Zurich Open Repository and

) . o .

i %) University of Archive =

= bk . University of Zurich

Zurich™ Main Library

\H Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2015

Parasites of Ammonoids

De Baets, Kenneth; Keupp, Helmut; Klug, Christian

Abstract: Extant cephalopods are commonly infested by parasites making it plausible that ammonoids
also had parasites. We review the fossil evidence of parasitic infestations in ammonoids, which, due
to low preservation potential of soft-tissues in ammonoids and parasites, are mainly recorded as shell
pathologies on the external shell interpreted to be caused by parasites. Extant nautilids are of little
help to interpret these structures as they only harbor parasitic copepods. Pathologies analogous to those
found in ammonoids that are caused by parasites are common in extant bivalves and gastropods. The
position of these features might reveal their parasitic nature. The restriction of these structures to certain
ammonoid lineages suggests both the influence of phylogeny and the potential role of ecology (feeding,
mode of life) on infestation risks. Other long-term associations with detriment to ammonoids such as
epizoa and bioeroders as well as their possible confusion with parasitism are briefly discussed.

DOI: 10.1007/978-94-017-9630-9__20

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: http://doi.org/10.5167/uzh-121824
Accepted Version

Originally published at:

De Baets, Kenneth; Keupp, Helmut; Klug, Christian (2015). Parasites of Ammonoids. In: Klug, C; Korn,
D; De Baets, K; Kruta, I; Mapes, R H. Ammonoid Paleobiology: From anatomy to ecology. Dordrecht:
Springer, 837-875. DOI: 10.1007/978-94-017-9630-9 20


http://doi.org/10.1007/978-94-017-9630-9_20
http://doi.org/10.5167/uzh-121824
http://doi.org/10.1007/978-94-017-9630-9_20

Chapter 20
Parasites of Ammonoids

Kenneth De Baets, Helmut Keupp and Christian Klug

20.1 Introduction

Parasites in many groups of extant cephalopods are still poorly investigated (Pascual
et al. 2007) and even more so in fossil species, in spite of evidence that parasitism
can provide important information on the ecology (i.e., diet, mode of life), phylog-
eny, and the evolutionary history of their hosts. There is currently no documented
record of parasite body fossils from externally shelled cephalopods, which is prob-
ably related to the paucity of soft-tissue preservation in externally shelled forms like
ammonoids, the small size of parasites (at least at some life stages), the residence
of endoparasites within the host for the large part of their life cycle, and the rarity
of preservable (hard) tissues in many parasites (Conway-Morris 1981, 1990; Little-
wood and Donovan 2003; De Baets et al. 2011). The main evidence for parasitism
in fossil cephalopods like ammonoids is indirect and in the form of shell pathologies
(Hengsbach 1991a, 1996; Keupp 2000, 2012).

Shell “malformations” in ammonoids, coined “paleopathies” by Hengsbach
(1996), have been known since the nineteeth century. The recognition that para-
sites might be responsible for at least some paleopathies came comparatively late
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in paleopathological research on ammonoids (compare Hengsbach 1991a). Engel
(1894) was the first to suspect parasites and other pathogens (“Schmarotzer”) to be
responsible for some of these pathologies. Holder (1956) introduced a classification
of pathologies based on their morphological expressions into ‘forma’ types, each
of which encompasses a disease and/ or healing pattern. He was also the first to
attribute ammonoid gigantism to bacterial infection following reports from patho-
logical gigantism in gastropods. Rieber (1963) was the first to explain asymmetrical
growth of suture lines and shells by parasitism. Wetzel (1964) dedicated an entire
article to parasitism in the ammonoid shell, which was later reinterpreted as bio-
erosion by fungi that might have occurred post-mortem (Keupp 2012). Significant
contributions to the study of ammonoid parasites were published by Hengsbach
(1979a, 1986a, 1986b, 1991a, 1996) and Keupp (1976, 1977, 1979, 1986, 1995,
2000, 2012). Additional contributions were made by various authors (e.g., House
1960; Schindewolf 1962, 1963; Rieber 1963; Bayer 1970; Holder 1970; Morton
1983; Landman and Waage 1986; Rein 1989; Manger et al. 1999; Kroger 2000;
Seltzer 2001, 2009; Larson 2007; De Baets et al. 2011, 2013b; Mironenko 2012;
Rakocinski 2012).

Proving a parasitic origin of these shell structures is not straightforward (Hengs-
bach 1991a, 1996). Among extant Nautilus, only parasitic copepods have been re-
ported in natural environments (e.g., Ho 1980), which are of little help to the in-
terpretation of these structures since they are not known to influence shell growth.
A variety of parasites have been described from extant coleoids (Hochberg 1983,
1989, 1990; Castellanos-Martinez and Gestal 2013; Keupp and Hoffmann 2014),
the closest relatives of ammonoids (Kroger et al. 2011), but comparatively little re-
search has been carried out on pathological reactions on their shells (Keupp 2012).
Initially, we will briefly discuss the definition of parasitism and their recognition
in both extant and extinct cephalopods. Then, we demonstrate the importance of
comparative work on pathologies in other shelled mollusks, particularly bivalves
and gastropods, to identify causes and host reactions to parasites. We also discuss
how pathologies caused by parasitic infestations can be recognized.

20.2 Definitions

Parasitism is usually defined as a symbiotic relationship whereby one individual, the
parasite, derives benefits (e.g., energy, matter, nutrition, protection) at the expense
of another, the host, by means of close or long-term association (Conway-Morris
1990; Rohde 2005); parasitism often tends to result in demonstrable negative effects
on the host (Kinne 1980). An organism can be parasitic for its whole life (holopara-
sitism) or only part of its life cycle (meroparasitism). The (metabolic) dependence
of the parasite may be facultative or obligate. Ectoparasites live externally on the
host body, while endoparasites live inside cells (intracellular), between cells (inter-
cellular) or within alimentary tracts, cavities, kidneys, and other open spaces inside
the host (extracellular; Kinne 1980). Most species of parasites are obligate parasites
which means that they need a host for survival at least during certain stages of their
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life cycle. Parasites can have a simple or direct life cycle with a single host, or a
complex or indirect one with various additional intermediate hosts (Rohde 2005).
Intermediate hosts harbor immature, developing stages, while definitive or final
hosts harbor the sexually mature stage of a parasite. Paratenic hosts harbor larval
forms that do not develop within the host (Rohde 2005) and are therefore not crucial
to the development of a particular species of parasite; but these hosts can serve an
important role in maintaining the life cycle of that parasite (Combes 2001). The eco-
logical definition of parasitism sometimes grades into other symbioses (Zapalski
2011) and different long-term interactions between organisms including epizoism
(Hengsbach 1991a) or (in-vivo) bioerosion (Wisshak and Tapanila 2008) which can
also harm or influence the growth of their hosts (Keupp 2012). In some cases, in
vivo epizoism can be detrimental to both the epizoa and their hosts (e.g., Meischner
1968, Hengsbach 1991a, Larson 2007; Keupp 2012; Keupp and Hoffmann 2014).
In the fossil record, parasitism can mostly only be recognized by negative effects on
its host and by comparisons with extant parasite-host associations.

20.3 Parasites of Extant Cephalopods

Measured by the number of times it evolved independently in several lineages and
how many parasitic species are presently in existence, parasitism is one of the most
successful modes of life displayed by living organisms (Poulin and Morand 2000).
Although research has advanced significantly in the last decades, parasites of many
groups of extant cephalopods are still poorly known (Hochberg 1983, 1989, 1990;
Pascual et al. 1996; 2007; Gonzalez et al. 2003; Castellanos-Martinez and Gestal
2013). Adult specimens of commercially exploited species which have been the
most investigated, are all known to harbor multiple groups of parasites (Pascual
et al. 2007). Morphological determination of the systematic affinity of these para-
sites is not always straight forward, because of their high degree of specialization
compared with their free-living relatives, high degree of reduced/ simplified mor-
phology related with their parasitic lifestyle, and sometimes complex life cycles
consisting of morphologically distinct ontogenetic stages (Brooks and McLennan
1993). An anecdotal example for cephalopods is the original description of the
hectocotylus or modified arm of some male cephalopods as a parasitic helminth
(Della Chiaje 1825; Cuvier 1829, 1830). The heterogeneous distribution and differ-
ing prevalence of parasites (and host reactions) within the infected tissues, within
certain individuals and/ or regions, might also hamper their discovery when species
have been poorly investigated or sampled. Molecular techniques have become use-
ful complementary taxonomic tools to parasite diagnosis and specific identification
in many groups including cephalopods (Pascual et al. 2007), but are of course un-
available in long extinct fossil forms.

The only parasites known from the extant externally shelled cephalopods ( Nau-
tilus and Allonautilus) in the wild (natural environments) are copepods living on
the gills (Willey 1897; Haven 1972; Ho 1980; Hochberg 1983, 1990; Carlson 1987,
Ward 1987). A possible exception might be a bacterial infection and a nematode
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infestation reported by Barord et al. (2012) in a captive Nautilus soon after it was
captured from the wild. Many different kinds of parasites have been reported from
extant coleoids, which are now generally accepted to be more closely related to
ammonoids than to nautilids (e.g., Jacobs and Landman 1993; Kroger et al. 2011).
Parasites have been recovered from almost all tissues and organs of these cephalo-
pods (Hochberg 1983, 1989, 1990). They are most commonly located on gills, in di-
gestive tracts, the excretory organs, mantle cavities, gonads, and in the musculature
(Hochberg 1989, 1990; Pascual et al. 2007; Castellanos-Martinez and Gestal 2013).
Pathogens of extant coleoids (Hanlon and Forsythe 1990; Hochberg 1983, 1989,
1990; Castellanos-Martinez and Gestal 2013) include bacteria, fungi, Sarcomasti-
gophora, Apixcomplexa, Ciliophora, Dicyemida, parasitic flatworms (Monogenea,
Trematoda, Cestoda), Acanthocephala, Nematoda, Annelida (Hirudinae, Polychae-
ta), and various crustacean Arthropoda (Copepoda, Isopoda, Branchiura, Malacos-
traca). Parasites can actively penetrate the host’s body or be passively obtained
through feeding or respiration. Many cephalopod species serve as primary hosts
for protozoans, dicyemids, helminths, and crustaceans, but more commonly serve
as secondary, third or reservoir (paratenic) hosts for intermediate (larval) stages
of helminths such as digeneans, cestodes, and nematodes (Hochberg 1983, 1989,
1990). Cephalopods thus play a vital role in the transfer of parasites through the
food web of marine ecosystems to final hosts such as elasmobranchs, fishes, and
marine mammals (Hochberg 1983, 1989, 1990; Pascual et al. 2007). Crustaceans
are macroparasites that mainly inhabit the mantle cavity and gills of cephalopods
(Castellanos-Martinez and Gestal 2013), although they can also be found on exter-
nal surfaces of the body such as on the arms or the head (Hochberg 1990).

Many parasites are acquired through contact with hosts in their habitat or through
feeding, so that they might even give information about the feeding grounds or ecol-
ogy of extinct cephalopods. Parasites cannot only provide information on cephalo-
pod predator-prey interactions, but also on their distribution in the water column.
Benthic and coastal cephalopods usually have different parasites then pelagic and
oceanic species (compare Hochberg 1983; Pascual et al. 1996; Gonzalez et al. 2003).

20.4 Parasites of Fossil Cephalopods

Despite the ubiquity of the parasitic life style, its independent appearance in sev-
eral unrelated lineages, and hypothesized ancient origins, relatively few clues can
be derived from the fossil record. This is related with the fact that parasites (at
least in some stages) are commonly small (+/— microscopic), frequently lack hard
parts, often live within the (soft parts of the) host for the longest portion of their
lifecycle (endoparasites), and/or might be isolated from their host post-mortem
(Conway-Morris 1981; De Baets et al. 2011). These phenomena weigh against the
preservation and recognition of fossil parasitoses, and as a consequence, the detec-
tion of parasitic biota is rare and mostly restricted to localities with exceptional
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preservation such as Konservat-Lagerstitten (Littlewood and Donovan 2003;
Boucot and Poinar 2010). Additionally, even when preserved and detected, the
quality of preservation will hamper precise identification of such fossil parasites.
Soft part preservation is also rare in ammonoids (e.g., Klug et al. 2012; Klug and
Lehmann 2015) and therefore, no direct evidence for parasitism in the form of body
fossils has yet been found.

Ammonoid workers (like many other palacontologists), therefore, have to rely
on host shell pathologies which are characteristic of parasitism. Similar pathologies
can however be caused by different agents that are difficult to assign to a particu-
lar extant parasite lineage and in some cases might belong to extinct lineages of
parasites. Just as with trace fossils, different parasites can create similar pathologies
when infesting similar tissues or behaving in the same way. The same parasite can
induce different pathologies depending on their abundance, behavior, as well as the
state of and position within the host.

20.5 Identifying Parasitism as A Cause for Ammonoid
Pathologies

Identifying a parasitic cause for pathologies is not straight forward, but some gen-
eral guide lines can be given (compare also Hengsbach 1991a, 1996; Keupp 2000,
2012; De Baets et al. 2011):

1. Preservation of parasite remains: The perfect evidence for parasitism in ammo-
noids would be the remains of the parasites preserved with the ammonoids show-
ing these pathologies. Unfortunately, such cases have not been documented. The
closest thing so far are blister pearls, which are interpreted to have enclosed
the dead parasite remains and partially reproduced its shape as well as size.
Examples include organic tubes preserved in some Housean pits in the Devonian
(De Baets et al. 2011) and elliptical (now recrystallized) egg-shape inclusions in
Jurassic ammonoid blister pearls (Keupp 1986, 2000, 2012). It should also be
noted that traces of small soft-bodied parasites are known to vanish during pearl
formation (Lauckner 1983).

2. Comparison with pathologies in extant externally shelled mollusks (Fig. 20.1):
Interpretation of parasitism should be biologically plausible (Hengsbach 1991a),
so that similar, characteristic pathologies in extant shelled mollusks could indi-
cate that a related parasite or a parasite behaving in the same way might have
caused these injuries in ammonoids. One must remain cautious if alternative
interpretations for these phenomena also exist. Gigantism could be related to
parasitic castration (which is often caused by parasitic flatworms in extant gas-
tropods and bivalves), but can also be explained by different pathologies, a nat-
ural rarity of larger individuals, and/ or considerable intraspecific variation in
adult size, which is not unusual in extant cephalopods. Therefore, gigantic size of
individuals on its own is insufficient to prove a parasitic infestation (Klug et al.
2014; De Baets et al. 2015).
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Fig. 20.1 Comparisons of similar pathologies in extant shelled mollusks and ammonoids (modi-
fied from Keupp 2012 unless otherwise stated). a, b progressive development of a deep slit-shaped
recess in the apertural margin attributed to parasitic infestation in Pila sp. (a) Recent, Egypt and
forma umbilicata in Dactylioceras anguinum (b) Early Toarcian (Jurassic), Altdorf near Niirnberg
(Germany), SHK PA-1694a, dm 39 mm. ¢, d development of shell lamellae related with a local
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3. Misinterpretation of normal shell features as pathologies: Parasitism should be
excluded if features misidentified as pathologies are part of the normal growth or
anatomy (e.g., soft-tissue). In some cases, muscle attachment scars might be con-
fused with certain pathologies (forma umbilicata of Kréger 2000; Fig. 20.1b),
but are restricted to internal moulds and always orientated towards the back of
the body chamber (Keupp 2012).

4. Lack of external injury: Parasitic or other endogenous causes are often put for-
ward in absence of external injuries or epizoa. In rare cases, parasitic infestations
or infections might have happened preferentially after soft-tissue was exposed
due to injury causing short-term swellings such as forma inflata (compare
Keupp 1976, 2000, 2012), although the injury and the pathology are not directly
related. Lack of proof as an argument for endogenous cause on its own cannot be
accepted (Zapalski 2011), as one never knows if such an absence is caused by a
true absence or only that it is impossible to identify it (soft parts not preserved).

5. Characteristics of the structures: The position, distribution, size, and morphol-
ogy of these structures might also reveal a parasitic origin, particularly, when
similar structures are known from extant shelled molluscs. Even when similar
structures are absent in extant shelled molluscs, the position of these pathologies
deep in the soft-tissue and/or far away from the aperture which could only be
reached and/or inhabited by parasitic organisms feeding on tissues or benefitting
from the host in different ways, can still corroborate their parasitic nature.

a. Asymmetric development: Deviations from bilateral symmetry or symme-
tropathies (Hengsbach 1991b) have been attributed to parasitism including
asymmetry of the suture line or shell sculpture and whorl section. In sev-
eral taxa, the position of the lateral lobe as well as siphon are tightly con-
strained and asymmetry of suture line can even be species-specific and not of
pathological origin (Keupp 2012). A progressive development of asymmetry
of whorl section or suture line could potentially relate to the asymmetrical
swellings which could be caused by local infections and parasitic infestations
(Hengsbach 1991a, 1996). However, a gradual development of asymmetry
of the suture line might also be related with non-pathological asymmetrical
growth of soft-tissues during ontogeny, particularly towards maturity (e.g.,
Yacobucci and Manship 2011). The low prevalence and irregular appearance,
variation in its development between individuals, sudden to temporary devel-
opment in post-embryonic stages, and lack of traces of external injuries or
epizoa are therefore of key importance to corroborate a parasitic origin of
these phenomena (Hengsbach 1991a, 1996; Keupp 2000, 2012).

detachment of the mantle in a captive Nautilus pompilius, Recent (1990-1993), aquarium of the
Jura-Museum Eichstétt, SHK PN-12, dm 110 mm (c¢) and a specimen of Cleoniceras besairiei,
Albian (Cretaceous), Ambatolafia (Madagascar), PA-33582—1, dm 85 mm (d). e, f blister pearl in
Nautilus macromphalus, Recent, New Caledonia, AMNH, max dm of pearl: 6 mm (e) and casts of
two blister pearls on an internal mold of Dactylioceras anguinum f Toarcian (Jurassic), Altdorf near
Niirnberg (Germany), SHK PA-643, dm 59 mm. The formation of blister pearls is typically induced
by irritants (organic material, parasites, sediment grains, epizoa, etc.), which get lodged between
the mantle and the shell
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b. Prevalence of pathologies within population: The prevalence of parasites (and
associated pathologies) in their host populations can be quite variable (from about
1% to over 70% or higher, but usually significantly below 100%) and hard to
predict. Typically, not all specimens of a species within a population are infested
and even less might develop deformities indicative of parasitism. According to
some authors, the number of pathological specimens attributable to parasitism
should be consistently low (1-10%: compare Keupp 2012). Higher prevalence
(70% or more) might be related with a specialist among parasites (e.g., Hengs-
bach 1991a, 1996; but compare Keupp 2000, 2012 for a different viewpoint).
In certain cases, one kind of parasitosis might be particularly common in some
regions, while in other areas, they might be rare or absent (even in large sam-
ples of the same taxon with similar preservation). Some authors have interpreted
a high prevalence of a pathology as a sign that a certain area supported a high
population of parasites (Morton 1983; Keupp 2000, 2012), but this could also be
related with higher infection rates (in response to different feeding or living habits
in separate regions), different immune responses or to ammonoids being acciden-
tal hosts (which do not normally harbor the parasite) in these environments. If the
phenomenon occurs in 100% of the representatives of a taxon and if its appear-
ance is consistent from one individual to another (same side affected, same degree
of development), parasitism is unlikely and genetic causes can be suspected. It
can be difficult to classify a feature as pathology if all specimens have it (Keupp
2012) and most postnatal causes with the exception of obligate symbiosis can be
ruled out (Hengsbach 1996). However, symbiosis is hard to verify in the fossil
record (Zapalski 2011).

6. Appearance after hatching and later in ontogeny: In most cases, species are
infested directly or by taking in infested food after hatching, which means that
the pathologies should at the earliest develop after hatching or probably much
later, when the ammonoid came in contact with the parasite or their larvae (inter-
mediate stages). Structures being present at or before birth might be related with
teratological causes (e.g., congenital disorders). The blister pearls in certain
species of Paleozoic ammonoids occur early in ontogeny (but always clearly
after the embryonic shell) and more importantly, appear at different points in
the ontogeny of different individuals within the same species. In the case of
parasitism, such variability and no correlation with growth of the organism (e.g.,
ontogenetic stages, septal spacing) is expected (Hengsbach 1996; De Baets et al.
2013b).

7. Host specificity: Not all ammonoid taxa at a locality show identical patholo-
gies; parasites are often quite host-specific and might cause different reactions in
separate taxa, so that the pathologies might often be restricted to a single species,
clade or lineage. Sometimes, ecology might play a bigger role than phylogeny,
so that certain parasitic infestations can be present in one or multiple (not neces-
sarily closely related) taxa with a particular ecology (food source, mode of life,
habitat).

8. Gradual development of irregular, ontogenetically long-lasting pathologies:
Rieber (1963) interpreted a pathological ammonoid individual with a progres-
sive displacement of the keel and the siphuncle after at least three normal whorls
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as the results of parasite infestation, which has been generally accepted as a
plausible explanation. This probably reflects a struggle between the host and
the infesting parasite(s). After the death of the parasites, the malformation might
remain this way or gradually disappear depending on the damage as well as
the need and available mechanisms to return to normal morphology (Hengsbach
1991a, 1996). In cases of swellings, the pathologies might disappear as suddenly
as they have developed.

These guidelines can be used to evaluate the plausibility and certainty of several pa-
thologies attributed to parasites in ammonoids. Due to the difficulties in identifying
the potential parasitic culprits; we will discuss possible cases of parasitism in am-
monoids grouped by the morphological expression of pathologies or paleopathies.

Several structures and pathologies have been related with parasitism in shelled
cephalopods with various degrees of certainty (Hengsbach 1991a, 1996; Keupp
2000, 2012; De Baets et al. 2011; Fig. 20.2). These pathologies range from (blis-
ter) pearls, symmetropathies (asymmetry of shell tube and suture line), temporal
increase in shell volume and ornamentation, anomalies in shell secretion to vari-
ous other pathologies. Parasitic flatworms have most commonly been implicated in
several pathologies, including pathological gigantism (Manger et al. 1999), blister
pearls (Keupp 1986; De Baets et al. 2011, Fig. 20.1f), and certain perturbations in
shell growth (e.g., forma umbilicata: Keupp 2000, 2012; Fig. 20.1b) in analogy with
prevalence of these parasites in extant cephalopods and cause of similar pathologies
in extant shelled molluscs (Fig. 20.1). These hypotheses are not unlikely as parasitic
flatworms have probably been around since the Ordovician based on the extrapola-
tion of extant parasite-host relationships (Littlewood 2006), but so far, direct fossil
evidence is lacking prior to the Permian (Dentzien-Dias et al. 2013). Earlier records
of parasitic flatworms are still debated (Upeniece 2001); no remains have been
found directly associated with ammonoids. It seems likely that other parasites were
also present including forms that were unable to leave any trace (e.g., parasitic crus-
taceans and bacterial infections: compare Holder 1956) and some traces might even
relate to now extinct groups of parasites (Boucot and Poinar 2010).

20.5.1 Disturbances in Apertural Shell Growth

Keupp (1979) described a pathology, where the shell formation is delayed near
the umbilicus leading to the progressive development of a deep slit-shaped recess
(and ribbing vertices similar to forma verticata) in the apertural margin of some
specimens of Jurassic Dactylioceras (Fig. 20.1b). In the absence of external inju-
ries, he attributed this to parasitism based on the protected position of the paleop-
athies and comparisons to other specimens in the local population. Superficially
similar structures (“Rippenscheitelungen”) can also be formed in association
with external injuries, traditionally described as forma verticata and forma semi-
verticata (compare Hengsbach 1991a, 1996; Keupp 2000, 2012; Zaton 2010).
Kroger (2000) introduced the term forma umbilicata for these pathologies in ab-
sence of external injuries. Their parasitic origin is corroborated by a similar phe-



846 K. De Baets et al.

Fig. 20.2 Examples of different pathologies attributed to parasitic infestations with various degrees
of certainty from the Devonian to Cretaceous (modified from Keupp 2012; unless stated otherwise):
a Amoeboceras alternans with progressive enlargement of the ventral ornamentation (forma augata
Kroger 2000), Oxfordian (Jurassic), Kucha near Hersbruck (Germany), SHK PA-785, dm 12 mm.
b Quenstedtoceras leachi with a conspicuous, temporary bulbous swelling of the ventral shell and
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nomenon in the freshwater gastropod Pila (Keupp 2000, 2012; Fig. 20.1a), where
the infestation with intermediate stages of trematode flatworms in the mantle tis-
sue of the apertural margin leads to the formation of similar abnormal slit-shaped
openings in the aperture, which becomes progressively broader with the increas-
ingly infested tissue. These structures should not be confused with muscle scars
(“Muskelleisten”: compare Keupp 2012) which are restricted to internal moulds
from the back of the body chamber to the phragmocone (as opposed to the front
of the body chamber on both the shell and internal mould).

These pathologies have also been reported from rare specimens of Epivirgatites
from the Tithonian and Quenstedtoceras from the Callovian of Russia (Keupp 2012,
pp- 223-224). These specimens demonstrate that the infestations are not always
restricted to the umbilical margin and can vary even within the same taxon which
probably depends on the position of the parasite; some specimens were able to
subsequently close the recess with smooth or irregular shell material (Keupp 2012).
So far, the structures are only confidently known from these three genera of Juras-
sic Ammonitida (Keupp 2012). These pathologies are best known from the Early
Toarcian of Altdorf near Niirnberg (Germany), where they are restricted to dactyli-
oceratids (Fig. 20.1b) and absent from all other ammonoid taxa (Harpoceratidae,
Hildoceratidae, Phylloceratidae, Lytoceratidae). This might indicate that these para-
sites are host specific. These structures are rare in dactylioceratids in other regions,
which might suggest that the ecology (mode of life, predator-prey relationships) of
these taxa in this region also increased their infection risk. The prevalence is quite
high in the Toarcian of Altdorf where up to 5 % of Dactylioceras display these struc-
tures which Keupp (2012) attributed to a high regional population of these parasites.

20.5.2 Pathological Gigantism

Parasites are well known to alter the behavior, growth, and morphology of their
hosts (Miura et al. 2006). Gigantism is one of the most striking modifications in

ornamentation (forma augata Kroger 2000), Callovian (Jurassic), Dubki near Saratov (Russia), SHK
PA-20114, dm 58 mm. ¢ Orthosphinctes with conspicuous, temporary bulbous swelling of the shell
without ornamentation behind the aperture (forma inflata Keupp 1976), Kimmeridgian (Jurassic),
Hartmannshof (Germany), SHK PA-1871, dm 60 mm. d Dactylioceras athleticum with a progressive
development of shovel-like ribs (forma augata Kroger 2000), Kimmeridgian (Jurassic), Hartmannshof
(Germany), SHK PA-1871, dm 60 mm. e, f Pleuroceras spinatum with a unilateral thickening of the
body chamber resulting in a significant lefi-right asymmetry of the whorl section, SHK PA-5170,
Pliensbachian (Jurassic), Unterstiirmig (Germany), dm 41 mm. g, h Hildoceras bifrons showing mul-
tiple oscillations of the keel around its normal ventral position (forma undaticarinata), SHK PA-6245,
Toarcian (Jurassic), Grand Causses (France), dm 23 mm. i, j Cleviceras elegans with Morton’s syn-
drome (sensu Landman and Waage 1986), SHK PA-543, Toarcian (Jurassic), Altdorf near Niirnberg
(Germany), dm 55 mm. k, 1 Pseudosageceras multilobatum with Morton’s syndrome (sensu Landman
and Waage 1986), SHK PA-9204, Early Triassic, Vikinghogda south of Sassendalen (Spitzbergen),
dm 34 mm. m Amoeboceras sp. with a progressive asymmetric shift of the keel (forma juxtacarinata
Holder 1956; similar to the case described by Rieber 1973), SHK PA-786, Oxfordian (Jurassic), Scar-
borough (United Kingdom), dm 20 mm (previously unpublished). n Latanarcestes noeggerathi with an
exentrical position of the external lobe (forma juxtalobata Hélder 1956), Emsian (Devonian), Tafilalt
(Morocco), dm 27 mm
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morphology and growth, which can be induced by parasitic organisms and can sig-
nificantly alter the size-structure, use of resources, and intraspecific competitive in-
teractions of the host population. It is one of the common paleopathies to be linked
with parasitic infestations in ammonoids (Holder 1956; Hengsbach 1991a, 1996;
Manger et al. 1999; Keupp 2000, 2012). Holder (1956) was the first to suspect that
parasite-caused gigantism might have occurred in ammonoids based on studies of
the present-day terrestrial snail Zebrina by Boettger (1953a, 1953b), who docu-
mented parasite-caused delay in sexual maturation, corresponding castration, and
retardation in growth.

Pathological gigantism should only be used to refer to rare specimens of a cer-
tain taxon which have abnormally large sizes (Tasnadi-Kubacska 1962) that were
triggered by pathogens, hormonal disorders or other endogenic causes. Hengsbach
(1996) introduced the term forma gigantea to refer to pathological gigantism in
ammonoids (which effects only a small fraction of ammonoid populations). Oth-
er causes for size differences such as continuous and discontinuous (e.g., sexual
dimorphism) intraspecific variability in adult size or ecological causes should be
ruled out (De Baets et al. 2015; Keupp and Hoffmann 2015). So far, pathologi-
cal gigantism caused by parasitic castration has only been suggested by Manger
et al. (1999) to explain rare exceptionally larger individuals of some Carboniferous
ammonoid and nautiloid taxa. Manger et al. (1999) suggest that infestation of the
gonads by trematode larvae and castration might have been responsible. Several
gastropod species exhibit growth to abnormally large sizes following infection by
trematodes or other parasites (Sousa 1983; Sorensen and Minchella 2001), which
can be caused by enhanced growth, sexual retardation, or even castration. Castra-
tion in extant bivalves and gastropods is most commonly caused by parasitic flat-
worms (Lafferty et al. 2009; but see Boettger 1953a, b for an example with a bacte-
rial cause). However, not all infestations or even castrations result in abnormally
larger sizes or noticeable effects on (shell) growth in molluscs. Some specimens can
become mature before castration or continue to grow after castration. Additionally,
gigantism has only been documented in short-lived and primarily fresh water and
terrestrial gastropods, while studies on long-lived marine gastropod species have
found that trematodes have either no effect on growth or even stunt growth (Sousa
1983; Sorensen and Minchella 2001; Miura et al. 2006). Castration and pathological
gigantism have so far not been reported from extant cephalopods, which are com-
monly infested by parasitic flatworms and other parasites, highlighting the need for
independent evidence for parasitic infestation of these specimens other than size.

However, there is no direct proof in the form of shell reactions or preserved parasite
remains (compare Hengsbach 1996; De Baets et al. 2011; Klug et al. 2014 for a review)
to corroborate the views of pathological gigantism caused by parasitism in ammonoids.
Indications used to support this interpretation comprise the large size of these cephalo-
pod fossils (two to four times as big as “normal” specimens from the same layers), the
scarcity of specimens of this size belonging to members of a species that are common,
and the absence of indications for adulthood. Ivanov (1971, 1975) introduced the term
“megaconch” to refer to rare abnormally large specimens of Jurassic ammonoid species
which show no signs of maturation, although he did not specifically discuss parasitism



20 Parasites of Ammonoids 849

as a cause for this phenomenon and these criteria might be hard to interpret in incom-
plete specimens. Rare larger specimens in semelparous accumulations might reflect the
general paucity of larger individuals as well as multiple spawning seasons and areas in
cephalopods (Rocha et al. 2001). Castrated ammonoids are usually interpreted to not
have reached maturity and/or grew beyond their normal size (Holder 1956; Manger
et al. 1999). The absence of signs of adulthood could also be explained by various other
factors, including incomplete preservation of the body chamber of the specimens, a
common taphonomic and collection bias in larger specimens, and the lack of no clear
signs of maturity in the shell or continuous growth until death which is not uncommon
in some taxa of ammonoids (compare Davis et al. 1996; Bucher et al. 1996). Further-
more, some commonly caused adult modifications such as septal crowding might be
useless in some cases as they can also be induced by environmental stress (Kraft et al.
2008). Although it is difficult to impossible to prove the absence of pathogens or the
normal levels of hormones in these giants, we suggest that the most likely explanation
for many cases of supposedly pathologic gigantism might just be highly variable adult
sizes (not uncommon in extant cephalopods and can sometimes be discontinuous: com-
pare De Baets et al. 2015) and/or reproductive strategies, where only a few individuals
achieved maturity out of a thousand eggs. More evidence is necessary to ascribe giant
size of rare specimens of a species to pathologies and even more to attribute this to para-
sitism, although it is biologically plausible (Klug et al. 2015).

20.5.3 Pearl Formation

The formation of blister and free pearls in bivalves has often been linked with parasitic
flatworms (Conway-Morris 1981; Combes 2001; Littlewood and Donovan 2003; Bou-
cot and Poinar 2010). Nevertheless, various other parasitic organisms such as fungi,
unicellular organisms, nematodes or arthropods (and their eggs) as well as various other
irritants including inorganic material which get stuck between mantle and shell can in-
duce pearl formation (Gotting 1974, 1979; Lauckner 1983). Nevertheless, the morphol-
ogy of some parasite-induced structures in extant bivalves are believed to be very spe-
cific to parasitic flatworms such as pits in shells and igloo-shaped shell secretions or to
polychaete worms such as borings and can be traced back in the fossil record (Liljedahl
1985, Ruiz and Lindberg 1989; Ituarte et al. 2001, 2005; Huntley 2007; De Baets et al.
2011). Blister pearls (Fig. 20.1f) in ammonoids have therefore often been linked with
parasitic infestations (House 1960; Keupp 1986; Hengsbach 1996; Davis and Mapes
1999; De Baets et al. 2011, 2013b). Furthermore, the fact that blister pearls (cephalo-
pods, bivalves, and gastropods) and free pearls (bivalves, gastropods) are known from a
wide variety of fossil and extant taxa (Binder 2002; Boucot and Poinar 2010 and refer-
ences therein) suggest that every shelled mollusc is capable of forming such structures
(Landman et al. 2001). In the fossil record, these pearls can be preserved as pits on
internal moulds (steinkerns).

House (1960) was the first to describe more or less regularly distributed pits on
internal moulds of Early to Middle Devonian ammonoids (Fig. 20.3, 20.4, 20.5).
Many authors (Chlupa¢ and Turek 1983; Becker and House 1994; Klug 2002a,



Fig. 20.3 Types of Housean pits and morphological details. Images from De Baets et al. (2011).
a, b lateral and ventral views of Sellanarcestes cf. ebbighauseni, PIMUZ 28582, Sellanarcestes
wenkenbachi Zone, Emsian, Jebel Ouaoufilal, Tafilalt, Morocco. ¢, d ventral and lateral view
of Crispoceras tureki Klug, 2002, PIMUZ 28591, Pinacites jugleri Zone, Eifelian, Jebel Ouaou-
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2002b, 2007; Bockwinkel et al. 2009; Ebbighausen et al. 2011) published specimens
showing these pits, but without discussing them in detail. House (1960) and others
concluded that these pits represent the moulds of pearls that must have formed dur-
ing the ammonoid’s life on the inside of the shell within the body chamber, i.e., the
part of the shell that contained the soft parts and lacked chambers. These pits/pearls
are commonly arranged spirally, radially or chaotically on the flanks and venter of
these ammonoids and are oval to circular in outline, occurring in varying numbers.
House (1960) lacked sufficient information to decide whether these pits represent
traces of a parasite or particles that entered between mantle and shell, causing an
irritation and the formation of a pearl-like structure. Davis and Mapes (1999) named
these features “Housean pits” in honor of House and favoured a parasitic origin.
Hengsbach (1991a, 1996) included these pathological shell concretions together
with more isolated blister pearls (e.g., Keupp 1986) in a paleopathology he dubbed
forma concreta.

De Baets et al. (2011) reviewed the morphology and distribution of these struc-
tures and distinguished five types of pits on Devonian ammonoids (Fig. 20.4):

» Type 1: fairly large oval pits, which are lengthened in a longitudinal direction,
predominately ordered in large spiral rows and often paired. They are common
in Anarcestes and Sellanarcestes.

» Type 2: multiple, small pits, arranged in more or less radial rows or more cha-
otically. They were initially thought to be restricted to the late Early Devonian
to Middle Devonian (Late Emsian to Givetian: Anarcestes, Afromaenioceras,
Crispoceras, Sobolewia and Subanarcestes), but were recently also reported
from the Late Devonian (Felisporadoceras: Rakocinski 2012).

» Type 3: rare circular pits with a central deepening, which have so far only been
reported from five specimens of Sobolewia from the Givetian of Algeria. Al-
though similar pits might also be present in Aulatornoceratinae (Jiirgen Bock-
winkel, personal communication 2013)

» Type 4 (Opitzian pits): flat, large, radially arranged, paired pits which have so far
only been reported from Ivoites from the early Emsian Hunsriick Slate (De Baets
et al. 2013b) and absent from the same taxon at other localities (De Baets et al.
2013a)

» Type 5: kidney-shaped pits in the middle of the venter, which are found in cer-
tain taxa of Early Emsian ammonoids (Chebbites, Gracilites, Lenzites). These
pits usually coincide with the most posterior points of the hyponomic sinus of
their growth lines (compare Becker and House 1994; Klug 2001; Korn and Klug
2002; Klug et al. 2008)

filal, Tafilalt, Morocco. e, f Sobolewia nuciformis (Whidborne 1889), three specimens kept under
the same number (MNHN-R.08459), Givetian, Redjel lamrad, Algeria, Jacques Follot coll., g,
h Chebbites reisdorfi Klug, 2001, PIMUZ 7484. i Ivoites opitzi, Lehmann col., early Emsian,
Bundenbach, Germany. j-k Longitudinal section through PIMUZ 28583 of Sellanarcestes spp.,
wenkenbachi Zone, Emsian, Oufrane (S of Tata), Morocco. j median section displaying many
“Housean pits” (arrows), most with internal tube; overview. k three closely spaced pits, two with
internal tubes, note the continuous ammonoid shell layer covering pits and septum. 1 corroded pit
with tube, note the continuation of the innermost ammonoid shell layer. m two fused pits, the right
pit shows the delicate internal tube, mural part of septum on the left
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Fig. 20.4 Morphology and Distribution of Opitzian (type 4), Housean (type 1-3) and other pits
(type 5) known from Devonian ammonoids updated from De Baets et al. (2011) to include Late
Devonian records discussed in the text: red arrow list the extended range of type 2 (green: Rako-
cinski 2012) and type 3 (pink) pits in Tornoceratina. Note the coevolution of Devonian ammonoids
and their parasites as reflected in the arrangement and shape of the blister pearls. a Host phylogeny.
b Parasite phylogeny. The ammonoid phylogeny is based on a majority consensus tree consisting
of'thell most parsimonious trees original shortest tree length (compare Korn 2001; Korn and Klug
2002; De Baets et al. 2011). ¢ Ivoites opitzi (early Emsian, middle Kaub Formation, Hunsriick,
Germany: from De Baets et al. 2013b). d Sobolewia nuciformis (Givetian, Redjel lamrad, Algeria).
e Subanarcestes sp. (Eifelian, Erg El Djemel, Algeria; after House 1960). F. Afromaenioceras sul-
catostriatum (Givetian, Jebel Ouaoufilal, Morocco). G. Sobolewia aff. nuciformis (Givetian, Corn-
wall). H. Anarcestes sp. (late Emsian, Konéprusy, Czech Republic). I. Crispoceras tureki (Eifelian,
Jebel Ouaoufilal, Morocco). J. Anarcestes sp. (Eifelian, Wissenbacher Schiefer, Germany). K.
Anarcestes sp. (late Emsian, Jebel Mech Agrou, Morocco). L. Anarcestes latissimus (late Emsian,
Hassi Moudaras, Morocco). M. Sellanarcestes cf. ebbighauseni (late Emsian, Jebel Ouaoufilal,
Morocco). N. Sellanarcestes ebbighauseni (late Emsian, northern Jebel Amessoui, Morocco). O.
Sellanarcestes neglectus (late Emsian, southern Jebel Mech Agrou, Morocco)
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Fig. 20.5 Specimen of Ivoites opitzi from the Hunsriick Slate showing the morphology of Opit-
zian pits and their local influence on rib angle and spacing. Note, the lack of a general correlation
of pit pair spacing with growth rhythms or septal spacing (modified from De Baets et al. 2013b).
a Schematic drawing of the retrodeformed specimen with position of pits, ribs, and septa and
analysed parameters. The arrow marks the starting point of the analyses (0 on the graphs), which
proceed counter-clockwise. b Correlation between pit pair and septal spacing. ¢ Plot of rib angle
A versus accumulated whorl angle ¥ a. Note the drop in the angle between the rib before and fol-
lowing the pit pair and the subsequent rise between the rib and the second rib after the pit pair. d
Plot of rib spacing A versus accumulated whorl angle X a. Note the rise in rib spacing A coinciding
with the position of the pit pair. e Plot of septal spacing A versus accumulated whorl angle X a.
Note a drop in septal spacing which more or less follows on each pit pair. The septal spacing has
been translated for a rib angle corresponding to the body chamber length of about 115° (cf. Bucher
et al. 1996)

De Baets et al. (2011) demonstrated that the Housean pits were the casts of blister
pearls at least for type 1 pits which were overgrowing organic tubes, because they
found these structures in specimens where the associated shell and the blister pearls
were preserved (Fig. 20.3). The tubes are interpreted to be the remains of parasitic
organisms which lodged themselves between mantle and shell due to their position
far away from the aperture (other symbiotic relationships or long-term guests such
as epizoa are therefore unlikely) and which were overgrown by shell material (prob-
ably after the death of the parasite). No borings in the shell or inorganic particles
were found inside of the pearls. Tubes are also present in type 3 pits suggesting a
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similar parasitic cause for these blister pearls. Type 2 is tentatively interpreted as
being of parasitic origin as well due to their similarities in morphology and distri-
bution with type 1 and type 3 pits. Type 1-3 are typical Housean pits because they
form at the back of the body chamber. Type 4 pits are an exception because they
are formed at the front of the body chamber and locally affect shell growth at the
aperture (Fig. 20.4, 20.5). Similarities with the other pit types and the fact that not
all specimens of a species have them suggest a similar origin, but specimens with
pristine shell preservation are necessary to directly test the hypotheses that they
are casts of blister pearls and have a parasitic origin. A parasitic origin is also cor-
roborated by a lack of correlation with growth rhythms (long-term rib and septal
spacing), although they did temporarily and locally affect rib spacing and angle (De
Baets et al. 2013b; Fig. 20.5). This apertural location might reflect an evolutionary
change in site specificity of the parasite that formed pit types 1-3 or a different
type of parasite (De Baets et al. 2011). De Baets et al. (2013b) therefore introduced
the name “Opitzian pits” for these type 4 pits after Opitz (1932), who first figured
a specimen showing these paired pits. A pathological origin is also corroborated
by the fact that Housean and Opitzian pits are not known from all specimens of
a species and the ratio even varies between regions (Fig. 20.6) as well as signs of
healing of damaged mantle tissue (e.g., spiral traces: Fig. 20.3) in some specimens
(De Baets et al. 2011, 2013b). Type 5 pits probably do not have a parasitic origin as
they are clearly linked with growth and occur in all specimens of these taxa, so that
they probably should not be called “Housean pits” at all. It is tempting to attribute
Housean (Type 1-3) and Opitzian (Type 4) blister pearls to parasitic flatworms as
they are known to cause shell concretions (mostly after death of the parasite: com-
pare Lauckner 1983) in living bivalves, but so far no identical structures are known
from extant cephalopods and the identity of these Devonian parasites remains a
mystery. Other structures like igloo-shaped concretions can be formed when both
the bivalve and parasite are alive (Ituarte et al. 2001, 2005).

The types of pearls correspond well with large groups of ammonoids suggesting
a certain degree of parasite-host coevolution (De Baets et al. 2011; Fig. 20.4). The
pits become rarer during the Givetian (Fig. 20.6) which might also explain why they
have initially been overlooked in the Late Devonian (House 1960; De Baets et al.
2011). Rakocinski (2012) subsequently described type 2 pearls in Felisporadoceras
from the Famennian of Poland extending their range into the latest Devonian. They
might also be present in other Late Devonian taxa (e.g., Frasnian aulatornoceratids:
Jirgen Bockwinkel, personal communication 2013). Superficially similar pits in
Cymaclymenia figured by Schindewolf (1934) are probably borings (House 1960).
Housean pits seem to have disappeared at the end of the Devonian which might in-
dicate the extinction of this particular lineage of parasites or that ammonoids found
countermeasures against them or that the parasites stopped inducing the formation
of pearls. It is unclear if the absence in derived ammonoids reflect changes in the
complexity of food webs, because pearls might suggest the presence of complex
parasite life cycles and food webs involving bivalves as well as jawed vertebrates
(compare De Baets et al. 2011). Clusters of blister pearls (or their possible casts)
have also been reported from Silurian nautiloids (Stridsberg and Turek 1997; Manda
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Fig. 20.6 Prevalence of Opitzian and Housean Pits in Early to Middle Devonian ammonoids. /vo-
ites opitzi and 1. schindewolfi derive from the early Emsian, Sellanarcestes from the late Emsian;
Anarcestes from the late Emsian to early Eifelian; Afromaenioceras from the Givetian. Data com-
piled from Chlupac and Turek (1983) and De Baets et al. (2011). Note the large variability between
taxa and within Sellanarcestes depending on the region (left: Barrandian, Czech Republic, right:
Anti-Atlas, Morocco) as well as the low prevalence of Housean pits in Givetian Afromaenioceras.
The 95% binomial confidence intervals (following Raup 1991 and De Baets et al. 2012) were
calculated using the binom.confint function of the Binom Package in R (using the exact approach)

and Turek 2009; Turek and Manda 2010) and Late Jurassic ammonoids (Mironenko
2012), although they are never long-lasting and not regularly arranged in rows as
with Devonian Housean or Opitzian pits (De Baets et al. 2011). It is unclear what
causes their repeated and rather regular appearance in the Devonian, however, it
might be linked to an episodic release of new parasitic stages as these rhythms are
not related with the growth rhythm of the ammonoid itself (e.g., apertural growth or
septal spacing: De Baets et al. 2011, 2013b). Furthermore, the parasite might target
certain tissues or organs which possibly contribute to their regular position or paired
arrangement (compare De Baets et al. 2011).

Isolated blister pearls and their casts have been reported from the Devonian ( Chei-
loceras: Keupp 2012), Triassic (Ceratites: Kirchner 1927), and Jurassic (Keupp
1986, 2000, 2012; Mironenko 2012), but not all might be of parasitic origin. Blister
pearls are also reported from extant Nautilus (Landman et al. 2001; Fig. 20.1¢) and
fossil nautiloids (Kieslinger 1926; Manda and Turek 2009), although their causes
are not well investigated. They are mostly located in a lateral (Fig. 20.1¢) or dorsal
position on the shell (compare Kieslinger 1926). On internal moulds, casts of blis-
ter pearls could be confused with borings or dissolved epicoles which grew post-
mortem on the inner part of the shell (e.g., Miller 1938; House 1960; Keupp 2012).
A boring in the shell would, however, result in a positive structure in the internal
mould rather than in a negative structure (De Baets et al. 2013b). The best evidence



856 K. De Baets et al.

Fig. 20.7 Cross section through a blister pearl from a Dactylioceras anguinum, Toarcian (Juras-
sic), Altdorf near Niirnberg (Germany), PA-1696 (modified from Keupp 2012). Note, the egg
shaped cavity (dm 3 mm) within the blister pearl, now filled with cement, interpreted to be the
original shape of overgrown parasite (compare Keupp 1986, 2012)

for pearls derives from specimens where the shell, the blister and potentially even
the irritant are preserved together. Inorganic material and fossilized parasite hard
parts can be preserved in the nucleus of these pearls, while soft-bodied remains of
parasites can be erased during the pearl formation process (Lauckner 1983).

Keupp (1986) was the first to describe blister pearls in ammonoids and to discuss
their parasitic nature for at least some blister pearls in the Jurassic. He described similar
indentations along with the adhering shell and egg-like concretions in two specimens of
Dactylioceras anguinum from the Toarcian of Germany (Fig. 20.1, 20.7). The strange
elliptical concretions are attributed to an overgrown parasite (Keupp 2012), potentially
parasitic flatworms (Keupp 1986). These particular types of blister pearls were recently
also reported from the Tithonian of Russia (Kachpurites: Mironenko 2012) which ex-
tended their range from the Early into the Late Jurassic.

20.5.4 Volume and Ornamentation-Enlarging Pathologies

Temporary increases in the volume of the shell and ornamentation have been linked
with parasitism by Keupp (1976) who described all these phenomena as forma in-
flata. Subsequent authors have consistently attributed these temporary swellings to
mantle tissue infections and infestations caused by parasites (Keupp 1976, 2000,
2012; Hengsbach 1979b, 1991a, 1996, Kroger 2000). Nevertheless, this needs to
be further corroborated by studies on extant bivalves or other shelled molluscs.
Since the work of Krdger (2000) two main types have been defined: shell volume-
enlarging pathologies (forma inflata Keupp 1976; Fig. 20.2c) and ornamentation-
enlarging pathologies (forma augata Kroger 2000; Fig. 20.2a, b, d).
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Keupp (1976, 2000) described a pathological specimen of Amoeboceras (Fig. 20.1a)
in which the crenulated keel temporally and progressively developed several large pro-
tuberances (superficially similar to the keel in Creniceras), which he attributed to a
short-term infestation of the ventral apertural mantle tissue by parasites. Keupp (1984,
1997, 2000) described a similar phenomenon in Dactylioceras (Fig. 20.1d); in the mate-
rial described therein, the ribs suddenly and progressively developed into large shovel-
like bands on the venter which subsequently return back to normal ribs.

Such malformations which progressively develop and return to normal, have only
been reported from single specimens of taxa from the Early and Late Jurassic which
have been related to the parasitic infestation of the ventral mantle epithelium (Keupp
1976; Hengsbach 1996). The appearance of this anomaly seems to be dependent on the
type of ornamentation and its development program (e.g., transformation of the crenu-
lated keel to large protuberances in Amoeboceras or the enlargement of ventral ribs to
successive shovel-like bands in Dactylioceras; compare Keupp 2000). The increase in
development of ornamentation might give rare specimens a polygonal outline (Keupp
2012), although this should not be confused with other types of pathologies resulting
in a polygonal shape possibly linked to endogenic causes (forma polygonia Hiine and
Hiine 2006) or taxa where a polygonal whorl is normal and all specimens have it (e.g.,
triangular Soliclymenia from the Late Devonian: Korn et al. 2005b or the tetrangular
Entogonites from the Carboniferous: Korn et al. 2005a). Fernandez-Lopez (1987, pl.
1, Fig. 1) figured a specimen of Bajocisphinctes with a similar pathology which can be
attributed to the struggle between ammonoid and parasite (Hengsbach 1996). Keupp
(2012) described phenomena resulting from the single swelling of ornamentation from
the Late Triassic (Arcestes), Early Jurassic (Pleuroceras), Middle Jurassic (Quensted-
toceras; Fig. 20.2b), and Late Jurassic (Orthospinctes). The normal ornamentation sur-
rounding these structures suggests that the mantle tissue at the apertural margin was
probably not infected. These phenomena were originally described as forma inflata,
but Kroger (2000) introduced the forma augata to refer to this ornamentation-enlarging
phenomena, particularly in case of multiple swellings. Further examples of forma au-
gata in Quenstedtoceratinae were also figured by Keupp (1985), Seltzen (2001, 2009)
and Larson (2007).

The forma inflata should be restricted to conspicuous, temporary bulbous swell-
ings of the shell behind the aperture which are typically associated with the regen-
eration of external injuries (Kroger 2000; Keupp 1995, (2006, 2012; Fig. 20.2c¢).
The swellings are mostly smooth indicating that the mantle tissue at the aperture
was not involved in their formation, although in rare cases, damages to the ap-
ertural mantle tissue might have resulted in phenomena similar to forma augata
during further growth. Such temporary swellings were first figured by Lehmann
(1975) which he related to the mantle protruding considerably outside of the shell
after some injuries behind the aperture. Keupp (2012) pointed out that Lehmann’s
explanation would be rather unlikely because of the consistency of the mantle mus-
culature as well as the offset between the injuries and the bulbous swellings. Ac-
cording to Keupp (1976, 1995, 2000, 2006, 2012), the temporarily exposed mantle
tissue (as consequence of an injury) was more prone to infection and infestation
by parasites, thus resulting in the temporary swelling. The forma inflata is known
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from a wide variety of taxa (Lehmann 1975; Keupp 1976, 1995, 2000, 2006, 2012;
Hengsbach 1996; Kroger 2000) from the Early to Late Jurassic (e.g., Dactylioceras,
Pleuroceras, Rehmannia, Divisosphinctes, Orthosphinctes: Fig. 20.2¢) and the Late
Cretaceous (e.g., “Jeletzkytes”, now synonymized with Hoploscaphites by Land-
man et al. 2010).

Keupp (1995, 2012) also described additional volume increasing phenomena
which might be linked to parasitism. They correspond with a gradual thickening
of one side of the whorl resulting in significant left-right asymmetry of the whorl
section which could be interpreted as volume enlargement of the soft-tissue along
one side of the body in response to a parasitic infestation and/or tumor-like swelling
(extant cephalopods are not believed to develop real tumors: Sparks 1972). So far,
these unilaterial swellings have been reported from a Pleuroceras (Early Jurassic:
Keupp 1995; Fig. 20.2¢, f) and a “Jeletzkytes” (Late Cretaceous: Keupp 2012).

20.5.5 Symmetropathies

Hengsbach (1991b) introduced the term “symmetropathy” to refer to pathological
asymmetry or deviations from the plane of bilateral symmetry. Several symme-
tropathies in both the phragmocone and conotheca in absence of external injuries or
epizoa have been attributed to parasitism with various degrees of certainty (Hengs-
bach 1991a, 1996; Keupp 2000), including asymmetry in the position of the keel or
the entire shell as well as asymmetry of the siphuncle and ventral lobe.

Rieber (1963) was the first to interpret a parasitic cause for a paleopathy he
observed in Cardioceras with an asymmetrically situated keel (forma juxtacari-
nata Holder 1956; compare Fig. 20.2m) and siphuncle (forma juxtalobata). The
formation of the septa by the mantle is spatially and temporarily separated from
the formation of shell material at the aperture, so that pathologies that affected both
the phragmocone and the aperture are usually rare (Keupp 2012). Rieber (1963)
interpreted this lateral displacement of the keel as being the result of an infestation
of the ventral mantle by parasites. A parasitic infestation seems plausible as the
Cardioceras specimen showed a lateral displacement of both medial elements after
at least three normal whorls without indications for external injuries and with a
progressively increasing degree of deviation of the keel (and the siphuncle) adaper-
turally. Several authors have discussed similar cases and followed Rieber (1963) in
attributing similar deviations in symmetry of the ventral elements of the conotheca
to parasitic infestations (Bayer 1970; Holder 1970; Hengsbach 1991a, 1996; Keupp
2000, 2012).

Heller (1958) described a Pleuroceras with an asymmetrical keel that shows
multiple oscillations and only normalizes towards the end of the body chamber.
Heller (1958) dubbed this phenomenon forma undaticarinata (Fig. 20.2g, h). It
can probably be best explained by a temporary parasite infestation of the ventral
mantle epithelium. This is supported by the fact that it can be associated with a flat-
tening and asymmetrical appearance of the keel crenulation, which is reminiscent
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Fig. 20.8 Prevalence of Morton’s syndrome and similar phenomena (forma undaticarinata) in
Early Jurassic to Late Cretaceous ammonoids (in chronological order). Data compiled from Mor-
ton (1983), Landman and Waage (1986) and Keupp (2012). The 95% binomial confidence inter-
vals (following Raup 1991 and De Baets et al. (2012) were calculated using the binom.confint
function of the Binom Package in R (using the exact approach).

of pathologies dubbed forma cicatricocarinata (Heller 1964) caused by injuries to
the ventral mantle epithelium as well as unilateral temporary disappearance of the
groove surrounding the keel. This phenomenon is not only known from the Amal-
theidae, but also from the Harpoceratidae and Hildoceratidae (Fig. 20.2g, h) as well
as potentially other taxa with keeled or sharp venters (Keupp 2012). Rare quantita-
tive analyses (Fig. 20.8) show a 10 times higher prevalence of this pathology in
Pleuroceras than in Hildoceras (compare Keupp 2012). The keel can maximally
deviate about 90° from the planispiral position and if it exceeds this value, it can re-
sult in one or multiple reestablishments of the keel and an associated chaotic, zigzag
pattern of the ornamentation (forma choatica of Keupp 1977).

Landman and Waage (1986) introduced the term Morton’s Syndrome to refer to
forms of shell asymmetry in which the midline of the shell venter is deflected to
the right or left of the plane of symmetry (Fig. 20.2i, j, k, 1, 20.8). The name was
based on the work of Morton (1983), who described a high proportion (8.1 %) of
both macro- and microconchs of Graphoceras from the Aalenian, whose whorls
grew over to one side resulting in unilateral deformation of the whorl cross sec-
tion and an excentrical position of the planispiral plane after initial normal growth.
Morton (1983) attributed this displacement to parasitic infestation or disease, an
opinion shared by Hengsbach (1991b, 1996) and Keupp (2000, 2012). It can result
in a bowl-shaped morphology which could be described with the term forma ex-
centrica (Holder 1956) and can also be caused by in vivo encrustations of epizoa.
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According to Keupp (2012), these pathologies can be associated with countero-
scillations of the ornamentation or even the entire whorl (forma undatacarinata
or undaticoncha, respectively) in rare cases. Keupp and Ilg (1992) introduced the
term forma undatispirata to refer to temporal oscillations of whorls, while Hengs-
bach (1996) used the term forma undaticoncha, particularly when associated with
oscillations of the ventral keel or groove. Landman and Waage (1986) described a
deviation of the flattened external side from the median plane in Discoscaphites
and Hoploscaphites (also known as forma juxtasulcata of Gezcy 1965) as Morton’s
syndrome (Fig. 20.8). Holder (1970) used the prefix juxta- for cases in which there
is a separation of medial elements that are normally coincident with one another
(compare Hengsbach 1996). Comparable deviations have become known from a
wide variety of taxa (reviewed by Keupp 2012) with mostly planulate to discocone
conchs ranging from the Early to Middle Triassic (Pseudosageceras, Columbites,
Tropigastrites), over to the Early to Middle Jurassic (Amaltheidae, Graphoceratidae
such as Graphoceras, Hildoceratidae such as Cleviceras, Dumortiera or Pleydel-
lia, Cardioceratidae such as Quenstedtoceras) to Cretaceous (Deshayesites: Dogu-
zhaeva et al. 1990; Saynoceras: Ploch 2007). Similar pathologies might be present
in the Devonian as well (compare Bockwinkel et al. 2013, Fig. 6D for a report of
a specimen of Pseudoprobeloceras pernai with possible Morton’s Syndrome), but
the deviations from normal coiling of the inner whorls in this case might also be
related with external injuries or epizoa (compare Klug and Korn 2001) which are
now overgrown and not detectable anymore.

The proportion of these pathologies is variable between populations and lo-
calities (0.05— 8.1%; Fig. 20.8). The high proportion of these structures in some
populations (e.g., Graphoceras of the Isle of Skye: Morton 1983; Hoploscaphites
nebrascensis: Landman and Waage 1986; Fig. 20.8) might point to a large para-
site population at certain localities (e.g., Keupp 2012), although they might also
be related with other factors such as a particular ecology (food, mode of life) or an
oversensitivity of a population or that these ammonoids were false or facultative
hosts at some sites.

In most ammonoid taxa, the midventral position of the siphuncle and of the ventral
lobe of the suture line is constant, however, in some taxa the ventral placement can
be quite variable or its lateral displacement is even species-specific (Keupp 2012; Fig.
20.9) and it can also change towards the end of ontogeny through the asymmetrical
growth of organs (Yacobucci and Manship 2011). This phenomenon has been docu-
mented from the Devonian to the Cretaceous (Ziegler 1958; Kemper 1961; Hengsbach
1977a, 1977b, 1977¢c, 1978, 1979, 1986a, 1986b; Landman and Waage 1986) with
differing prevalences in separate taxa and populations. It also shows no clear bound-
ary (smooth transition) between pathological and normal development of this asym-
metry (Keupp 2012; Fig. 20.9). Holder (1956) introduced the term forma juxtalobata
(Fig. 20.2n) to refer to the pathological ventral displacement of the siphuncle and the
ventral lobe of the suture to one side which should only affect a certain portion of the
ammonoid population. According to Keupp (2012), only a small fraction of ammonoid
specimens should be affected by parasites (~1%) and show pathologies, while others
like Hengsbach (1996) still attribute a significantly higher prevalence of these patholo-
gies (up to 70%) to specialized parasitic infection. In the absence of external injuries
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Fig. 20.9 Prevalence of asymmetry of the ventral lobe and siphuncle (not restricted to pathologi-
cal cases: forma juxtalobata: see discussion in text) in Devonian to Cretaceous ammonoids (in
chronological order). Data derive from Ziegler (1958), Hengsbach (1976, 1977a, 1977b, 1977c,
1978, 1979a, 1980, 1986a, 1986b) and Landman and Waage (1986); fide Keupp (2012). The 95 %
binomial confidence intervals (following Raup 1991 and De Baets et al. 2012) were calculated
using the binom.confint function of the Binom Package in R (using the exact approach).

or developmental disorders, the forma juxtalobata could potentially be related with
various endogenic diseases such as those caused by parasitic infestations (Hengsbach
1991b, 1996; Keupp 2012). Hengsbach (1986a, 1986b, 1991a, 1996) argued that at least
some sutural asymmetry-paleopathies in Jurassic taxa were caused by parasitism. He
attributed them to an infestation of the septal mantle at or near the siphuncle of young
ammonoids (potentially resulting in an asymmetrical swelling) which caused a displace-
ment of the septal root and hence the ventral lobe. According to Keupp (2000, 2012), a
pathological cause for the asymmetry of septa in several groups of Jurassic ammonoids
with a high proportion of asymmetry (including the cases discussed by Hengsbach) are
still speculative.

This is related to the fact that the direction and degree of asymmetry of the suture
line seems to be constant (genetically fixed?) in some taxa to highly variable in other
taxa (Keupp 2012). Furthermore, a parasitic (or a different pathological) cause appears
rather unlikely in many cases as the asymmetry of the suture often lacks a gradual devel-
opment and can show a continuum between a very low to very high prevalence within
some genera (Keupp 2000, 2012; Fig. 20.9, 20.10). Hengsbach (1986a) reported a 26 %
prevalence of asymmetry in Glochiceras, while Keupp (2012, p. 253), based on the
material of Ziegler (1958), stated that the prevalence within this taxon differs between
species from 0—100% (compare Keupp 2012, p. 253; Fig. 20.10).
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Fig. 20.10 Prevalence of asymmetry of the ventral lobe and siphuncle in Glochiceras as listed in
Keupp (2012; compare Ziegler 1958)

Exceptions include the specimen described by Rieber (1963) and potential simi-
lar cases, where both the siphuncle and the keel progressively develop a lateral
displacement after a certain amount of normal coiling as discussed above. Extant
Nautilus is of little help to interpret the asymmetry of the ventral lobe because its
siphuncle is located centrally, so that the parasitic cause remains unproven.

Parasitism remains attractive to explain asymmetry, even in the buccal mass,
where Schweigert (2009) suggested parasites to be responsible for assymmetrical-
ly arranged deformations in anaptychi without an apparent orientation preference
(e.g., Schweigert and Dietl 2001). Kruta and Landman (2008) investigated injuries
and anomalies in Nautilus jaws which are probably mostly related to diet or mating
behavior. They hypothesized that one type of anomaly might potentially be linked
to parasitism, however, only parasitic copepods have been reported from Nautilus in
the wild (see 3.6.3) which are not known to cause these pathologies.

20.5.6 Other Pathologies attributed to Parasitism

Some other pathologies without clear signs for external injuries or epizoa have also
been attributed to parasitism or more generally to endogenic causes (see Hengsbach
1996; Keupp 2012 for a more general reviews). Shell lamellae (forma aptycha of
Keupp 1977; forma conclusa of Rein 1989; Fig. 20.1d) have also been discussed to
encapsulate foreign bodies (Lehmann 1990, p. 194) such as parasites (Rein 1989)
or an injured or diseased area. Such secondary shell lamellae (Keupp 1977; Rein
1989; Lehmann 1990; Rein 1994; Keupp 1994, 1996, 1998, 2000, 2012) have been
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reported from several ammonoid taxa ranging from the Triassic ( Ceratites, Neva-
dites) to the Jurassic (Chondroceras, Dactylioceras, Elatmites, Kosmoceras, Pleu-
roceras, Sigaloceras, Virgatites) and in to the Cretaceous (Audouliceras, Paviovia/
Strajevskya).

Similar lamellae have been reported from extant captive Nautilus (Keupp and
Riedel 1995; Keupp 2012, p. 231-234; Fig. 20.1c), where the shell material is se-
creted by the mantle and a local detachment of the mantle and shell occurs (Keupp
2012). No parasitic cause is necessary to explain these structures and according to
Keupp (2012), they are mostly related with external injuries. However, parasitic or
other endogenic causes cannot be completely ruled out if no obvious injury can be
found (compare Keupp 2012, p. 161).

The temporary loss or diminution of ornamentation (described by Lange 1941
as forma cacoptycha) might also be related to endogenic causes (Keupp 2012),
including parasitism or metabolic-physiological disorders (Hengsbach 1996);
however, similar phenomena are also known during regeneration of injuries.
Hengsbach(1996) suggested that parasitism could have been involved in cicatrisa-
tions of the crenulated keel (forma cicatricocarinata of Heller 1964) and Keupp
(2012) suggested that endogenic causes might be involved in keel-like raised cica-
trices along the venter and flanks of some ammonoids (forma pseudocarinata of
Fernandez-Lopez 1987), although more comparative studies and data are necessary
to corroborate these hypotheses.

20.5.7 Negative Effects of Bioerosion and Epizoa

Parasitism should not be confused with other symbiotic or long-term associations such
as epizoa and bioerosion which can also affect the growth of ammonoids (but do nec-
essarily bring advantage to the bioeroding or encrusting agents). Epizoa (Fig. 20.11,
20.12) can form long-term associations and may cause damage or influence growth
of ammonoids (e.g., Davis et al. 1999; Klug and Korn 2001; Checa et al. 2002; Lar-
son 2007; Keupp 2012). They are, however, not necessarily parasites since many
grew on shells of both living and dead ammonoids as sclerobionts or epicoles (Fig.
20.11, 20.12; Keupp and Hoffman 2015), colonizing their floating shell or their
shell when it is already deposited on the seafloor forming a benthic island (Seilacher
1982; Paul and Simms 2012; De Baets et al. 2013b). We follow the terminology
suggested by Davis et al. (1999) to refer to epizoa as organisms living on other
organisms while both are alive, while we will use epicoles to refer to organisms
that live on a hard substrate or shells also when the host is already dead and gone.
In vivo encrusters of ammonoid shells are known from the Devonian (Klug and
Korn 2001) to the Cretaceous (reviewed by Keupp 2012) and include algae, fora-
minifers, tabulate corals, bryozoans, brachiopods, annelids, lepadomorphs, gastro-
pods, bivalves, and crinoids (see also Rakocinski 2011). Various other organisms
ranging from fungi to cystoids have also been documented to encrust ammonoid
shells, but so far there is no evidence that this happened during their life. Some re-
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Fig. 20.11 Epizoans and post-mortem epicoles from the Devonian: a, b cf. Latanarcestes sp. with
tabulate coral epizoans, PIMUZ 31083, late Emsian, Hamar Laghdad (morocco), dm 22.5 mm. ¢,
d body chamber of Latanarcestes sp., GPIT 1881-2, dm 11 mm with tabulate coral epizoans. c,
dorsal view, note the last septum and the imprint zone, x 4. d detail of ¢, note the imprints of the
overgrown corals. e, detail of a Endosiphonites muensteri with a crinoid epicole, GPIT 1850-10,
late Famennian, Ouidane Chebbi (Morocco), dm 72 mm, x 1. f Paranarcestes chalix, elliptical
coiling due to epizoans, GPIT 1871-206, late Emsian, Ouidane Chebbi (Morocco), dm 7.9 mm. g
Rherisites tuba with tabulate coral epicoles, GPIT 1869—7, late Emsian, Jebel Mech Agrou, Tafilalt
(Morocco), dm 52.2 mm. h Cymaclymenia involvens with auloporid coral epicole (? Cladochonus
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Fig. 20.12 Epizoans and post-mortem epicoles from the Mesozoic: a Arnioceras miserabile, with
a serpulid epizoan, which forced the ammonite to alter its shell morphology, Early Sinemurian,
Semicostatum Zone, Charmouth, Dorset (UK), dm 30 mm. b, ¢ Mammites nodosoides with four
specimens of the crustacean epicole Stramentum sp., Turonian, Goulmima (Morocco), dm 75 mm.
d Ceratites pulcher with 15 juvenile brachiopod epicoles of Discinisca discoides, PIMUZ 31080,
Anisian, Triassic, dm 37 mm

ports of epicoles might be actually conellae (inorganic growths) which have some-
times been confused and wrongly described (Keupp 2012) as barnacle-like epicoles
(Maubeuge 1949, Gerasimov 1955) or limpet gastropods (Quenstedt 1884; Busse
1976). When correctly recognized, epizoa can provide important information on
ammonoid growth (Bucher et al. 1996) and ecology (Seilacher 1960; Keupp et al.
1999) including shell orientation in the water column (Hauschke et al. 2011; Rit-
terbush et al. 2014). In vivo epizoism can be easily recognized when epizoa are
attached on both sides or overgrown by the ammonoid shell (Paul and Simms 2012)
which often influence the growth of the ammonoid resulting in changes in shell
morphology such as asymmetry of the whorl section and deviations from normal
coiling (Checa et al. 2002). When the final size is reached, in vivo epizoism can only
be recognized by a preferential orientation of epizoa to currents (Seilacher 1960).
Multiple generations of epizoa showing a clear size gradation and exceptional pres-
ervation of ammonoid remains (presence of buccal mass) might also point to the

sp.), GPIT 1850-22, late Famennian, Madene El Mrakib (Morocco), dm 60 mm. i, j lateral and
dorsal view of Chlupacites praeceps with the cystoid epicole Eucystis sp., GPIT 1881-5, late
Emsian, Tazoulait, Morocco, dm 46 mm. k Sellanarcestes cf. tenuior with the cystoid epicole
Eucystis sp., late Emsian, Filon 12 (Morocco), dm 64 mm. 1 Cymaclymenia sp. with a coral epicole
(Cleistoporidae gen. et sp. indet.), late Famennian, Lambidia (Morocco), dm 60 mm. Images ¢ to
j from Klug and Korn (2001)
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fact that organisms encrusted the ammonoid shell during its lifetime (Keupp et al.
1999). Multiple generations of epizoa would take a while to grow superseding the
phase of post-mortem drift. After a long postmortem drift or slow burial, one would
not expect the exceptional preservation with in sifu buccal masses (compare Wani
2007; Keupp 2012) and renal concrements or uroliths.

The type of relationship between the epizoa and the ammonoids probably varied
from taxon to taxon. In some cases, only the ammonoid might have had disadvan-
tages as his mobility was constrained by increased drag, additional weight, and
the influence on growth because of the epizoa. In some cases, in vivo infestation
brought negative effects for both the epizoa and the host (compare Larson 2007,
Keupp 2012), for which Meischner (1968) introduced the term “perniciose Epéokie”.
This was particularly the case for epizoa which could not change their relative posi-
tion after fixation on the substrate or which grew longitudinally, because they soon
ended up away from their preferred current orientation and were eventually over-
grown by the ammonoid shell (Keupp 2012, p. 183). The epizoa in turn influenced
ammonoid growth as well as shell shape and therefore the orientation and drag in
the water column of the shells.

Whether or not carbonate boring fungi, found as trace fossils (Wetzel 1954;
Schindewolf 1962, 1963; Wetzel 1964; Keupp 2012) and more rarely as body fossils
(Weitschat 1986; Lehmann 1990) in ammonoid shells, already infested ammonoids
during their life and can be treated as parasites is still debated (Keupp 2012). Algae
and some parasites are also known to be actively involved in bioerosion of shelled
mollusks (e.g., the foraminifer Hyrrokin: Beuck et al. 2008). These and other micro-
borers could already have infested the ammonoid during their lifetime (Schindewolf
1962, 1963; Wetzel 1964), but often do so after death (Dullo 1981; Keupp 2012).
The traces described by Schindewolf (1962) as Mycelites from ammonoid shells are
definitively microborings, although this ichnogenus and its ichnospecies are no lon-
ger applied following the invention of the cast-embedding technique (Wisshak and
Tapanila 2008). The study of microborings has greatly advanced and a lot of ich-
notaxa have been erected that were formerly subsumed under terms like Mycelites.
Most of the traces are reminiscent of Orthogonum lineare (Glaub 1994) which are
produced by a heterotrophic organism based on its distribution down to aphotic
depths and fungi have been tentatively assigned to be the most likely producer. Not
all traces reported by Schindewolf are produced by heterotrophic organisms (Max
Wisshak, personal communication 2012). However, the hypothesis of Schindewolf
(1962, 1963) and Wetzel (1964) of a syn vivo infestation of the microborers is not
inconceivable and has been reported from oysters, balanids, and serpulids (Max
Wisshak, personal communication 2012). The periostracum might, however, serve
as a barrier for many microendoliths, but not for all. Some microborings have been
described, which even specifically penetrate or entirely dwell within the periostra-
cum (e.g, in the deep-sea bivalve Bathymodiolus: Hook and Golubic 1988, 1992).
Bioerosion already starts during the animal’s lifetime in extant Nautilus (Seuss et
al. 2015). So far, no direct evidence for a syn vivo-infestation of ammonoids (such
as active countermeasures) have been documented, so it appears more reasonable
to assume that in many cases, the boring traces were mostly formed postmortem
unless demonstrated otherwise (Keupp 2012).
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20.6 Conclusions and Future Perspectives

Pathologies in ammonoid shells show that they were frequently infested- and af-
fected by parasites of various kinds. Among the most convincing manifestations of
such parasitoses are blister pearls (Devonian-Jurassic: Keupp 1986; De Baets et al.
2011), asymmetry of the shell in absence of external injuries or epizoa (Triassic-
Cretaceous: Rieber 1963; Morton 1983; Keupp 2012), and disturbances in shell
growth (Jurassic: Keupp 1979; Kroger 2000) which is corroborated by comparative
studies on extant and fossil shelled mollusks. Pathological gigantism (Carbonifer-
ous: Manger et al. 1999) and pathological enlargement of shell volume or ornamen-
tation (Triassic-Cretaceous: Keupp 1976; Kroger 2000) could also be related with
parasitism, although more evidence is necessary to further confirm these hypoth-
eses. Only in some cases (e.g., Rieber 1963), asymmetry of the suture line (Devo-
nian-Cretaceous: Keupp 2012), could potentially also be related with parasitoses.
Parasitic infestations were more widespread than suspected from counting such pa-
leopathies in the ammonoid shell because most soft-tissue parasites did not leave
direct traces in the fossil record and only a fraction caused shell growth patholo-
gies in their hosts. For the same reasons, the identity of the parasites causing these
pathologies is so far mostly unknown. Parasitic flatworms were among the likely
suspects which is based on extant parasite-host relationships, their high prevalence
in extant coleoids, and studies of similar pathologies they cause in other externally
shelled mollusks today. Various other extant and even extinct lineages of parasites
with similar behavior might also have been responsible. Furthermore, many com-
mon cephalopod parasites like bacteria, helminths, as well as crustaceans living in
gills of both Recent coleoids and Nautilus have a low fossilization potential. The
high concentration or restriction of these anomalies to certain taxa or timeframes
(Housean pits in Devonian Anarcestina, Pharciceratina and Tornoceratina: De Baets
et al. 2011, “forma umbilicata” in Dactylioceratidae of the Early Toarcian: Keupp
1979, 2000, 2012; particular cases of “forma augata” in Quenstedtoceratidae of the
Early Callovian: Seltzer 2001, 2009; Larson 2007; Keupp 2012) suggests parasitic
culprits with a high degree of host specificity and makes them potentially an im-
portant tool for investigating coevolution in deep time (e.g., De Baets et al. 2011).
It has been suggested that the presence of blister pearls in the earliest ammonoids
might also indicate the presence of complex parasite life cycles and food webs
already in the Devonian because extant parasitic flatworms inducing pearls are
transmitted from intermediate host to final hosts by feeding (compare Fig. 20.13).
Keupp (2000) suggested that the prevalence of possible trematode-induced pearls
in Jurassic Dactylioceras might corroborate their planktic lifestyle as intermediate
hosts today are mostly mollusks feeding on plankton. However, more studies on
the distribution of pathologies are necessary to confirm such hypotheses, as they
might not only give important information on the evolutionary history of their hosts
but also on their mode of life and predator-prey relationships. Such hypotheses can
only be adequately corroborated by finding exceptionally preserved parasites in
ammonoid soft parts which is highly implausible, but not impossible (cf. Klug et al.
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gnathostome (host 3)

ammonoid
. C: .3 (host 2)

2
-‘ bivalve (host 1

Fig. 20.13 Possible complexity of parasite life cycles and food webs in the Devonian. Infestation
of bivalves and ammonoids is based on the presence of blister pearls, possibly induced by inter-
mediate life stages parasitic flatworms or other parasites with similar behaviours (De Baets et al.
2011). Infestation of gnathostomes is indicated by the presence of parasitic attachment organs in
gill region and abdomen of Late Devonian acanthodians and placoderms attributed to parasitic
flatworms (Upeniece 2001, 2011)

2012). Further comparative work on pathologies in extant and fossil cephalopods
and other molluscs with an accretionary shell, particularly bivalves and gastropods,
can also be useful to identify their parasitic causes and the behavior of the culprit.
The influence of in vivo epizoa and bioerosion during the lifetime of ammonoids
also needs to be further investigated.
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