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The fossil record of intestinal parasites is a crucial aspect of understanding host-symbiont coevolution. This study reports
two new types of eggs attributable to tapeworms in a Permian vertebrate coprolite from the Coproland outcrop, Brazil,
expanding previous records and providing insights into helminth diversity during the late Palacozoic. The discovered
eggs within the packet, exhibiting oncospheres with three pairs of hooks, are morphologically comparable to extant taxa
such as Echinobothrium, Dipylidium, and Kapsulotaenia. Isolated eggs with thicker walls are more reminiscent of those
of Taeniidae in size and structure. The abundance and diversity of these parasite eggs in Coproland spiral shark coprolites
corroborate the presence of complex life cycles and suggest diverse transmission strategies. It may also indicate a high
prevalence of tapeworms in Permian aquatic ecosystems, but preservation factors and final host ecology likely also
contributed to the exceptional richness of these discoveries.
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et al. 2021; Chin 2021) with older pre-Quaternary findings
being reported more sporadically and often as isolated eggs
or cysts if at all (Dentzien-Dias et al. 2018; Chin 2021; De
Baets et al. 2024; Catafesta et al. 2026).

Some of the most commonly reported helminth eggs in
coprolites from the pre-Quaternary are attributable to as-
caridoid nematodes, mostly owing to their high preserva-
tion potential and highly recognizable morphology (Poinar
and Boucot 2006; Da Silva et al. 2014; Cardia et al. 2018,
2019; Barrios-de Pedro et al. 2020; De Baets et al. 2021a;
Nonsrirach et al. 2023; Carmo et al. 2024). From Palaeozoic

Introduction

Parasitism has played a fundamental role in vertebrate evo-
lution, but its fossil record is often rare due to the delicate
nature of parasitic remains and the rarity of parasite-host
associations (De Baets and Littlewood 2015; Leung 2017,
2021; De Baets et al. 2021b). Fossilized helminth eggs pro-
vide crucial insights into ancient host-parasite relationships,
particularly when preserved within host remains such as
bromalites (Chin 2021; Dentzien-Dias and Laska 2025) in-

cluding coprolites (fossilized faeces). Palacoparasitological
investigations of coprolites have mostly focused on the
Quaternary (Gongalves et al. 2003; Sianto et al. 2009; Cardia
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bromalites, so far only helminth eggs attributed to tape-
worms have been reported (Chin 2021). With rare excep-
tions (Catafesta et al. 2026) they have been found mostly
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clustered together, once in a shark coprolite and once in
shark cololite (Zangerl and Case 1976; Dentzien-Dias et
al. 2013). As opposed to coprolites, which are bromalites
found outside the body of its producer, cololites are fos-
silized gastrointestinal tract contents that were still inside
the body cavity behind the stomach when the animal died
(Hunt and Lucas 2025). Egg clustering of tapeworms may
have enhanced their preservation potential (Zamparo 2001;
De Baets et al. 2024). The most confidently identified fos-
sil cestode eggs remain those described in a thin section
from a Permian coprolite of the Coproland outcrop, Brazil
(Dentzien-Dias et al. 2013; De Baets et al. 2015a, 2024;
Catafesta et al. 2026), confirming the existence of early
tapeworm-shark interactions. The exceptional preservation
of the internal structure of one of the eggs as well as their
association in proglottids speak for their identification as
eucestode tapeworms (De Baets et al. 2024).

Modern elasmobranchs (sharks and rays) host an ex-
ceptionally diverse assemblage of cestodes, with over 977
species across at least nine orders (Cathetocephalidea,
Diphyllidea, Lecanicephalidea, Litobothriidea, Onchopro-
teocephalidea, Phyllobothriidea, Rhinebothriidea, Tetra-
phyllidea, and Trypanorhyncha), making them the dom-
inant helminths in these hosts (Caira and Jensen 2014).
Their transmission is typically trophic, often involving
intermediate and paratenic hosts, which aligns with the
predatory diets and broad prey ranges of many sharks
(Rasmussen and Randhawa 2018; Campbell 1983). A wide
range of cestode reproductive strategies may support this
transmission depending on the taxon, from continuous
egg shedding to the detachment of immature, mature,
or gravid proglottids, with eggs or proglottids expelled
via the host’s faeces (Mackiewicz 1988; Caira and Reyda
2005). Many species of Tetraphyllidea, Lecanicephalidea,
and Trypanorhyncha, major groups of elasmobranch par-
asites representing approximately 15% of known cestode
diversity, exhibit hyperapolysis, in which immature pro-
glottids detach and mature externally, potentially reduc-
ing inter- and intraspecific competition or maximizing
reproductive output (Mackiewicz 1988; Caira et al. 1999).
In addition, multiple taxa (e.g., tetraphyllideans) produce
cocoons, protective capsules enclosing one or more eggs
within proglottids (Nasin et al. 1997; Jensen et al. 2014;
Bernot 2015; Bernot et al. 2016; Bueno and Caira 2023),
that can be released into the environment and may enhance
egg survival. These combined ecological and reproductive
adaptations may help explain the high diversity, evolution-
ary persistence, and abundance of tapeworms in elasmo-
branchs (Randhawa and Poulin 2010).

Here, we report new spherical structures, some occur-
ring in a cluster and others isolated, from another Coproland
shark coprolite, which can be interpreted as tapeworm egg
remains based on their morphology, internal structures and
association. These new tapeworm egg discoveries from
the Coproland outcrop differ in morphology from previous
findings (Dentzien-Dias et al. 2013), allowing for a broader
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discussion on their diversity, preservation, and palaeoeco-
logical implications. These new findings not only expand
the diversity of these structures from one to three in the
Permian Coproland locality, but also provide an opportunity
to better understand the reasons behind the diversity and
abundance of tapeworms in these coprolites at this locality
and more generally (De Baets et al. 2024).

Institutional abbreviations.—UFRGS PV, Universidade
Federal do Rio Grande do Sul, Rio Grande do Sul, Brazil.

Material and methods

Coprolite sampling and preparation.—The studied material
was collected in the coprolite-bearing mudstone layer of
the Coproland outcrop, located in the Sdo Gabriel munic-
ipality, Rio Grande do Sul State, southern Brazil. Based
on the lithology, it is likely from the upper part (Morro
Pelado Member) of the Rio do Rasto Formation (Dentzien-
Dias et al. 2012; Azevedo et al. 2018; Fontanelli and Vega
2020). A Guadalupian age is considered for the Morro
Pelado Member based on biostratigraphic correlation using
tetrapods and geochronological dating (Boos et al. 2013;
Rocha-Campos et al. 2019; Cisneros et al. 2021). From this
collection, 32 coprolites were selected for thin sectioning
based on their particular preservation (matrix, oxid cap, and
sediment) and morphology to allow for microscopic analysis
of their inclusions. Of these selected coprolites, only one
is described in this study, as it was found to contain unde-
scribed spherical structures. This specimen is housed in the
Laboratorio de Paleontologia de Vertebrados of the UFRGS
under the collection number PV 634-P. Another thin section
yielding spherical and oval structures from another of these
coprolites was studied in a previous study and housed in the
same institution (Dentzien-Dias et al. 2013).

Microscopic analysis—In order to avoid producing scrat-
ches which could be misinterpreted as dentalites (“tooth
marks”), the coprolite was not completely separated from
the host rock. For microscopic analysis, each coprolite was
embedded in epoxy resin, and a transverse thin section was
cut for petrographic analysis under a Leica DM750P petro-
graphic microscope. Inclusions and their associations were
studied at x5, x10, x20, and x40 magnifications to docu-
ment morphological features, including their inner struc-
ture, shape, wall thickness and arrangement more precisely.
Parasitic remains were also re-investigated with a Keyence
HX-7000 (at magnifications ranging from X80 to x2500),
but only one picture provided additional details not visible
in the petrographic microscope (Fig. 4A;). Additional pic-
tures by Keyence or Leica microscope of the parasitic re-
mains not used in the manuscript can be found in the SOM,
Supplementary Online Material available at http:/app.pan.
pl/SOM/app71-DentzienDias_etal SOM.pdf.
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Fig. 1. Coprolite morphology and close-up of non-spherical inclusions in PV 634-P (thin section), shark coprolite from Coproland, Brazil, Rio do Rasto
Formation, Guadalupian (middle Permian). A. Flattened heteropolar coprolite with interpreted biofilm laminae. B. Whorls exhibiting mucosal folds.
C. Preserved fish scales showing internal structures (C,), 3-layered structure (C,). D. Filaments interpreted as filamentous cyanobacteria (D), showing short,
straight, non-branched structures with lighter sections consistent with cell-boundaries (D,, cyanobacteria indicated by arrows).

Results

Coprolite morphology and inclusions—The coprolite
UFRGS-PV-634-P (65 mm long and 41 mm wide) is flat-
tened (Fig. 1A) and is partially embedded in a siltstone rock
matrix. The thin section reveals at least 6 closed packet
whorls, indicating that the coprolite is heteropolar. Between
these whorls, well-preserved mucosal folds (Fig. 1B) are
distinguishable. The mucosal folds are concentrated in the
external whorls and vary in thickness (Fig. 1A, B). The di-
etary inclusions consist of fish scales (21 visible in the thin
section; Fig. 1C). The scales exhibit a 3-layered structure

consistent with an outer enamel layer, a middle dentine layer
and an isopedine, similar to paleoniscid fish (Dentzien-Dias
et al. 2012; Fontanelli and Vega 2020). The morphology and
inclusions indicate that the producer of the coprolite was
a piscivorous fish with a spiral valve intestine.

In addition to spherical inclusions described below, sev-
eral filamentous structures (up to 45) were observed in the
thin section of the coprolite. These filaments are short, rang-
ing 14-31 um and are not branched (Fig. 1D,). They are very
straight, with low flexibility. The filaments are translucent
and lack coloration or mineral infilling. There are lighter
sections that are consistent with the definition of cell bound-
aries, which appear to be rod-shaped.
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The characteristics identified in the filaments are
very similar to those of the cyanobacteria family Pseud-
anabaenaceae. As seen in the studied material, the Pseudana-
baenaceae cyanobacteria have solitary trichomes, more or
less straight or a little flexuous (Komarek and Johansen
2015). The cells are more or less spherical and lack spe-
cialized cells such as heterocysts and akinetes (Komarek
and Johansen 2015) known from other cyanobacteria or
algae. This family is known to contribute to the formation
of microbial mats (McGregor and Rasmussen 2008; Zammit
et al. 2021). The microbial mats, in turn, contribute to the
fossil preservation by delaying the decay of organic matter
(Iniesto et al. 2016).

The presence of a spiral valve intestine that forms a het-
eropolar coprolite, mucosal folds and a piscivorous diet is
indication of a shark producer (McAllister 1985; Dentzien-
Dias et al. 2012; Rodrigues et al. 2018).

Spherical inclusions.—Two different kinds of larger spher-
ical structures (morphotypes Al and A2) between 31 and
51 um in diameter were also identified in the same thin
section (Table 1).

Al A first finding includes a cluster of at least 20 spher-
ical structures surrounded by an envelope (Fig. 2A). The
spherical structures have elliptical to sub-spherical shapes
with diameters 32—51 pum (Table 1). The spherical struc-
tures within packets displayed a thin but distinct outer wall
(1-2 um thick) and in at least five spheres the presence of
hook-like structures were confirmed. They are herein inter-
preted as a cluster of approximately 20 tightly packed eggs
embedded within a probable gelatinous matrix. This relates
to the following observations:

(1) Relative wall thickness is too big to be confused with
arthropod eggs, spherical host cells or fungal spores which
could be superficially confused with helminth eggs (Garcia
et al. 2017).

(i1) Their internal structure is most consistent with tape-
worm eggs having a thin but distinct outer shell, encapsu-
lating an oncosphere (diameter 17-29 um) with three pairs
of hooks (Fig. 2B, a key characteristic of hexacanth eggs of
modern eucestode tapeworms [Hoberg et al. 1997; Conn and
Swiderski 2008; Sures et al. 2025]). In one egg cross sec-
tion, structures seem to be repeated 3 times which would be
consistent with three pair of hooks. In 4 other eggs similar
structures are present although not necessarily as symmetri-
cal or appearing 3 times which can be explained by different
angles, position within the egg and location of where the
egg was sliced during the thin section preparation (Fig. 3).
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The dimensions of these structures relative to oncosphere or
outer shell is consistent with those reported from other eggs
(Nasin et al. 1997: figs. 62, 64; Ivanov and Brooks 2002: fig.
22; De Chambrier 2006: fig. 20)

(iii)) The arrangement including varying dimensions
and occasional sub-spherical shapes resemble closely the
arrangement as seen in cross sections of tapeworm egg
packets (De Chambrier 2006). The size and morphol-
ogy of these packets closely resemble those found in egg
packets of modern tapeworms such as Dipylidium cani-
num (commonly found in canids; Pandey et al. 2022) and
Kapsulotaenia (a cestode infecting reptiles and amphibians;
De Chambrier 2006). According to Tyler (2006) four species
of Echinobothrium (Cestoda: Diphyllidea), that parasitise
the spiral valve of extant rays, have rounded eggs packaged
in cocoons with 2—10 eggs. Calliobothrium can have 6-20
or even more than 23 oncospheres per cocoon (Nasin et al.
1997; Ivanov and Brooks 2002; Bernot 2015).

(iv) The arrangement of the eggs in packets (cocoons)
suggests that they were originally released as a cohesive
structure, a typical reproductive strategy among modern
cestodes, where egg packets are shed in host faeces and
dispersed in aquatic or terrestrial environments. The differ-
ences in size and shape of eggs (Fig. 2A) are consistent with
sectioning such a packet (Nasin et al. 1997, De Chambrier
2006; Bernot et al. 2016).

A2: In another part of the thin section, there are several
isolated spherical structures with a notably thicker outer shell
(Fig. 4; Table 1). These eggs are slightly smaller in diameter
than those included in clusters of Al, ranging 31-40 pm,
which may indicate a possible variation in cestode species
or differences in developmental stages. This relates to the
following observations:

(1) Relative wall thickness of individual spherical struc-
tures is too big to be confused with arthropod eggs, spher-
ical host cells or fungal spores or protozoan cysts which
could be superficially confused with helminth eggs (Garcia
et al. 2017).

(i1) The internal structures are consistent with: a prom-
inent oncosphere, with some structure which may poten-
tially be suggestive of hooks although they may also refer
to other structures (Fig. 4A,). These structures, their rela-
tive size as well as their position straddling the oncosphere
is reminiscent of hooks in a fully developed hexacanth
within the egg (Monte et al. 2018). There are however also
various other structures which could confirm to this mor-
phology: relative size and position particularly during ear-
lier stages of development like polar bodies, yolk mass,

Table 1. Characteristics of egg types recovered from Coproland coprolites. L, length; W, width.

Coprolite Eggs Eggs morphology Eggs size (um) Shell thickness (um) | Oncosphere (Lm)
UFRGS-PV-634-P (this study) f)gcizrt packet, rounded eggs (A1) 32.4-50.8 1.2-1.7 17.5-29.6
UFRGS-PV-634-P (this study) 9 isolated, rounded eggs (A2) 31.1-40.2 3.5-5.3 12.3-28.8

UFRGS-PV-429-P 122 grouped, oval-shaped eggs L: 154.6-142.2 2443 L:84.9-101.4
(Dentzien-Dias et al. 2013) with operculum W:97.7-84.6 o W:44.1-74.3
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outer shell gelatinous layer

embryophore

oncosphere

Fig. 2. Close-up of spherical inclusions type Al in PV 634-P (thin section), shark coprolite from Coproland, Brazil, Rio do Rasto Formation, Guadalupian
(middle Permian). A. Cluster of (sub)spherical bodies of type A1 interpreted as tapeworm eggs within an egg packet (cocoon). B. A single spherical body
showing three pairs of hook-like structures and a distinct outer shell surrounded by others. A, B}, photos with Leica DM750P petrographic microscope;

A,, B,, interpretative drawings.

vitelline cell or macromeres (Ogren 1959, 1962), so the
positive identification of these structures as hooks needs
further confirmation. It is however consistent with the ex-
pectation that we would rather expect a fully developed
hexacanth in shedded eggs rather than premature stages
still in development. A distinct embryophore surrounding
the oncosphere, structurally similar to that of extant taeniid
cestodes (Chew 1983). An outer protective layer, which in
some specimens exhibited signs of mineralization, possibly
due to diagenetic processes.

(ii1) Comparison to modern Helminths: The relative di-
mension of the layered structure as well as presence of
oncospheres with one egg hinting at structures reminiscent
of hooks with similar relative dimensions those represented
in the hexacanth stage strongly indicates a eucestode tape-
worm origin rather than a nematode or trematode (De Baets
et al. 2021a). More detailed comparisons with modern forms
in sharks are difficult as most stages are studied while still
inside their hosts and more detailed information is mostly
available for mammal or bird parasites. Furthermore, exper-
imental taphonomy remains challenging.

Nevertheless, the similarity to eggs and strategies of
modern taeniids suggests that these Permian parasites may
have shared an ecological role with present-day tapewormes,
relying on a multi-host life cycle involving both intermedi-
ate and definitive hosts.

Preservation features—The eggs exhibit varying degrees
of mineralization, with some showing authigenic mineral
replacement of the outer shell also observed in other tape-
worm eggs from another coprolite from the same local-
ity (Dentzien-Dias et al. 2013). Certain eggs appear col-
lapsed or distorted, suggesting minor diagenetic alteration.
The coprolites display differential preservation, with some
showing oxide caps that may have influenced the eggs’ fos-
silization. The eggs were evenly distributed throughout the
coprolites, indicating they were likely shed in faeces rather
than externally introduced. Over the coprolite a stack of fine
laminae composed of organic matter (Fig. 1A) is deposited.
The thickness of such stacks ranges 0.7-2 mm. The laminae
are curved, and between them, lenses of the siltstone occur.
The laminae are interpreted as a biofilm formed when the
faeces were fresh.

Discussion

Affinity and evolutionary implications.—It is not always
straightforward to separate intestinal parasitic remains from
other microscopic inclusions, particularly fungal or plant
remains (Szwabe and Kurnatowski 2012; Garcia et al. 2017).
Some helminth eggs have been confused or are superficially
similar to plant remains particularly cells or pollen (Garcia
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Fig. 3. Hypothetical cross sections through a more 3D-preserved egg and
how it may effect the observable structures beyond other constraints like
preservation.

et al. 2017; Camacho et al. 2020). The spherical structures in
the thin section of coprolite UFRGS-PV-634-P clearly differ
from other inclusions based on their shape, size and associ-
ations and are not reminiscent of other known morphologies
of host cells or microorganismal remains (Dentzien-Dias
et al. 2017; Garcia et al. 2017, Dentzien-Dias and fLaska
2025) including fungal or other spores (Jurigan et al. 2023;
Catafesta et al. 2026). In addition, pollen of angiosperms,
which have the highest chances to be confused with tape-
worm eggs (Szwabe and Kurnatowski 2012) are not yet
present in Permian environments. Based on their internal
structure and associations, the structures are most reminis-
cent of tapeworm eggs, including those previously reported
from the same locality (Dentzien-Dias et al. 2013) as well
as others with the Rio do Rasto Formation (Catafesta et al.
2026). The new findings include eggs that are smaller than
previously described and associated in different arrange-
ments, augmenting the diversity of preserved tapeworm-re-
lated structures at the Coproland locality from one to at least
two, likely three, morphotypes.

The structures interpreted as a hooked oncosphere and
egg packets strongly support a cestode (tapeworm) or-
igin (De Baets et al. 2024). Hints at 3 paired structures
in some of the eggs seems to corroborate such an inter-
pretation (see Fig. 2B). The absence of these structures
may have various explanations ranging from difference
in preservation or developmental stage to more different
position in thin sections (see Fig. 2B). The presence of egg
packets (cocoons) suggests that the tapeworm species may
have had a reproductive strategy similar to modern di-
pylidiid, echinobothriid or taeniid cestodes, which release
egg packets in faeces (De Chambrier 2006; Tyler 2006;
Pandey et al. 2022). The isolated eggs with thicker shells
may represent a different cestode species or less likely an
alternative developmental stage.
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The co-occurrence of abundant eggs with two clearly
distinct morphologies: (i) clustered eggs within probable
proglottid fragments or mucosal packets, and (ii) isolated
eggs with a thicker outer shell, within a single coprolite
provides strong evidence of simultaneous infection by mul-
tiple cestode species. These two morphotypes differ in
shell wall thickness, size, and distribution pattern (Table 1).
Quite some variation in cocoon packaging and their re-
sponse to contact with seawater (environment) has been
observed even within the same genus or even same species
of Callibothrium (Bernot 2015), but not as extreme dif-
ferences in egg morphology as observed here. Both type
of eggs provide examples of oncospheres with up to three
pairs of hooks, confirming their interpretation as eucestode
(true tapeworm) eggs (De Baets et al. 2021a, 2024). The
clustered eggs suggest a reproductive strategy involving egg
aggregation and passive shedding via proglottids or mucosal
packaging. The clustered arrangement of eggs resembles
egg packets known from modern echinobothriid (known
from elasmobranchs) as well as dipylidiid or kapsulotaeniid
cestodes (primarily described in terrestrial taxa). Although
we deem it is less likely, such a structure could potentially
also result from mucosal encapsulation or degeneration of
reproductive tissue (e.g., proglottids) prior to fossilization.
Extant echinobothriids have different morphology and
packing of the eggs, having oval and rounded eggs orga-
nized as a single packets with 2-10 eggs or in chains (Tyler
2006). We also cannot entirely rule out that taphonomic pro-
cesses such as compression or microbial stabilization may
have enhanced the clustered appearance in the fossil record,
although seems unlikely as structure of coprolite and their
position is largely preserved and seems most likely to reflect
differences in transmission strategies.

The second morphotype, isolated and with thicker
shells, likely represents a separate species rather than a dif-
ferent developmental stage, as such variation in dispersal
strategy and shell architecture is uncommon within a sin-
gle cestode species. This supports the inference of multi-
ple tapeworm taxa co-infecting the same definitive host
(Curran and Caira 1995).

Additionally, a third morphotype previously described
from another coprolite (Dentzien-Dias et al. 2013; De Baets
etal. 2015a), attributed to the same type of elasmobranch pro-
ducer and locality, comprises elongated proglottid fragments
containing larger, more elliptical eggs, also bearing three
pairs of hook-like structures. This further supports a broader
cestode diversity with differing transmission strategies in the
Coproland ecosystem (cf. Penadés-Suay et al. 2022).

Moreover, the presence of abundant eggs with these dis-
tinct morphologies strongly supports the interpretation that
the coprolites derive from a definitive host rather than an in-
termediate host that may have accidentally ingested parasite
eggs. Intermediate hosts typically carry larval stages rather
than shed large numbers of eggs from multiple adult ces-
tode species. These findings imply that cestode communi-
ties within Permian aquatic hosts were more taxonomically
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elongated oval structures

embryophore

thicker outer shell

oncosphere

Fig. 4. Close-up of spherical inclusions type A2 in PV 634-P (thin section), shark coprolite from Coproland, Brazil, Rio do Rasto Formation, Guadalupian
(middle Permian). Isolated spherical bodies interpreted as tapeworm eggs. A;, photo with Keyence HX-7000; A,, interpretative drawing.

diverse than previously appreciated. The presence of distinct
egg morphologies and associations also raises the possibility
of differing life history strategies among the elasmobranch
tapeworms, indicating the establishment of different strate-
gies already in the Palaeozoic.

Possible hosts and life cycle implications.—The presence
of fish scales in the coprolites, mucosal folds and the hetero-
polar spiral morphology of the coprolite suggest that the fi-
nal host was a shark, which served as the definitive host for
the tapeworms (McAllister 1985; Dentzien-Dias et al. 2012;
Rodrigues et al. 2018). The occurrence of two morpholog-
ically distinct egg types within a single thin section of the
same coprolite points to simultaneous infection by multiple
cestode species. This is consistent with modern elasmo-
branchs, which often harbour more than one adult tapeworm
species in their spiral valve intestines and show differences
in reproductive strategies (Curran and Caira 1995; Caira and
Jensen 2001; Ivanov and Brooks 2002; Alarcos et al. 2006;
Penadés-Suay et al. 2022). In modern tapeworm life cycles,
the eggs are produced by adult cestodes in the final host
and excreted in faeces. The clear presence of egg clusters
and isolated eggs in the coprolite supports the conclusion
that the eggs were produced by different adult cestodes
rather than by intermediate stages or digestion byproducts.
As with most modern cestodes, these Permian forms likely
had complex life cycles involving at least two hosts (Scholz
1999; Leung 2021; Scholz and Kuchta 2022; Sures et al.
2025): a first intermediate host, likely a small aquatic in-
vertebrate such as a crustacean, and a final vertebrate host
(Fig. 5). Most analyses suggest an ancestral intermediate
host to have been a crustacean and the majority of known
modern tapeworm life cycles in aquatic environments in-
volve a 3-host life cycle with the first intermediate host
being a invertebrate and the final host being a vertebrate
(Mackiewicz 1988; Sakanari and Moser 1989; Caira and
Reyda 2005; Sures et al. 2025). Both 2-host or 3-host life

cycles are observed in lineages parasitizing sharks as final
hosts, but some have up to 2 additional paratenic hosts.
The first intermediate is typically an invertebrate (mostly
crustacean) and final host a vertebrate, although bony fishes
could potentially also be intermediate hosts (Leung 2021).
Ostracods and conchostracans are abundant in the Rio
do Rasto Formation and constitute plausible first intermedi-
ate hosts (Azevedo et al. 2018). Bivalves are also common in
the Rio do Rasto Formation but have so far not been found
within this type of coprolite (Dentzien-Dias et al. 2012), so
their function as hosts is unlikely. Bivalves are regularly
reported from coprolites (Brachaniec et al. 2015) including
Early Triassic freshwater ones (Yates et al. 2012) and some
freshwater bivalves today can even survive passage through
digestive system of fishes (Brown 2007) so their absence
likely represents a true absence rather than a taphonomic
bias. We cannot exclude other small invertebrates such as
soft-bodied insect larvae that are not preserved or verte-
brates (fish) as possible alternative intermediate hosts.

A likely intermediate host are smaller fishes abundant in
the Rio do Rasto ecosystems and represented in coprolites
yielding tapeworm eggs by their scales. Shortened 2-host
lifecycles cannot be ruled out (Leung 2021) but are consid-
ered unlikely and it is difficult to imagine the represented
fishes to regularly feed on tapeworm propagules. Small fish
as abundantly represented by their scales within the copro-
lite are therefore likely rather second intermediate than first
(and only) intermediate hosts. The ingestion of this infected
prey by an apex predator such as a shark would have assisted
in completing the parasite’s life cycle. This trophic structure
supports the concept of a “trophic transmission vacuum”,
in which the incorporation of a second intermediate host
bridges the ecological gap between microinvertebrates and
large definitive hosts (Benesh et al. 2014).

There is no direct evidence for fishes preying on small
crustaceans such as conchostracans and ostracods or reports
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Fig. 5. Hypothetical reconstruction of life cycles of tapeworm parasites recovered from shark coprolites from Coproland, Brazil, Rio Do Rasto Formation,
Guadalupian (middle Permian). Filled arrows are supported by direct evidence, stippled arrows are less certain, and possibilities suggested from circum-
stantial inference as discussed in text. A. Conchostracan as representative for a possible first (invertebrate) intermediate host. B. Bony fish as (2nd or 1st)
intermediate host. C. Possible tapeworm egg development inside the host muscle tissue. D. Shark with spiral intestine as definitive host. E. Defecation.
F. Tapeworm eggs found within the faeces (now preserved as mineralized coprolites).

of parasitized crustaceans in the Rio do Rasto Formation.
However, remains of smaller fishes and small crustaceans
often co-occur in fossiliferous beds (Azevedo et al. 2018),
making such interactions plausible. While ostracods have
not yet been found in association with definitive-host cop-
rolites from this site, they have been found in coprolites
attributed to palaeconisciform fishes from other Permian
localities (Jurigan et al. 2023). Similarly, conchostracan
remains have been documented in Permian coprolites as-
signed to tetrapods (Owocki et al. 2012; Niedzwiedzki et al.
2016; Sennikov et al. 2020), supporting their preservation
potential in Permian vertebrate coprolites. These findings
suggest that although such crustaceans have not yet been re-
covered from fish coprolites at the Rio do Rasto Formation,
they could principally be found but seem absent.
Reconstructing the complex life cycles of helminths,
particularly those of tapeworms infecting sharks, remains
difficult and poorly understood, particularly in the absence
of molecular approaches to assign their undifferentiated
larval stages (Jensen and Bullard 2010; Randhawa 2011;
Randhawa and Brickle 2011; Caira and Jensen 2014; Bennett
et al. 2019, 2023; Scholz and Kuchta 2022). Jarecka (1961)
noted that egg morphology can influence transmission

to first intermediate hosts in freshwater systems, particularly
crustaceans, although those studies focused on bird-defini-
tive-host systems. More recently, Rasmussen and Randhawa
(2018) demonstrated that diet plays a key role in shaping
tapeworm diversity in sharks. These observations highlight
the ecological complexity and evolutionary significance of
trophic interactions in parasite life cycles. Reconstructing
extinct parasite life cycles can be even more challenging.
This is illustrated by attempts to reconstruct the life cycle
of unknown parasites involved in the formation of blister
pearls in Emsian ammonoid and bivalve molluscs (De Baets
et al. 2011). It is tempting to invoke the presence of complex
life cycles involving predatory gnathostome fishes as final
hosts which prey on these molluscs as intermediate hosts
given superficially similar pathologies are mostly observed
in intermediate hosts of modern gymnophallid trematodes
(De Baets et al. 2011, 2015b). However, parasitic remains
preserved within the Devonian blister pearls in addition
to inferred latter Cretaceous appearance of gymnophallid
trematodes are not consistent with the attribution of these
pathologies to flatworms (De Baets et al. 2015a; Huntley
and De Baets 2015; Leung 2017, 2021). Lack of direct evi-
dence for gnathostome parasitic infestations (Luksevics et
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al. 2009) or predator-prey relationships (e.g., in the form of
coprolite inclusions) in these ecosystems further hamper the
full reconstruction of these Devonian parasite life cycles.

With the available evidence from the Rio do Rasto
Formation, we can hypothesize the following life cycles
of cestode involving a Permian elasmobranch as the de-
finitive host as follows: (i) eggs are released in the faeces
of the definitive elasmobranch host and are likely ingested
by a free-living, filter-feeding invertebrate; (ii) inside the
invertebrate, the egg hatches, releasing a hexacanth larva,
which penetrates the gut wall, encysts, and develops into
a procercoid larva, typically in an organ such as the liver;
(iii) the infected invertebrate is then consumed by a second
host, a fish; (iv) the larva again penetrates the gut wall,
encysts in the liver, and develops into a plerocercoid larva;
(v) when the fish is eaten by the third and final host, the
elasmobranch, the larva matures in the host’s spiral intes-
tine; (vi) sexual reproduction occurs there, either through
cross-fertilization or self-fertilization between adult worms,
completing the cycle (Fig. 5). We have no direct fossil in-
formation to constrain the presence or identity of the 1st
intermediate invertebrate host (hence this part of life cycle
is more speculative), but inferring one seems more plausible
than a 2-host life cycle just involving bony and cartilaginous
fishes (Leung 2021) based on arguments discussed above.
Further work is needed to corroborate this life cycle and
more fully understand the food and interaction webs in the
Rio do Rasto Formation.

Factors behind egg abundance.—The repeated discov-
ery of cestode eggs in Permian bromalites strengthens
evidence for early host-parasite coevolution in vertebrate
digestive systems, complementing earlier findings from
the Carboniferous of the USA (Zangerl and Case 1976).
Bromalites is a term referring to any fossilized digestive
matter originating from animals (Hunt and Lucas 2021) but
so far tapeworm eggs have only been reported from Permian
shark coprolites (fossilized faeces) and a Carboniferous co-
lolite (fossilized intestinal tract contents preserved in situ).
These findings suggest that complex parasitic life cycles of
tapeworms were already well established in the Palacozoic
while evidence is lacking for parasitic nematodes such as
ascaridoid nematodes. The abundance of eggs per bromalite
attributable to tapeworms in Palaecozoic occurrences is high
(29—-122) with rare exceptions (Catafesta et al. 2026) com-
pared to later Mesozoic and Cenozoic occurrences where
pre-Quaternary reports typically lack tapeworm eggs or
have putative isolated egg preserved if at all (De Baets et
al. 2024). Preservational factors may therefore also play
a crucial role and more studies on taphonomy of fossil cop-
rolites are needed (Dentzien-Dias et al. 2018; Dentzien-Dias
and Laska 2025). Various factors could explain or work in
concert to explain the high abundance and diversity of tape-
worm eggs in coprolites.

Exceptional preservation (Qvarnstrom et al. 2016) may
have played a role in the preservation of tapeworm eggs,
particularly at the Coproland locality. The faecal matrix

likely provided a protective microenvironment that mini-
mized decay, facilitating the preservation of more delicate
egg structures. Oxide-rich layers and microbial activity
may have promoted early diagenetic mineralization within
these particular coprolites, enhancing the durability of egg
structures. The presence of authigenic minerals within the
eggshell layers further suggests early diagenetic mineral
replacement (Dentzien-Dias et al. 2013). Notably, 32 thin
sections of different coprolites were examined, and cestode
eggs were recovered in only two (ca. 6 %), including pre-
vious reports by Dentzien-Dias et al. (2013), suggesting an
exceptional combination of preservational and biological
factors. This is quite similar to reports from other studies of
the frequency of helminth eggs (5—7 %) in fossil coprolites
(Cardia et al. 2018; Barrios-de Pedro et al. 2020). In the two
thin sections where eggs were present, they occurred in
high abundance, highlighting that when conditions were fa-
vourable to their presence, these parasites were remarkably
well represented. Biofilms on the surface of the coprolite
indicates that an early mineralogical precipitation was likely
biologically induced. This reinforces the primary role of
microbial activity on coprolite preservation (Hollocher et al.
2001). According to Noffke et al. (2022), biofilms can pro-
vide a buffered microenvironment that enhances fossil pres-
ervation, especially in soft tissues and delicate structures
such as helminth eggs. Microorganism-induced lithification
has been shown to be a key mechanism in fossil preser-
vation within coprolites (Hollocher and Hollocher 2012).
Packaging eggs in packets or proglottids may also increase
their preservation potential (Zamparo 2001; De Baets et al.
2024). However, the findings of abundant tapeworm eggs
in Palaeozoic bromalites is not restricted to the Coproland
locality and other post-Palaecozoic fossil coprolites yielding
tapeworms have yielded mostly isolated eggs if at all.
Ecological factors might also contribute to the high
concentration of cestode eggs in these fossils. It is possi-
ble that the Carboniferous—Permian aquatic ecosystems
more generally exhibited a high frequency of parasite-host
interactions, contributing to widespread infection. The
co-occurrence of abundant potential hosts, such as small
crustaceans and fishes, suggests that these ecosystems
supported the complex trophic relationships necessary for
completing cestode life cycles. The environment of the
Rio Do Rasto Formation may have the ecosystem particu-
larly susceptible given its restricted nature and occasional
draughts (Azevedo et al. 2018; Francischini et al. 2018b).
The high number of coprolites found in only one layer,
with evidences of dry periods, might indicate that the
producers were occasionally restricted in one small area
that may have intensified the transmission (see Dentzien-
Dias et al. 2012 for discussion). Interestingly, all tapeworm
remains from Rio do Rasto Formation or Palaeozoic as
a whole derive from shark bromalites hinting the ecology
may also be an important factor. The spiral intestine is the
most heavily parasitized internal organ of modern elas-
mobranchs as it is the primary site occupied by cestodes.
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It is fairly common for certain elasmobranchs to host ten or
more tapeworm species in their spiral intestines (Caira and
Healy 2004; Caira et al. 2012).

Therefore, individual conditions related to tapeworm
transmission and their hosts may have influenced the con-
centration of eggs in specific coprolites. The studied cop-
rolites may originate from highly infested individuals of
particular hosts, thereby leading to a high shedding rates of
eggs in faeces and skewing parasite abundance in the fossil
record. Helminths frequently reproduce in higher-trophic
level vertebrates that tend to be large and long-lived, which
may generate a trophic transmission vacuum. Tapeworms
may also have already used strategies to increase their trans-
mission (Mackiewicz 1988). This transmission gap could be
filled through incorporation of intermediate hosts, further
supporting the likelihood that complex life cycles were al-
ready present in the Palacozoic (Benesh et al. 2014, 2022;
Parker et al. 2015). While the current dataset may hint at
diverse strategies early in their evolution, further excep-
tional discoveries and sampling will be necessary to con-
firm the full complexity of cestode life cycles throughout
the Phanerozoic. Mesozoic and (pre-Holocene) Cenozoic
sampling has focused on particularly terrestrial tetrapods
(Poinar and Boucot 2006; Hugot et al. 2014; Cardia et al.
2018, 2019, 2021; Dentzien-Dias et al. 2018; Francischini et
al. 2018a; Barrios-de Pedro et al. 2020; Chin 2021; Oyarzin-
Ruiz et al. 2021; Carmo et al. 2024). A possible tentacular
structure in Cretaceous amber may represent the only poten-
tial fossil evidence for tapeworms in Mesozoic sharks (Luo
et al. 2024) but its affinity, life cycle and taphonomic sce-
nario needs further scrutiny (De Baets et al. 2024). The lack
of ascaridoid nematode eggs in Palacozoic is also notable
given they have been mostly commonly reported from fos-
sil coprolites in Mesozoic and Cenozoic usually attributed
to their resistant eggs (Brinkkemper and van Haaster 2012;
Dufour and Le Bailly 2013). It is, however, tempting to attri-
bute this absence to their inferred origin in the tetrapods and
the hypothesis of later colonization of elasmobranchs and
teleost fishes (Li et al. 2018) but ecological, preservational
and sampling factors discussed earlier may also explain lack
of discoveries so far.

Conclusions

This study expands the fossil record of intestinal parasites,
reporting new cestode eggs occurrences in Permian copro-
lites from the Coproland outcrop. The findings underscore
the importance of fossilized faeces in reconstructing para-
site-host interactions (Chin 2021) and suggest that intesti-
nal tapeworms with complex life cycles were widespread
among Permian sharks. The exceptional preservation and
abundance of eggs is likely linked to a combination of eco-
logical and taphonomic factors such as coprolite mineraliza-
tion, bio-induced mineralization and oxide-rich sediments.
These results confirm that intestinal tapeworm were already
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widespread among Permian sharks including forms already
differing in reproductive strategies, supporting the idea
about various forms with complex parasitic life cycles were
well-established by the Palaeozoic and imply a long-term
diversity in cestode reproductive strategies.
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