054/0001), and in the Schary Col-
lection housed in the Museum of Comparative Zoology at
Harvard University, Boston, Massachusetts, United States
(MCZ 5136, 5137, 172829a, b). Four of the herein studied
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samples (VV 102, VV 285, VV 290, and VV 296a) were
briefly discussed by Vokac et al. (2015, 2019). Two speci-
mens (MBHR 8948 and MBHR 12251) were collected by
Jaroslav Kraft, and two specimens (MBHR 335 and MBHR
375) come from the old collection of Karel Holub. The last
two samples (MBHR 21086 and WBM S 157) were most
probably collected by the late Vratislav Kordule and were
purchased by the Museum of West Bohemia in Plzeti in 2010
and 2013.

4 Description
4.1 Placoparia and Eoharpes inside cephalopod conchs

Six partly preserved internal moulds of middle-sized ortho-
cone cephalopods contain eight articulated exoskeletons and
one isolated cephalon of Placoparia as well as one fragment
of Eoharpes. All trilobites are entombed inside chambers of
cephalopod conchs in various orientations. As far as recog-
nizable, all trilobites are holaspids. The dimension of one
(Fig. 3Cy) indicates a very early holaspid stage.

Specimen MBHR 21086 (Fig. 3A, locality Osek)

The short conch fragment of Endoceratida indet. without
septa (probably a body chamber) is about 62 mm wide (this
value is close to the conch diameter) and is of unknown ori-
entation (apical and apertural directions are not clear). An
internal mould of a slightly damaged articulated exoskele-
ton of Placoparia (Placoparia) cambriensis Hicks, 1875 is
preserved inside the cephalopod fragment; the trilobite dis-
plays 12 thoracic segments and a partly preserved pygidium
(p in Fig. 3A). Only the left postero-lateral part of the ar-
ticulated, ventrally bent cephalon is exposed (c in Fig. 3A).
The exposed trilobite remains are sagittally 14 mm long and
up to 9mm wide; its axis is oriented at an angle of about
30° to the longitudinal cephalopod axis. The nearly straight
thorax is slightly bent between the third and fifth segments.
Such general configuration agrees well with the observa-
tion of Bruthansova and Budil (2003, p. 273, fig. 1A), who
wrote that “the most common preservation pattern of com-
plete Placoparia represent exoskeletons with straight thorax
or slightly S-shaped, with the most abundantly the second—
fourth thoracic segments convexly and cephalon slightly ven-
trally bent”.

Specimen WBM S 05156 (Fig. 3B, locality Cheznovice —
Stépansky rybnik)

This is a fragment of an indetermined pseudorthocerid body
chamber, which is about 48 mm long and up to 27 mm in di-
ameter. It has a finely annulated outer surface (Fig. 3B1) and
contains an internal mould of a complete articulated speci-
men of Placoparia sp., with all 12 thoracic segments. Only
the left posterior part of cephalon and anterior part of the
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H:

Figure 3. Sheltered trilobites from the Sarka Formation. (A) Internal mould of slightly damaged articulated exoskeleton of Placoparia sp.
preserved inside of a cephalopod fragment, MBHR 21086. (B) Internal mould of a complete articulated specimen of Placoparia sp. preserved
inside a fragment of an indetermined pseudorthocerid cephalopod, WBM S 05156. (C) External mould of thorax of a small trilobite ?Pla-
coparia sp. preserved inside the phragmocone chamber of the rare actinocerid cephalopod “Orthoceras™ cf. bonum Barrande, 1867, GBA
2011/054/0001. (D) Seven thoracic segments of Placoparia sp. preserved within an incomplete and indeterminable orthocone cephalopod,
WBM S 157. (E) Internal mould of cephalon and axial part of two anterior-most thoracic segments of the harpetid trilobite Eoharpes sp.
is preserved inside of an incomplete phragmocone chamber of a middle-sized undetermined cephalopod, MBHR 337. (F) Internal mould
of articulated incomplete exoskeleton of Eoharpes primus preserved under a large shield of an illaenid or asaphid trilobite, MBHR 8948.
(G) Internal moulds of three articulated holaspid exoskeletons of Placoparia associated with 25 mm long thoracopygon of a holaspid spec-
imen of Ormathops atavus (Barrande, 1872), VV285. (H) Four articulated exoskeletons of Placoparia sp. inside of a body chamber of a
small, undetermined cephalopod, VV296a, b. Ar — Arachnostega gastrochaenae, ¢ — isolated cephalon of Placoparia, e — enrolled specimen
of Placoparia, h — in situ preserved hypostome, p — pygidium, s — septum. Localities: (A) and (G) Osek, (B) Cheznovice — St&pansky rybnik,
(D) Myto — highway, (F) and (H) Dily near Rokycany, (C) and (E) unknown. All specimens coated with ammonium chloride.
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pygidium are exposed (ce and p in Fig. 3B»); the right poste-
rior part of the thorax is damaged. The trilobite exoskeleton
lies close to the last formed septum separating the body and
phragmocone chambers (s in Fig. 3B;); the exoskeleton is
slightly dorsally bent to follow the curvature of the septum.
The exposed part of the trilobite measures 14 mm in length;
the complete specimen is estimated to reach 18 mm in length.

Specimen GBA 2011/054/0001 (Fig. 3C, exact locality
unknown, the character of the nodule points to
Rokycany area in the south-western part of the Prague
Basin)

Three phragmocone chambers of the rare actinocerid
cephalopod “Orthoceras” cf. bonum Barrande, 1867 are pre-
served as a loose, 38 mm long and between 18 and 23 mm
in diameter measuring internal mould. Numerous tiny ich-
nofossils Arachnostega gastrochaenae Bertling, 1982 (Ar in
Fig. 3C) are burrowed along internal surfaces of all cham-
bers. External mould of the thorax of a small Placoparia sp.
is seen inside the most proximal cephalopod chamber (Pla in
Fig. 3C; and Cy).

Specimen WBM S 157 (Fig. 3D, locality Myto — highway)

This is an internal mould of an incomplete and indeter-
minable orthoconic cephalopod, which is about 70 mm long
and up to 30 mm in diameter. It consists of two complete and
one incomplete phragmocone chambers associated with the
posterior part of the body chamber. The internal mould of
seven thoracic segments of Placoparia sp. are visible inside
of the second and third phragmocone chambers; outside of
the cephalopod conch, external moulds of at least two bi-
valves of Pseudocyrtodonta sp. and one bellerophontid gas-
tropod, either Gamadiscus or Tropidodiscus, are visible.

Specimen MBHR 337 (Fig. 3E, exact locality unknown,
the nodule comes from the old collection in the MBHR,
which contains material originating from the Rokycany
area in south-western part of the Prague Basin)

The internal mould of a cephalon and the axial part of two
anterior-most thoracic segments of the harpetid trilobite Eo-
harpes sp. is preserved within an incomplete phragmocone
chamber of a middle-sized undetermined cephalopod. The
preserved part of the cephalopod measures 34 mm in length;
the trilobite cephalon is 7 mm long.

Specimen VV296a, b (Fig. 3H, locality Dily near
Rokycany)

The internal mould of the body chamber of a small, unde-
termined cephalopod contains one isolated cephalon (c in
Fig. 3H,) associated with four articulated exoskeletons of
Placoparia (P.) cambriensis; two of them are in a prone po-
sition, while the other two are enrolled (e in Fig. 3H;). All
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specimens of Placoparia are of about the same sagittal length
ranging around 10 mm; one of the straight exoskeletons has
the hypostome preserved in situ (h in Fig. 3H»). This sam-
ple was originally briefly described and figured by Vokac et
al. (2019, p. 71, pl. 3, figs. 1-3).

4.2 Placoparia and Eoharpes under remains of large
trilobites

Eight articulated exoskeletons of Placoparia, three complete
articulated specimens and two disarticulated remains of Eo-
harpes are described, which are situated under pygidial or
cephalic shields of large asaphid, illaenid, cyclopygid trilo-
bites, and the under-articulated remains of a dalmanitid trilo-
bite. It is significant that all trilobites are holaspids of vari-
able sizes with a single exception of an association of four
juveniles (Fig. 4F).

Specimen MBHR 8948 (Fig. 3F, locality Dily near
Rokycany)

Partly exposed internal mould of an articulated incomplete
exoskeleton of Eoharpes primus was preserved under the re-
mains of a large shield of an illaenid or asaphid trilobite.
Both fossils have the same convex (dorso-ventral) orienta-
tion. Fine ramified burrows of Arachnostega gastrochaenae
are developed on the internal surface of the pygidium (Ar in
Fig. 3F). A wide linear, looped burrow is preserved in the
central part of the large shield fragment; this Palaeophycus-
like trace crosses the space between the articulated trilobite
exoskeleton and the cover shield and changes its direction at
the surface of the large shield.

Specimen VV28S (Fig. 3G, locality Osek)

Internal moulds of three articulated exoskeletons of Placo-
paria (P.) cambriensis are associated with a 25 mm long tho-
racopygon of Ormathops atavus (Barrande, 1872); all Placo-
paria remains have a roughly in situ preserved hypostome (h
in Fig. 3G). They are of the same dorso-ventral orientation
together with Ormathops and lie approximately on the same
plane. Two smaller specimens of Placoparia, 7.0 and 9.5 mm
long sagittally, are situated under the thoracopygon. The
largest specimen measures 14.5 mm sagittally and is placed
at least partially outside of the thoracopygon. Two specimens
of Placoparia and Ormathops are oriented with almost paral-
lel sagittal axes; one Placoparia is oriented slightly oblique.
However, the overall direction of all trilobites is very simi-
lar; only two specimens of Placoparia near the anterior end
of the damaged Ormathops are situated opposite of the third
Placoparia and Ormathops itself. The sizes, orientation and
placement apparently follow the vaulting of the covering ex-
oskeleton. This sample was originally briefly described and
figured by Vokac et al. (2019, p. 71, pl. 3, figs. 4, 5).
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Figure 4. Sheltered trilobites from the Sérka and Dobrotiva formations. (A) Isolated cephalon of Eoharpes preserved upside-down under a
comparatively large pygidium of Ectillaenus katzeri katzeri, MBHR 382. (B) Internal mould of Eoharpes primus preserved under a large,
effaced pygidial or cephalic shield of an indeterminable asaphid or illaenid trilobite, MBHR 375. (C) Internal and external moulds of
holaspid exoskeletons of Placoparia (P.) cambriensis preserved associated with the exoskeletal parts of Asaphellus desideratus, VV 290.
(D) Internal mould of articulated exoskeleton of Eoharpes primus preserved under a large shield of an indeterminable asaphid or illaenid
trilobite, MBHR 12251. (E) Disarticulated exoskeleton of Eoharpes primus under a large shield of an indeterminable trilobite, MBHR 335.
(F) External moulds of four juvenile specimens of Placoparia sp. preserved inside an internal mould of a cranidium of an isolated cephalon
of Degamella princeps, VV 102. (G) Complete articulated exoskeleton of Placoparia (P.) cambriensis preserved under the anterior part of
an isolated pygidium of Asaphelus desideratus, MCZ 5136 and 5137. Ar — Arachnostega gastrochaenae. Localities: (B) Dily near Rokycany,
(C)—(E) Osek, (A), (F), and (G) unknown. All specimens coated with ammonium chloride.
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Specimen MBHR 382 (Fig. 4A, exact locality unknown,
the nodule comes from the old collection in the MBHR,
which contains material originating from the Rokycany
area in south-western part of the Prague Basin)

A small external mould of an isolated cephalon of Eoharpes
is preserved under the anterior edge of a large pygidium of
Ectillaenus katzeri katzeri (Barrande, 1872). The pygidial in-
ternal surface is disturbed by ramified burrows of Arachnos-
tega gastrochaenae and wider, simple burrows of Palaeophy-
cus sp.

Specimen MBHR 375 (Fig. 4B, locality Dily near
Rokycany)

A well-preserved internal mould of Eoharpes primus is vis-
ible under a large, effaced pygidial or cephalic shield of an
indeterminable asaphid or illaenid trilobite. The exoskeleton
of E. primus includes the cephalon articulated with at least
10 thoracic segments; the posterior-most segments of thorax
and pygidium are not exposed. The external surface of the
slightly sinistrally dislocated hypostome is preserved under
the broken glabella (h in Fig. 4B). Small rests of burrows are
preserved along the internal mould of the cover shield.

Specimen VV 290 (Fig. 4C, locality Osek)

Five specimens of Placoparia (P.) cambriensis are pre-
served together with an internal mould of dissociated parts
of the exoskeleton of Asaphellus desideratus (Barrande,
1872). Two articulated exoskeletons of Placoparia are sit-
uated close to each other, and three incomplete exoskele-
tons are randomly distributed and oriented. The articulated
specimens and one incomplete exoskeleton share the same
convex-upward orientation with the asaphid trilobite (inter-
nal moulds 1-3 in Fig. 4C), while the other two incomplete
specimens are oriented opposite, i.e. concave-upward orien-
tation (external moulds 4 and 5 in Fig. 4C). All specimens of
Placoparia display a random orientation with respect to their
sagittal axes. Their length varies around 14 mm. This sam-
ple was originally briefly described and figured by Vokac et
al. (2015, p. 72, pl. 3, fig. 6).

Specimen MBHR 12251 (Fig. 4D, locality Osek)

A partly exposed and slightly damaged internal mould of the
articulated exoskeleton of Eoharpes primus is preserved un-
der a large broken cephalic shield of Ectillaenus sp. with dis-
located doublure. The exoskeleton of E. primus is 15 mm
wide and is located under the most vaulted central region
of the illaenid cephalon with its anterior facing the postero-
dextral edge of the cover shield fragment and identical dor-
sal/ventral orientation.

Foss. Rec., 24, 193-205, 2021

Specimen MBHR 335 (Fig. 4E, locality Osek)

A fragmentary exoskeleton of Eoharpes primus includes the
external mould of the ventral side of the brim and partly pre-
served internal moulds of at least five articulated thoracic
segments separated from the cephalon and shifted posteriorly
left. Remains of E. primus are situated under a large cephalic
or pygidial shield of an indeterminable trilobite.

Specimen VV 102 (Fig. 4F{-F3, locality Osek)

Four external moulds of juvenile specimens of Placoparia
sp. are distributed along a slightly damaged internal mould
of a large cranidium of the cyclopygid Degamella prin-
ceps (Barrande, 1872) in its anterior part, under the slightly
cracked part of the exoskeleton. Two of them are stretched
out, and the other two specimens are enrolled; their orien-
tation to each other with respect to the cyclopygid cephalon
is random. The best preserved exoskeleton measures about
1.2 mm in length and displays at least six thoracic segments.
This sample was originally briefly described and figured by
Vokac et al. (2015, p. 71, pl. 2, figs. 1-5) and represents the
first occurrence of remains of articulated juvenile trilobite
sheltered preservation.

Specimen MCZ 5136 and 5137 (Fig. 4G, G, exact
locality unknown)

A complete articulated exoskeleton of Placoparia (P.) cam-
briensis is preserved partly entombed under the anterior,
wider part of a pygidial axis of an isolated pygidium of the
asaphid trilobite Asaphellus desideratus. The specimen of P.
(P.) cambriensis is situated close to the internal surface of
the moderately vaulted pygidium inside its most vaulted ax-
ial lobe, oriented with its sagittal axes almost parallel to each
other and its anterior facing the posterior margin of the large
shield. The isolated pygidium is 73 mm long; the exoskeleton
of Placoparia measures 15 mm in sagittal length.

Specimen MCZ 172829a and MCZ 172829b (locality
Sancta Benigna = Svata Dobrotiva (part of Zajecov),
probably Kozojedska Stola (former gallery))

Fatka and Budil (2014) described six specimens of the
harpetid Eoharpes benignensis entombed under a pygidial
shield of the large asaphid trilobite Nobiliasaphus repulsus
Pribyl and Vanék, 1968, concluding that these trilobites pro-
duced a gregarious cluster inside a hidden cavity under the
skeletal remains of a much larger trilobite, in a way similar
to Placoparia reported by Gutiérrez-Marco et al. (2009).
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5 Discussion

5.1 General background for understanding
observations

Predator—prey interactions in the early Paleozoic are rarely
preserved and thus poorly understood (e.g. Brett and Walker,
2002; Kelly et al., 2003). However, it is generally accepted
that trilobites played an important role both as predators and
as nutritious prey (Fortey and Owens, 1999; Babcock, 2003).
Like other invertebrates, Ordovician trilobites were in danger
of being attacked by diverse predators like cephalopods and
large arthropods such as chelicerates and phyllocarids (Brett
and Walker, 2002; Fatka et al., 2021a, b). In the Barrandian
area, the Ordovician record of injured skeletal invertebrates
includes gastropods, cephalopods and trilobites (summary in
Fatka et al., 2021a). The injuries of gastropods were ascribed
to cephalopods, echinoderms and arthropods (Horny, 1997a,
b). Similarly, the injuries of cephalopods were interpreted to
be produced by other cephalopods by Aubrechtova (2015)
and Aubrechtova and Turek (2018).

Remains of large non-trilobite arthropods have not been
found, while middle-sized cephalopods are relatively com-
mon in the Sarka and Dobrotivd formations (Havli¢ek and
Vanék, 1966). Consequently, the life strategy of cephalopods
and their position in Ordovician ecosystem is to be discussed,
as they are potential culprits.

5.2 Role of cephalopods

Recent cephalopods are active carnivorous predators with
only a few exceptions (Fernandez-Alvarez et al., 2018). Sim-
ilarly, fossil cephalopods have been considered carnivorous
(Nixon, 1988). Large cephalopods were abundant in marine
assemblages from the Lower Ordovician onward (e.g. Brett
and Walker, 2002; Kroger, 2011), including the Barrandian
area (Manda, 2008; Aubrechtova, 2015; Aubrechtova and
Turek, 2018). However, their capability to break shells can-
not be proven due to the lack of direct evidence of jaws,
but they appeared supposedly in the Ordovician (Klug et al.,
2017).

5.3 Injured Middle-Late Ordovician trilobites in the
Prague Basin

The record of trilobites showing exoskeletal changes inter-
preted as healed injuries after failed attacks includes seven
published examples; two of them come from the middle
to late Darriwilian Sdrka Formation. Marek (1961, pl. 2,
fig. 8), Kraft (1972, pl. 3, fig. 6) and Bruthansova (2004, text
fig. 8G) figured an anomalous visual surface of the eye of the
cyclopygid Pricyclopyge binodosa binodosa (Salter, 1859).
Comparable injuries of eyes in Middle Ordovician trilobites
were interpreted as failed predation attempts by a cephalopod
(Schoenemann et al., 2017). Budil et al. (2010) described ar-
ticulated specimens of the rare Areiaspis barrandei (Novak
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in Perner, 1918) with a shortened distal tip of the left pleura;
the authors wonder whether the injury resulted from a preda-
tory attack and/or originated during the moulting process.

The other six injured trilobites were collected at localities
of the overlying late Darriwilian—early Sandbian Dobrotiva
Formation. Prantl and Pribyl (1954, pl. 10, fig. 3) figured a
well-preserved internal mould of an articulated young speci-
men of the harpetid Eoharpes benignensis with an anomalous
right brim margin. Snajdr (1979) described three anomalous
exoskeletons of the common pliomerid Placoparia zippei
(Boeck); two specimens show an anomalous development
of the glabellar lobes, and the third articulated exoskeleton
has anomalously developed third to fifth right thoracic pleu-
rae. A partly enrolled exoskeleton of the nektobenthic trilo-
bite Parabarrandia bohemica (Novék in Perner, 1918) with
a healed abnormality on the pygidium was documented from
the Dobrotivd Formation by Fatka et al. (2021a).

The above listed data about injured Ordovician trilobites
in the Barrandian area demonstrate the following:

— Like other invertebrates, trilobites of the Sarka and Do-
brotivd formations were in danger of predation.

— Cephalopods are usually considered to be responsible
for most of the attacks although jaws are unknown in
this group before the Silurian (Klug et al., 2017).

— Among the effective and obviously successful strategies
to reduce the risk of predation, hiding inside or under
skeletal remains has been utilized since Cambrian times
(for a summary, see Klompmaker and Fraaije, 2012;
Fatka and Budil, 2014).

5.4 Shelter in Ordovician trilobites

Davis et al. (2001) reported examples of Flexicalymene
meeki (Foerse, 1910) and Acidaspis sp. preserved inside
the cephalopod Treptoceras sp. from the Late Ordovician
(Cincinnatian) of Cincinnati, Ohio (USA), and Isotelus gi-
gas DeKay in an orthocone cephalopod from the Ordovi-
cian of Iowa (USA). Three examples of cryptic behaviour
of Placoparia were documented from peri-Gondwanan Eu-
rope. Mikulas and Slavickova (2001) described Placoparia
forming cryptic linear clusters from the locality Osek of the
Sérka Formation. From the middle Darriwilian trilobite as-
semblage of the Valongo Formation of north-western Portu-
gal, Gutiérrez-Marco et al. (2009, fig. 3C) figured and dis-
cussed a moult cluster of more than 18 articulated exuviae
of Placoparia (P.) cambriensis preserved under a carapace
of the giant Ogyginus forteyi Rdbano. This cryptic behaviour
has been interpreted by Gutiérrez-Marco et al. (2009, p. 445)
as a shelter from predation. Fatka and Budil (2014) described
six specimens of the harpetid Eoharpes benignesis entombed
under a pygidial shield of the large asaphid trilobite Nobilias-
aphus repulsus.
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5.5 Comments on observations and their possible
causes: other scenarios

Although the accidental formation of the above described
associations can never be ruled out, typical repeating pat-
terns exclusively in two trilobite genera, Placoparia and Eo-
harpes, give rise to quite likely explanations in the absence
of hard evidence. They suggested a causal origin in the inter-
actions of the living individuals of Placoparia and Eoharpes
on the one hand and shell remains of dead large trilobites and
empty cephalopods on the other hand.

Two complete articulated specimens of Placoparia are
preserved inside diverse parts of cephalopod conchs (MBHR
21086 and WBM S 05156, Fig. 3A, B). They represent
most probably carcasses rather than molts. Such exoskele-
tal configuration and the placement of both specimens agree
well with the suspected lodging (cryptic behaviour associ-
ated with hiding from predators); feeding on remnants of the
dead cephalopod is also possible.

In the sample GBA 2011/054/0001 (Fig. 3C), the enrolled
small exoskeleton of Placoparia is associated with numerous
burrowing traces of A. gastrochaenae, an ichnofossil inter-
preted as feeding trace (fodichnion; see Kraft et al., 2020) or
a dwelling burrow (domichnion; see Bertling, 1982; Fatka
et al., 2011; Vinn et al., 2014). Such a fossil association
suggests that the producer of Arachnostega and Placoparia
shared the remnants of the dead cephalopod, its decaying tis-
sues, bacterial decomposers or their metabolites (Kraft et al.,
2020). However, lodging or hiding from predators cannot be
excluded. In any case, the size of Placoparia is significant
because the trilobite had to reach the internal cavity of the
chamber passing through the siphuncle.

Similarly, the complete, perfectly articulated exoskele-
ton of E. primus preserved under a large trilobite pygid-
ium is also associated with numerous burrowing traces of
A. gastrochaenae (MBHR 8948, Fig. 3F) and most probably
preserves either feeding in shelter or lodging (hiding from
predators).

The absence of a cephalic shield in Placoparia in the sam-
ple WBM S 157 (Fig. 3D) and the incomplete exoskele-
ton of Eoharpes in the sample MBHR 337 (Fig. 3E) give
the impression of exuviation in a sheltered environment
(Bruthansova and Budil, 2003; Bruthansova, 2004).

In the sample VV285 (Fig. 3G), three complete exoskele-
tons of Placoparia with hypostomes under cephalic shields
reliably represent carcasses. Two smaller specimens are po-
sitioned entirely inside the cavity under the thoracopygon
of Ormathops atavus (Barrande, 1872), while only the ante-
rior part of the largest specimen lies inside this cavity. Such
placement and orientation agree well with feeding in shelter.
However, hiding from predators also could not be excluded.

A co-occurrence of an isolated cephalon together with
both enrolled and straight exoskeletons of Placoparia ob-
served in the sample VV296a, b (Fig. 3H) makes the expla-
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nation as exuviation in shelter and/or feeding on remnants of
the cephalopod possible.

Remains of a disarticulated exoskeleton of Eoharpes
(MBHR 335, Fig. 4E) and the isolated cephalon of Eoharpes
(MBHR 382, Fig. 4A), both preserved under shields of large
trilobites, can be attributed to the exuviation in shelter. How-
ever, due to the lack of other supporting observations, the ori-
gin especially of these two associations by a hydrodynamic
concentration cannot be excluded.

The articulated exoskeleton of Eoharpes with hypostome
(MBHR 375, Fig. 4B), the other articulated specimen of this
genus (MBHR 12251, Fig. 4D), the complete Placoparia
(MCZ 5136, 5137, Fig. 4G) and four external moulds of ju-
venile Placoparia (VV 102, Fig. 4F) preserved under large
(relative to their dimensions) trilobite shields indicate either
feeding in shelter or lodging (hiding from predators).

The distribution pattern of the internal and external moulds
of five holaspid exoskeletons of Placoparia associated with
disarticulated exoskeleton of Asaphellus desideratus (VV
290, Fig. 4C) can reflect feeding on decaying organic mat-
ter dispersed around the carcass of the large trilobite.

It is unlikely that the unimodal monotaxic aggregations of
articulated exoskeletons of Placoparia and Eoharpes and the
occurrence of individual specimens of these two genera un-
der remains of larger trilobites or inside cephalopod conchs
originated randomly. Trilobites deliberately entered shells of
dead cephalopods for food, refuge, ecdysis, reproduction,
lodging, etc. (e.g. Mikulic, 1994). Similar explanations could
be supposed also for the above-described trilobites preserved
under carapaces of large trilobites. The enrolment of sev-
eral exoskeletons indicates that these trilobites were buried
alive and likely enrolled in response to stress caused by rapid
burial. Such an explanation was proposed and discussed by
Brett et al. (2012) as Type I assemblage.

Remains of large trilobite exoskeletons and cephalopod
conchs likely served as a shelter only when partly filled by
sediment. The influx of sediment after entering the restricted
space prevented leaving the shelter and buried the immobi-
lized scene. Completely missing signs of fragmentation and
abrasion, together with the high number of articulated speci-
mens inside the shelter, suggest that these specimens are pre-
served due to a rapid burial with no or minimal pre-burial
disturbance. Such a type of preservation could be explained
by cryptic behaviour of Placoparia and Eoharpes.

The described examples from the Sarka and Dobrotiva for-
mations are interpreted as hiding from predators, scaveng-
ing on remnants of carcasses, feeding in shelter and exuvia-
tion in shelter. Thus, they are considered to represent cases
of “frozen” behaviour (sensu Boucot, 1990, and Boucot and
Poinar, 2010).
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6 Conclusion

Fourteen samples from the Middle Ordovician Sarka Forma-
tion and two specimens from the overlying Dobrotivd For-
mation contain one to six trilobite exoskeletons preserved in
the protected space inside of empty cephalopod conchs or
under thorax, cephalic and pygidial shields of much larger
disarticulated trilobites. Analyses of the level of articulation
of trilobite exoskeletons in combination with their orienta-
tion, disposition, and placement makes it possible to con-
clude that the hidden trilobites deliberately entered shells
of dead cephalopods for food, refuge, ecdysis, reproduc-
tion or lodging. The occurrence of four specimens of Placo-
paria preserved under the cephalon of the cyclopygid trilo-
bite Degamella shows us for the first time the shelter strategy
of juvenile ontogenetic stage. The herein described fossil as-
sociations are classified as cases of “frozen” behaviour.
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