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We herein examine the only known non-planispirally coiled early Devonian ammonoid, the

holotype specimen of Ivoites opitzi, to investigate if the host was encrusted in vivo and if

these sclerobionts were responsible for the trochospiral coiling observed on this unique

specimen. To test if the presence of runner-like sclerobionts infested the historically

collected specimen of Ivoites opitzi during its life, we used microCT to produce a three-

dimensional model of the surface of the specimen. Our results indicate that sclerobionts

grew across the outer rim (venter) on both sides of the ammonoid conch at exactly the

location where the deviation from the planispiral was recognized, and where subsequent

ammonoid growth would likely preclude encrustation. This indicates in vivo encrustation of

the I. opitzi specimen, and represents the earliest documentation of the phenomenon.

Further, this suggests that non-planispiral coiling in I. opitzi was pathologically induced and

does not represent natural morphological variation in the species. Despite the observed

anomalies in coiling, the specimen reached adulthood and retains important identifying

morphological features, suggesting the ammonoid was minimally impacted by

encrustation in life. As such, appointing a new type specimen � as suggested by some

authors � for the species is not necessary. In addition, we identify the sclerobionts

responsible for modifying the coiling of this specimen as hederelloids, a peculiar group of

sclerobionts likely related to phoronids. Hederelloids in the Devonian are commonly found

encrusting on fossils collected in moderately deep environments within the photic zone

and are rarely documented in dysphotic and aphotic samples. This indicates that when the

ammonoid was encrusted it lived within the euphotic zone and supports the latest

interpretations of the Hunsr�ck Slate depositional environment.
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Abstract:

We herein  examine  the  only  known non-planispirally  coiled  early  Devonian  ammonoid,  the

holotype specimen of Ivoites opitzi, to inves琀椀gate if the host was encrusted in vivo and if these

sclerobionts were responsible for the trochospiral coiling observed in this unique specimen. To

test if the presence of runner-like sclerobionts infested the historically collected specimen of

Ivoites opitzi during its  life,  we used microCT to produce a three-dimensional  model  of  the

surface  of  the  specimen.  Our  results  indicate  that  sclerobionts  grew  across  the  outer  rim

(venter) on both sides of the ammonoid conch at exactly the loca琀椀on where the devia琀椀on from

the planispiral was recognized, and where subsequent ammonoid growth would likely preclude

encrusta琀椀on. This indicates  in vivo encrusta琀椀on of the  I.  opitzi  specimen, and represents the

earliest documenta琀椀on of the phenomenon. Further, this suggests that non-planispiral coiling in

I. opitzi was pathologically induced and does not represent natural morphological varia琀椀on in

the species. Despite the observed anomalies in coiling, the specimen reached adulthood and

retains important iden琀椀fying morphological features, sugges琀椀ng the ammonoid was minimally

impacted by encrusta琀椀on in life. As such, appoin琀椀ng a new type specimen – as suggested by

some authors  –  for  the  species  is  not  necessary.   In  addi琀椀on,  we iden琀椀fy  the  sclerobionts

responsible  for  modifying  the  coiling  of  this  specimen  as  hederelloids,  a  peculiar  group  of

sclerobionts  likely  related  to  phoronids.  Hederelloids  in  the  Devonian  are  commonly  found

encrus琀椀ng on fossils collected in moderately deep environments within the pho琀椀c zone and are

rarely documented in dyspho琀椀c and apho琀椀c samples. This indicates that when the ammonoid

was encrusted it lived within the eupho琀椀c zone and supports the latest interpreta琀椀ons of the

Hunsrück Slate deposi琀椀onal environment.

Introduc琀椀on

Ammonoids are an ex琀椀nct group of externally-shelled cephalopods that are o昀琀en used to study

biostra琀椀graphy, diversity and evolu琀椀onary pa琀琀erns (Ri琀琀erbush et al. 2014). The ammonoid shell

is typically coiled with touching or overlapping whorls, but some forms – so called heteromorphs

– deviate  from this  shape as  their  shell  is  not  en琀椀rely  coiled and/or  is  trochospirally  coiled

(Landman,  Tanabe & Davis  1996).  Mesozoic  heteromorphs have convergently evolved in the

Upper Triassic, Middle to Upper Jurassic, and mul琀椀ple 琀椀mes in the Cretaceous (Wiedmann 1969;

Dietl  1978;  Cecca  1997)).  Early  ammonoids  were  loosely  coiled  and  can  therefore  also  be
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considered heteromorphs from a morphological perspec琀椀ve. However, early ammonoids di昀昀er

in important ways from Mesozoic heteromorphs as their embryonic shell is also uncoiled (House

1996; De Baets et al. 2012; De Baets et al. 2013; De Baets, Landman & Tanabe 2015), and not all

types  of  coiling  known  from  the  Mesozoic  have  been  reported  from  the  Paleozoic  (e.g.,

trochospiral coiling is thought to be absent). The sole known possible excep琀椀on was a specimen

of Ivoites opitzi from the Hunsrück Slate of Germany, which showed evidence for non-planispiral

coiling  (De Baets et al. 2013). Originally, the holotype specimen was interpreted to exhibit a

transi琀椀onal  morphology  in  the  natural  varia琀椀on  from  gyroconic  to  trochospiral  coiling  as

observed in the Jurassic heteromorph Spiroceras (Dietl 1978).  

However, this specimen is also encrusted by epicoles – “any organism that spent its life a琀琀ached

to or otherwise inhabi琀椀ng the exterior of any more or less hard object”(Davis, Klofak & Landman

1999). In biology, the term chosen for the encrus琀椀ng organism implies the rela琀椀onship it has

with its host (e.g. in vivo, post mortem), and a wide variety of terminology has been employed

for encrusters in the paleontological literature (see discussion in Taylor & Wilson 2002).A general

term for encrus琀椀ng or boring organism being used with growing popularity is ‘sclerobiont’ and

means “organisms living in or on any kind of hard substrate” (Taylor and Wilson, 2002). If these

epicoles, or sclerobionts, se琀琀led on the ammonoid host shell during its life, they could be called

epizoa  (Davis,  Klofak  & Landman 1999;  Klug  & Korn  2001) and  may  cause  devia琀椀ons  from

planispiral coiling (oscilla琀椀ons of the shell around the median plane to trochospiral coiling) to

abnormali琀椀es  in  the whorl  cross  sec琀椀on when overgrowing the epizoa  (Merkt  1966;  Keupp

1992; Checa, Okamoto & Keupp 2002) and various other pathologies (Larson 2007; Keupp 2012;

De Baets, Keupp & Klug 2015; Keupp & Ho昀昀mann 2015). Cephalopod workers have commonly

used the term epicoles to refer to organisms which encrust ammonoids post-mortem  (Davis,

Klofak & Landman 1999; Klug & Korn 2001; Rakociński  2011; De Baets, Keupp & Klug 2015;

Keupp & Ho昀昀mann 2015). Devia琀椀ons from planispiral coiling in ammonoids have been a琀琀ributed to

sclerobionts  in  the past  (discussed below),  yet dis琀椀nguishing between  in  vivo and post-mortem

encrusta琀椀ons is rarely straigh琀昀orward. In some cases it is impossible to tell if encrusta琀椀on was

in-vivo  or post mortem, but using various lines of  evidence  (Seilacher 1960; Seilacher 1982;

Baird, Bre琀琀 & Frey 1989; Davis, Klofak & Landman 1999; Keupp 2012; De Baets, Keupp & Klug

2015; Keupp & Ho昀昀mann 2015) can some琀椀mes elucidate a live-live interac琀椀on between host

and  encruster.  The  main  criteria  used  by  researchers  to  iden琀椀fy  likely  cases  of  in  vivo

coloniza琀椀on of cephalopod shell are (compare Rakús & Zí琀琀 1993; Davis, Klofak & Landman 1999;

Klug & Korn 2001; Luci & Cichowolski 2014): 

1. both 昀氀anks are encrusted but the apertural region remains free of encrusters

2. encrusters growth stops precisely at a whorl or are otherwise outpaced by the conch

growth of the cephalopod 

3. encrusters show a dominant growth direc琀椀on consistent with shape and puta琀椀ve life

posi琀椀on of the cephalopod shell and may express changes in growth direc琀椀on as the host

life posi琀椀on changes
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4. the  cephalopod  reacts  to  its  encrusters  during  growth  by  developing  some  kind  of

behaviour  that  is  re昀氀ected  in  the  shell  (usually  nonplanispiral  coiling  and  other

deforma琀椀ons).

Cases in which deforma琀椀on of the shell  and/or devia琀椀on from the normal planispiral  coiling

were caused by encrusters provide incontrover琀椀ble evidence that the encrusters colonized the

shell  while  the  host  lived  (Checa,  Okamoto  &  Keupp  2002;  Luci  &  Cichowolski  2014).

Asymmetrical encrusta琀椀ons during life result in devia琀椀ons from the planispiral; this has been

experimentally  demonstrated  in  gastropods  and  has  been  observed  in  various  taxa  of

ammonoids (Merkt 1966; Klug & Korn 2001; Keupp 2012). Pa琀琀erns related with Criteria 1 and 3

are the only  criteria  which can be used to infer in-vivo encrusta琀椀on when host growth has

already stopped (Seilacher 1960; Keupp 2012), but could poten琀椀ally also develop in postmortem

sclerobiont a琀琀achment during necroplanktonic dri昀琀. However, post-mortem dri昀琀 seems unlikely

when ammonoid shells are small  (< 200 mm:  Wani et al. 2005; Rakociński 2011). Large, well-

preserved or heavily colonized ammonoids were likely also encrusted in-vivo, because the length

of  琀椀me  required  for  signi昀椀cant  encrusta琀椀on  to  occur  is  greater  than  the  length  of

necroplanktonic  dri昀琀,  even when the addi琀椀onal  weight  of  the sclerobiont  is  not  considered

(Keupp 2012). Furthermore, a ver琀椀cal posi琀椀on resembling the living posi琀椀on of the ammonoid is

not always preserved in necroplanktonic dri昀琀, and a subhorizontal posi琀椀on can be achieved a昀琀er

asymmetrical postmortem encrusta琀椀on as a result of added weight (e.g., loosely coiled Spirula;

Donovan 1989). 

Although post-mortem encrusta琀椀ons of ammonoids on the sea昀氀oor can be common (Rakociński

2011), there are many  examples for di昀昀erent organisms se琀琀ling on the shells of living and fossil

cephalopods including foraminifers, bivalves, sponges and corals (Baird, Bre琀琀 & Frey 1989; Davis

& Mapes 1999; Keupp 2012; Wyse Jackson & Key Jr 2014). These live-live interac琀椀ons are not

necessarily bene昀椀cial for the host or the sclerobiont. O昀琀en the cephalopods are disadvantaged,

because  encrusta琀椀on  increases  drag  and  provides  an  addi琀椀onal  weight  burden  that  the

cephalopod must carry, poten琀椀ally limi琀椀ng speed and mobility (Keupp 2012). In some cases the

encrusters have a disadvantage. As the host cephalopod grows, the encruster may rotate away

from their preferred posi琀椀on, losing access to valuable currents for 昀椀lter feeding, and might

eventually  be  overgrown  by  the  shell  in  coiled  ammonoids (Meischner  1968).  However,

encrusters  largely  pro昀椀t  from  establishing  on  a  pelagic  host.  Sessile  organisms  obtain  a

pseudoplank琀椀c  method  of  locomo琀椀on,  providing  the  poten琀椀al  for  greater  and  more  varied

nutri琀椀on and increased reproduc琀椀ve breadth. 

Mobile  organisms  can  poten琀椀ally   use  the  shell  as  temporary  pasture  (Keupp  2012),  while

sclerobionts  can  use  it  as  benthic  island  surrounded  by  so昀琀  and  unconsolidated  sediment

(Seilacher 1982). For pathological reac琀椀ons in shell form and growth to occur, the sclerobionts

must se琀琀le on s琀椀ll growing, younger hosts.  Sclerobionts that se琀琀le on the shell of adult animals

that have already reached their 昀椀nal shell size do not induce a pathological change in the host.

In those situa琀椀ons, it is only possible to infer that these sclerobionts encrusted in-vivo because
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of their preferen琀椀al orienta琀椀on with respect to water currents or the life posi琀椀on of its host

(Seilacher 1960; Seilacher 1982; Keupp, Röper & Seilacher 1999; Hauschke, Schöllmann & Keupp

2011). 

If encrusta琀椀on happens a昀琀er the host’s death, the organisms can colonize both the exterior and

interior of empty shells (Bartels, Briggs & Brassel 1998). Shells which are lying on the seabo琀琀om

are  typically  substan琀椀ally  overgrown  on  one  side  (the  por琀椀on  above  the  sediment-water

interface) and is usually taken as good evidence for post-mortem encrusta琀椀on (Seilacher 1982;

Schmid–Röhl  &  Röhl  2003;  Lukeneder  2008;  Keupp  2012).  Encrusta琀椀on  on  both  sides  can

poten琀椀ally also develop in reworked shells and  internal moulds; however these typically show a

more  complex  history  of  encrusta琀椀on  involving  mul琀椀ple  genera琀椀ons  and  a  variety  of  taxa

(Macchioni  2000;  Luci  &  Cichowolski  2014;  Luci,  Cichowolski  &  Aguirre-Urreta  2016).  More

importantly, resedimenta琀椀on typically results in shell breakage and reworked ammonoids (sensu

Fernández-López  1991) di昀昀er  considerably  from  normally  preserved  ammonoids  (e.g.,

abrasional  features,  di昀昀erences  in  in昀椀lling  and  preserva琀椀on:  Fernández-López  &  Meléndez

1994). Post-mortem encrusta琀椀on can also be recognized when structures normally believed to

be  covered  with  so昀琀-parts  (inside  of  the  shell)  or  addi琀椀onal  objects  are  encrusted  by  the

epicoles (Bartels, Briggs & Brassel 1998; Klug & Korn 2001). Di昀昀erent genera琀椀ons of sclerobionts

with clearly diverging orienta琀椀ons or di昀昀erent taxa on both sides of the ammonoid are also

indica琀椀ve of a post-mortem encrusta琀椀on (Macchioni 2000; Klug & Korn 2001; Luci & Cichowolski

2014). 

Our main goal is to test if the sclerobionts se琀琀led on the ammonoid during life琀椀me, which can

tested by inves琀椀ga琀椀ng the criteria listed above – par琀椀cularly if they are growing on both sides of

the shell (criterium 1) and if the beginning of non-planispiral coiling (criterium 4) correlates with

the se琀琀ling of these sclerobionts. If these encrusta琀椀ons happened during life琀椀me and can be

linked with severe pathological reac琀椀ons (e.g., non-planispiral coiling), this might have important

implica琀椀ons  for  taxonomy  and  indirectly  for  biostra琀椀graphy  (Spath  1945).  Pathological

specimens with strongly di昀昀erent morphologies have occasionally been described as di昀昀erent

species (Spath 1945; Keupp 2012). 

An  addi琀椀onal  goal  is  to  iden琀椀fy  the  iden琀椀ty  of  the  sclerobionts,  which  were  preliminary

determined to be auloporid tabulate corals (De Baets et al. 2013). Some taxa of auloporid corals

have  tradi琀椀onally  been  confused  with  other  sclerobionts  with  runner-like  morphologies

(Lescinsky 2001) like hederelloids  and cyclostomate bryozoans  (Fenton & Fenton 1937; Elias

1944; Bancro昀琀 1986). 

In tes琀椀ng these ques琀椀ons, it  was important to avoid using destruc琀椀ve analyses because the

specimen is an important historical specimen (Opitz 1932) and the holotype of Ivoites opitzi (De

Baets et al. 2013) from the famous Hunsrück Lagerstä琀琀e. The Hunsrück Slate is a facies typical

for the Lower Devonian (Emsian) of the Rhenish Massif which consists predominantly of dark

昀椀ne-grained  argillites  metamorphosed  into  slates  (Bartels,  Briggs  &  Brassel  1998).  In  the

Bundenbach-Gemünden  area,  these  strata  can  contain  fossils  with  remarkable  preserva琀椀on

including  ar琀椀culated  echinoderms  and  vertebrates  as  well  as  preserved  so昀琀  琀椀ssues  of
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arthropods and other groups without hard 琀椀ssues (Bartels et al., 1998). Although some fossils

reveal remarkable preserva琀椀on, they are all typically 昀氀a琀琀ened and it is di昀케cult to impossible to

prepare such thin, compressed fossils from both sides without destroying parts of it. This is for

example illustrated  by  the only  known specimen and holotype of  Palaeoscorpius  devonicus,

where some parts of the shale that are thinner than 1 mm are very fragile or missing altogether

a昀琀er prepara琀椀on  (Kühl et al. 2012b). This might be one of the reasons why fossils with hard

parts  commonly  studied  for  biostra琀椀graphic  or  paleoenvironmental  purposes  at  other  sites

where they are more three-dimensionally preserved have been comparable li琀琀le studied in the

Hunsrück  Slate  (Bartels,  Briggs  &  Brassel  1998;  Südkamp  2007).  This  is  also  the  case  for

ammonoids,  which are important  index fossils  to  date  this  deposit  and are  o昀琀en extremely

昀氀a琀琀ened hampering also their taxonomic assignment (Bartels, Briggs & Brassel 1998; De Baets

et al. 2013). 

Considering the size and the preserva琀椀on of our specimen, as well as the expected x-ray contrast

between pyri琀椀c fossils and the slate matrix, we elected micro-CT to create a three-dimensional 

model to answer these ques琀椀ons. This method is well suited for these purposes (Su琀琀on, 

Rahman & Garwood 2014). Many CT-studies have focused on analyzing ontogeny or 

morphological traits for phylogene琀椀c purposes (Monnet et al. 2009; Garwood & Dunlop 2014; 

Naglik et al. 2015a), but they can be used to test ecological  or paleobiological aspects (Kruta et 

al. 2011; Kühl et al. 2012b; Ho昀昀mann et al. 2014) such as the interpreta琀椀on of pathologies

(Anné et al. 2015) and bioerosion (Beuck et al. 2008; Rahman et al. 2015). Tomographic studies 

in ammonoids have focused on func琀椀onal morphology, empirical buoyancy calcula琀椀ons and 

ontogeny of the chambered shell (Lukeneder 2012; Ho昀昀mann et al. 2014; Tajika et al. 2014; 

Lemanis et al. 2015; Naglik et al. 2015a; Naglik et al. 2015b; Tajika et al. 2015; Lemanis et al. 

2016; Lemanis, Zachow & Ho昀昀mann 2016; Naglik, Rikhtegar & Klug 2016). 

Material and geological se琀�ng

The studied  fossil  specimen is  the  holotype  of  Ivoites  opitzi,  which  was  collected  from the

Hunsrück Slate in the Central Hunsrück, now known as the Middle Kaub Forma琀椀on (Schindler et

al. 2002), at the Schieleberg-quarry near Herrstein, Germany (De Baets et al. 2013; see Fig.1 for

a map and stra琀椀graphic provenance of this specimen). It is reposited in the Karl-Geib-Museum in

Bad Kreuznach: KGM 1983/147. The Middle Kaub Forma琀椀on contains some of most completely

preserved early ammonoids (De Baets et al.  2013) and belong the oldest known ammonoid

faunas (Becker & House 1994) together with similar aged faunas from China (Ruan 1981; 1996)

and  Morocco  (De  Baets,  Klug  &  Plusquellec  2010).  The  exact  stra琀椀graphic  posi琀椀on  of  our

specimen is not known. However, Ivoites is restricted to Early Emsian. This par琀椀cular species (I.

opitzi) has been found associated with dacryoconarid  Nowakia praecursor  in samples deriving

from Eschenbach-Bocksberg Quarry, but they have also been found in overlying layers of the

Obereschenbach quarry (Wingertshell member sensu Schindler et al. 2002), which might range

into the Barrandei Zone  (De Baets et al.  2013). Other ammonoids, including those from the

same genus (I. schindewolf,  Erbenoceras solitarium), which have been reported from the early
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Emsian strata of the Schieleberg quarry in Herrstein, speak for a Praecursor to the Barrandei

zone age of the strata (De Baets et al. 2013). 

Fig.1:  Geographic  and  Stra琀椀graphic  Context.  (A)  map  of  the  locality  (modi昀椀ed  from  De  Baets  2012) and  (B)

stra琀椀graphic provenance of  Ivoites opitzi (琀椀me-scale based on Becker, Gradstein & Hammer 2012: created with

琀椀me-scale creator 6.4: h琀琀p://engineering.purdue.edu/Stra琀椀graphy/tscreator/)

We inves琀椀gated the taxonomy, provenance and taphonomy of 342 ammonoids from the Central

Hunsrück Basin in a recent monograph (De Baets et al. 2013) including 82 specimens of Ivoites

and 7 addi琀椀onal specimens of closely related Metabactrites. 

The inves琀椀gated specimen was chosen as the holotype above 19 other specimens of  Ivoites

opitzi as  it  was  the  most  complete,  three-dimensional  and  well-preserved  specimen of  the

species. It has three complete whorls and a diameter of 105 mm (Fig. 2; De Baets et al., 2013).

The specimen is mostly preserved as an internal, pyri琀椀c mould as evidenced by traces of suture

lines and other structures (e.g., opitzian pits) internal to the shell (taphonomic category IIB of De

Baets et al., 2013). The last half-whorl probably corresponds to the body chamber as indicated

by faint traces of a suture in hand piece and x-ray images (Kneidl 1984),  lack of pyrite in昀椀lling of

the last whorl, terminal uncoiling as well as the large lateral extension of the end of the whorl

interpreted to be the apertural edge (De Baets et al. 2013).

The in昀椀lling of the shell with pyrite in this taphonomic category is interpreted to have happened

early  in  the  diagenesis,  below  the  sediment-water  interface  and  before  the  dissolu琀椀on,

compac琀椀on, and breakage of the shell. These observa琀椀ons were used successfully to interpret

preserva琀椀on  of  ammonoids  in  the  Jurassic  bioturbated  shales  (Hudson  1982),  and  were

addi琀椀onally supported by fracture pa琀琀erns (De Baets et al. 2013). 
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The whorls  of  this  specimen touch and overlap  each other,  but  this  is  interpreted  to  be a

consequence of compression and tectonic deforma琀椀on as the inner whorl lies completely above

the following whorl (De Baets et al. 2013). Oblique embedding can result in one bit of whorl

lying on top of  one whorl,  but  the opposite  side should then lie  below this  whorl  (see for

example De Baets et al.  2013,  Plate 5, Fig.  3 for  an example),  which is not the case in our

specimen. Compac琀椀on on an umbilical concre琀椀on can also results in asymmetric deforma琀椀on,

but a昀昀ect similar quadrants is the same way and the concre琀椀on should s琀椀ll be present, which is

not  the case in our  specimen (see De Baets  et  al.  2013,  Plate  10,  Fig.  11 for  an example).

Compac琀椀on of a horizontally embedded specimen would result in subsequent whorl  (with a

thicker whorl sec琀椀on) to lie above previous whorls. The only way the preserva琀椀on observed in

KGM 1983/147 could occur is if the specimen was already tor琀椀conic before burial. 

During the ini琀椀al inves琀椀ga琀椀on of the holotype of I. opitzi. the possibility of a live-live rela琀椀onship

between the host and the sclerobionts was excluded because of an inferred lack of conclusive

evidence  (De  Baets  et  al.  2013).  The  sclerobionts  nearer  the  aperture  did  not  provide  any

evidence that could support in situ or post-mortem encrusta琀椀on. The sclerobiont colony on the

phragmacone near the point of non-planispiral coiling was seemingly not growing across both

sides of the whorl, and again, the authors were unable to infer the rela琀椀onship between host

and sclerobiont. But only the le昀琀 side was prepared in this historically collected material (Opitz,

1932, p. 121, Fig. 117). A microCT of the specimen allowing to study the specimens from both

sides, now gives us the unique opportunity to reevaluate this interpreta琀椀on.  
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Fig. 2: Holotype of Ivoites opitzi. Several sclerobionts can be seen encrus琀椀ng specimen KGM 1983/147.

Methods

The specimen of  I. opitzi  under inves琀椀ga琀椀on is a holotype, and thus could not be inves琀椀gated

destruc琀椀vely. Thus, the specimen was well-suited to be studied with X-ray microtomography. X-

ray microtomography uses x-rays to acquire radiographs (or projec琀椀ons) of an object at mul琀椀ple

angles. From these projec琀椀ons, a sequence of parallel and evenly spaced tomograms (individual

slice  images  mapping  the  X-ray  a琀琀enua琀椀on within  a  sample)  are  computed indirectly .  This

tomographic dataset  in turn can be used to  recreate a virtual  model  (3D model)  without

destroying the original object. The pre昀椀x micro-  refers to the fact that pixel sizes of the cross-

sec琀椀ons are in the micrometre range  (Su琀琀on, Rahman & Garwood 2014).  Markus Poschmann

(Mainz)  kindly  borrowed  the  specimen  from  the  Karl-Geib-Museum  and  brought  it  to  the

Steinmann Ins琀椀tute, where it was inves琀椀gated with X-ray micro-tomography. KGM 1983/147 was

scanned on a Phoenix v|tome|x s at 150 kV and 160 µA with 0.400 s of exposure 琀椀me by Alexandra

Bergmann  (Steinmann  Ins琀椀tute).  This  resulted  in  two  thousand  two  hundred  un昀椀ltered  projec琀椀ons

providing a voxel  size of  118 µm (~  pixel  size of  118um).  Three-dimensional  reconstruc琀椀ons and an

anima琀椀on were produced using the 107 images (tomograms) [in the x-z-plain by Julia S琀椀lkerich using the

free  so昀琀ware  SPIERS  (Su琀琀on  et  al.  2012;  h琀琀p://spiers-so昀琀ware.org).  The  昀椀xed  threshold  value  was

manually chosen to maximally separate pyri琀椀c fossils from the shale matrix, because the objects of focus

(ammonoid and epicoles) are pyri琀椀c (see material and methods); Regions of interest were de昀椀ned using

the masking system in SPIERS, allowing them to be rendered separately to have the most conserva琀椀ve

interpreta琀椀on of the posi琀椀on of the pyri琀椀c ammonoid vs. epicoles (Su琀琀on, Rahman & Garwood 2014).

Coloured  masks  were  used  in  the  昀椀nal  representa琀椀on  to  dis琀椀nguish  the  various  features

captured:  ammonoid  (yellow),  runner-like  epicoles  (green),  orthoconic  nau琀椀loid  (red),

brachiopod (blue) and dacryoconarids (yellow). 

Results

Posi琀椀on of the epicoles and its rela琀椀onship with non-planispiral coiling

In the model, the 昀椀rst whorl lies on top of the second whorl. The median plane of the 昀椀rst whorl

seems to lie between 1 and 2 mm above that of the second whorl in the model, which must

have  been even  greater  before  compac琀椀on  (see  discussion).  The  3D-model  (see  Figs.  3,  4)

therefore substan琀椀ates the previously hypothesized suspicion (De Baets et al. 2013) that the

specimen is not en琀椀rely coiled planispirally. Five clusters (A-E) of colonial sclerobionts can be

recognized in the 3D-model (see arrows in Figs. 3, 4). 
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Fig. 3: The ammonoid (brown), the epicoles (green) and the orthoconic nau琀椀loid (red) in the 3D-model. Five 

sclerobiont clusters (A-E) were dis琀椀nguished.
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Fig. 4: The ammonoid (brown), the runner-like epicoles (green) and the orthoconic nau琀椀loid (red) rotated 180°.

At least three clusters (C-E) can be recognized on the phragmocone. Addi琀椀onal clusters (A, B)

can be found on the 昀椀nal demi-whorl. In the inner whorls, the sclerobionts are located ventrally

on both sides of the whorl cross sec琀椀on (see Figs. 3C-E, 4C-E). Their direc琀椀on of growth and

budding follows the spiral  axis of the ammonoid shell.  The earliest recognizable sclerobionts

with respect to the growth direc琀椀on of the ammonoid (clusters D-E) coincide with the posi琀椀on

where non-planispirality can be 昀椀rst recognized (Fig. 5). 
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Fig. 5: The white arrows mark the posi琀椀on of the sclerobiont clusters (D and E) close to the posi琀椀on where non-

planispiral coiling can be 昀椀rst recognized.

More importantly, there is evidence that clusters (C, D and E) are growing on both sides of the

ammonoid (Fig.  6).  The last  demi-whorl  of  the host  ammonoid was not  in昀椀lled with pyrite,

therefore the growth pa琀琀erns of the sclerobionts in clusters A and B cannot be established with

certainty.  
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Fig. 6: Close-up of the 3D-model showing that sclerobionts are se琀琀ling on both sides of the shell. Note correla琀椀on 

between asymmetrical sclerobiont encrusta琀椀on of cluster E and the devia琀椀on from planispiral coiling of the host.

Elongated components like the dacryoconarids present in the substrate (marked in yellow in 

Figure 7) along with the I. opitzi specimen are o昀琀en orientated along the direc琀椀on of the paleo-

current (Hladil, Čejchan & Beroušek 1991; Hladil et al. 2014). Neither the dacryoconarids nor the

epicoles show a preferen琀椀al orienta琀椀on with respect to the substrate. Sclerobiont clusters C, D, 

and E  do show a preferen琀椀al orienta琀椀on with respect to the spiral axis of the ammonoid shell. 

Unnamed, small, and bulky components visible in the matrix are probably pryi琀椀c nodules of 

di昀昀erent sizes.
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Fig. 7: The 3D-model showing all components. A brachiopod is coloured blue and dacryoconarids are shown in 

yellow. Runner-like epicoles are marked in green and orthoconic nau琀椀loid in red. 

Morphology of the runner-like sclerobionts

The mode of preserva琀椀on of the I. opitzi specimen, pyri琀椀za琀椀on and internal mould preserva琀椀on,

makes  examina琀椀on  of  昀椀ne  details  or  microstructure  of  the  sclerobionts  impossible.  Yet  the

microCT permits three dimensional examina琀椀on of the branching pa琀琀erns of the sclerobiont

colonies. The original se琀琀lement loca琀椀on of the colonial organism cannot be dis琀椀nguished, but

the branching pa琀琀ern of colonies grow in a direc琀椀on largely parallel  to the direc琀椀on of the

aperture of the host. 

The colonies in all clusters have the same taxonomic a昀케nity. Zooids in the colonies are long and

tubular, and curve slightly near the zooecial opening. Zooids are larger than those commonly

observed in  bryozoans and bud in alterna琀椀ng direc琀椀ons. Diameter of the more 3D-preserved

tubes  are  typically  around  1.5  mm,  but  this  might  have  been  ar琀椀昀椀cially  augmented  by

compac琀椀on (De Baets et al. 2013). The tubes widen in the direc琀椀on of growth expand distally

and slightly contracted at  the apex giving them a club-like appearance, characters typical  of

hederelloids (Elias 1944). 

Branching morphology in the established colonies on the host are diverse despite many shared

characteris琀椀cs. Morphologies of  zooids exhibited in clusters A through D are generally more
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elongate and acutely curved away from the uniserial plane to those in cluster E which contain

zooids that curve more drama琀椀cally along mul琀椀ple, pluriserial branches of the colony. Some of

this varia琀椀on could have been ampli昀椀ed by di昀昀eren琀椀al compac琀椀on in shales (Ross 1978; Briggs

& Williams 1981).

 

Discussion

The three-dimensional model  of  I.  opitzi  permi琀琀ed extensive observa琀椀on of the rela琀椀onship

between the ammonoid host and the sclerobiont clusters present. The results permit posi琀椀ve

iden琀椀昀椀ca琀椀on of the sclerobionts and interpreta琀椀on of the rela琀椀onship between them and their

host.

Synvivo vs. Post-Mortem encrusta琀椀on

Three possible  scenarios  can explain the encrusta琀椀on on both sides of  the ammonoid by a

sclerobiont colony, clearly visible in clusters  C, D and E: 

1) In-vivo encrusta琀椀on: encrusta琀椀on on both sides of the ammonoid by sclerobiont colonies C,

D,  and E and the direc琀椀on of  the growth of  those sclerobionts matching the growth of the

ammonoid, speak for an in-vivo encrusta琀椀on – at least for sclerobiont clusters C-E.  A lack of a

similar  direc琀椀onal  growth  for  all  sclerobiont  colonies  on  the  ammonoid  and  with

dacryoconarids in the surrounding substrate, as well as a lack in widespread encrusta琀椀on across

the ammonoid shell, further support the likelihood that the ammonoid was encrusted before

the ammonoid se琀琀led on the sea昀氀oor. 

2) Post-mortem dri昀琀: encrusta琀椀on of such large colonies solely during post-mortem dri昀琀 seems

unlikely due to the small size of our specimen (105 mm diameter). This is below the 200 mm

limit  listed  for  long 昀氀oa琀椀ng cephalopod shells  by  Wani  et  al.  (2005) and  Rakociński  (2011).

Interes琀椀ngly, our specimen would have even a much smaller phragmocone volume than coiled

ammonoids at equal diameters used in these experiments.  More importantly, the extra weight

of the sclerobionts should have made it sink even sooner than a non-encrusted shells so that it

would not have resulted in encrusta琀椀on on both sides. Post-mortem dri昀琀 is deemed rare for

ammonoids in general; most are implied to sink rather rapidly and would have preferen琀椀ally

encrusted  the  lower  parts  of  the ammonoid.  Furthermore  its  ver琀椀cal  posi琀椀on in  the  water

column  should  have  been  a昀昀ected  by  asymmetric  encrusta琀椀on  resul琀椀ng  in  a  non-ver琀椀cal

posi琀椀on of the shell a昀琀er loss of so昀琀-part parts which should have led to a more asymmetrical

distribu琀椀on of the sclerobionts as the preferen琀椀ally a琀琀ach to the lower part of dri昀琀ing shells

(Donovan 1989). 

3)  Resedimenta琀椀on  or  reelabora琀椀on/reworking  on  the  sea昀氀oor:  usually  encrusta琀椀on  of  the

sediment-free side of the ammonoids - which mostly end of horizontally on the sea昀氀oor - is

taken to be characteris琀椀c unless reelabora琀椀on/reworking of shells or internal moulds happened

(Macchioni 2000). In our cases, we have encrusta琀椀on on both sides by the same colonies and
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transport by currents and reworking seems unlikely due the completeness of our specimen and

similari琀椀es  in  preserva琀椀on  with  other  specimens  of  its  taphonomic  group.  All  their

characteris琀椀cs  speak  for  a  rela琀椀vely  rapid  burial  and  in昀椀lling  with  pyrite  only  during  early

diagenesis (before shell dissolu琀椀on). Furthermore, the same sclerobionts (C-E) started growing

on the venter to both sides of the lateral sides which speak rather for a simple encrusta琀椀on

history  rather  than  mul琀椀ple  genera琀椀ons  of  epibionts  encrus琀椀ng  each  sediment-free  side

sequen琀椀ally (at least one before and a昀琀er resedimenta琀椀on/reworking and possibly more). No

evidence for re-sedimenta琀椀on or reworking (abrasional features) are present in any of the 82

studied specimens of Ivoites.

Pathological varia琀椀on in the morphology of I. opitzi 

The non-planispiral coiling of this specimen, a unique occurrence in the species, occurs at the

posi琀椀on of the sclerobiont clusters D and E. This pathological varia琀椀on in host growth is also

consistent  with encrusta琀椀on of  the cephalopod during its  life-琀椀me.  Even if  the devia琀椀on in

coiling plane is only 1 to 2 mm now, it would have been substan琀椀ally greater before burial and

compac琀椀on. Whorl thickness has es琀椀mated to reduce up to 248 % in some specimens (De Baets

et al. 2013), so originally these devia琀椀ons could have been up to 2.5 to 5 mm. 

Sclerobionts in clusters D and E are in a posi琀椀on that would have been hard to encrust if the

subsequent whorl had already grown at the 琀椀me of encrusta琀椀on (e.g., when it was lying on the

sea昀氀oor, the space between whorls around the venter would only have been between 2.5 to 5

mm, complica琀椀ng sclerobiont se琀琀ling. Our specimen suggests that the second whorl lies on top

of the 昀椀rst whorl (e.g., in the direc琀椀on of the more heavily encrusted side, see Figure 3) while

the  last  whorl  probably  lies  again  below  the  second  whorl  (e.g.,  the  coiling  had  almost

normalized un琀椀l the next encrusta琀椀on by sclerobiont cluster C). The encrusta琀椀on and its slightly

di昀昀erent weight distribu琀椀on across the venter would predict a devia琀椀on of the whorl ini琀椀ally in

the direc琀椀on of the encrusters weight and subsequently in the opposite direc琀椀on (this seems to

be s琀椀ll visible in our specimen despite it been heavily 昀氀a琀琀ened). Such a pa琀琀ern would thus be

expected if the specimen was encrusted in-vivo for the 昀椀rst 琀椀me slightly before it completed

about one whorl  (Checa, Okamoto & Keupp 2002). The non-planispiral coiling observed in this

specimen could not be produced by 昀氀a琀琀ening or deforma琀椀on – not even if the specimen was

embedded obliquely (see discussion in Material and Methods). Furthermore, clusters D-E are

posi琀椀oned  closely  before  the  posi琀椀on  where  devia琀椀on  of  planispiral  coiling  can  昀椀rst  be

recognized and indicates that the coiling was induced by the sclerobiont encrusta琀椀on. If these

clusters grew on the ammonoid during life, as is also suggested by growth on both sides of the

shell, the devia琀椀ons from planispiral coiling would have been unavoidable (Checa, Okamoto &

Keupp 2002).

The fact that sclerobiont clusters C, D, and E of runner-like epicoles are growing on both sides of

the ammonoid and that clusters (D-E) occur slightly before the posi琀椀on where the devia琀椀ons

from planispiral coiling – where a whorl lies directly on top of the subsequent whorl – can be

昀椀rst recognized speak for an encrusta琀椀on of the ammonoid during its life琀椀me. 
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This  specimen,  therefore,  documents  the  oldest  direct  evidence  for  in-vivo encrusta琀椀on  of

ammonoids. The previous record holders were Paranarcestes, Latanarcestes and Sellanarcestes

from the Upper Emsian interpreted to be encrusted with auloporid corals during their life琀椀me,

also evidenced by devia琀椀ons from normal planispiral coiling in the host and by the subsequent

growth of the ammonoid over the coral (Klug & Korn 2001; De Baets, Keupp & Klug 2015).

Iden琀椀ty of the encrusters

Hederelloids are a problema琀椀c group of runner-like sclerobionts, which occur in the fossil record

from the Silurian through Permian and are most diverse in the Devonian (Solle 1952; Solle 1968;

Taylor & Wilson 2007).  Hederelloids have tradi琀椀onally been treated as cyclostome bryozoans

(Bassler 1939; Elias 1944; Solle 1952; Solle 1968; Dzik 1981), but were rede昀椀ned  based upon

di昀昀erences in  branching pa琀琀erns,  skeletal microstructure,  lack of an astogene琀椀c gradient, and

wide range in tube diameters (Bancro昀琀 1986; Wilson & Taylor 2001; Taylor & Wilson 2007). They

are currently mostly interpreted to be closely related to phoronids (Taylor & Wilson 2007; Taylor,

Vinn & Wilson 2010; Frey et al. 2014). Both auloporid corals and hederelloids are uncommon in

the middle Kaub Forma琀椀on as their life habit requires a solid substrate upon which to se琀琀le;

these were rare within the clay environments of the Hunsrück Slate  (Bartels, Briggs & Brassel

1998).

The nature of the pyri琀椀c preserva琀椀on of the host specimen, I. opitzi, does not make it possible

to look at the microstructure or 昀椀ne details of the sclerobionts, but the general morphology

supports  that  all  clusters  of  sclerobionts  share a taxonomic a昀케nity.  Runner-like sclerobionts

common in the Devonian include auloporid coral, paleotubuliporid bryozoans, and hederelloids.

The  sclerobionts  encrus琀椀ng  I.  opitzi  are  colonial,  with  elongated  zooids,  lateral

branching/budding  pa琀琀erns,  and  rela琀椀vely  large  tube  diameters  which  speak  for  their

iden琀椀昀椀ca琀椀on as hederelloids rather than auloporids or bryozoans  (Elias 1944; Bancro昀琀 1986;

Wilson & Taylor 2006; Taylor & Wilson 2007). 

The runner-like encrusters were ini琀椀ally thought to be auloporid corals  (De Baets et al. 2013),

which are known to encrust brachiopods (Zapalski 2005; Mis琀椀aen et al. 2012) and ammonoids

(Klug  &  Korn  2001) during  their  life琀椀me.  Some  auloporid  taxa  have  been  confused  with

hederelloids in the past (Fenton & Fenton 1937; Elias 1944) and can be hard to di昀昀eren琀椀ate

when  taphonomic  condi琀椀ons  have  degraded  the  quality  of  the  specimen  due  to  gross

morphological similari琀椀es. 

Hederelloids have been reported to encrust externally shelled cephalopods before (Thayer 1974;

Brassel 1977; Bartels, Briggs & Brassel 1998; Frey et al. 2014), but these are, to our knowledge,

the 昀椀rst  reported to encrust an ammonoid  in vivo.   Sclerobionts can provide also important

informa琀椀on  on  paleoecology,  sedimentary  environments  and  taphonomy,  both  when  they

encrust shells in vivo or a昀琀er death of their host (Baird, Bre琀琀 & Frey 1989; Kacha & Šaric 2009;

Rakociński 2011; Bre琀琀 et al. 2012; Wilson & Taylor 2013; Luci & Cichowolski 2014; Wyse Jackson,

Key & Coakley 2014; Luci, Cichowolski & Aguirre-Urreta 2016). 
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The presence of 昀椀ve dis琀椀nct clusters of hederelloids suggest that coloniza琀椀on of the host by

sclerobionts happened numerous 琀椀mes (see Figures 4 and 6). Not all coloniza琀椀ons show clear

evidence of in vivo encrusta琀椀on; clusters A and B were likely the last to se琀琀le on the specimen –

based upon their loca琀椀on on the shell and the ontogeny of the host – but also do not show

evidence of post-mortem encrusta琀椀on. Clusters A and B, however, are the largest, which suggest

that they had su昀케cient nutrients to se琀琀le, establish, and grow for an extended period of 琀椀me.

This is unlikely to have occurred in the benthos a昀琀er the death of the I. opitzi specimen, but is

not impossible. However, because the size of the hederelloid colonies in clusters A and B exceed

that of the other colonies, clusters C, D and E were likely not living concurrently with clusters A

and B. 

Implica琀椀ons for paleoenvironment of Ivoites

The sedimentary environment of the Hunsrück Slate have been widely interpreted, ranging from

shallow  sedimenta琀椀on on 琀椀dal 昀氀ats,  at depths from around storm-wave base to signi昀椀cantly

deeper  (Solle 1950; Seilacher & Hemleben 1966; Erben 1994; Bartels, Briggs & Brassel 1998) .

The  sedimentary  environment  in  the  central  Hunsrück  Basin  is  now  thought  to  be  rather

complex; depressions between sedimentary fans provided environments below storm wave base

and sills  which could locally  extend into the inter琀椀dal  zone  (E琀琀er 2002).  The beds with the

excep琀椀onally  preserved  fossils  and  hemipelagic  fauna  (ammonoids,  dacryoconarids)  in  the

Bundenbach-Gemünden area have been interpreted to be mostly deposited below storm-wave

base and/or at depths around 100m (Sutcli昀昀e, Tibbs & Briggs 2002; Stets & Schäfer 2009). Even

in  these  regions,  more  sandy  layers  with  neri琀椀c  brachiopods  are  intercalated,  sugges琀椀ng

occasional  shallower  depths  above  storm wave  base.  It  is  now  generally  accepted  that  the

maximum depth was within the pho琀椀c zone due to the presence in some layers of receptaculi琀椀d

algae, which are interpreted to be closely related to green algae, and good visual capabili琀椀es of

arthropods  (Bartels, Briggs & Brassel 1998; E琀琀er 2002; Selden & Nudds 2012). Based on the

la琀琀er, maximum depths of 200 m have suggested  (Rust et al. 2016).

Hederelloids are typical  encrusters found in Devonian pho琀椀c zone environments  (Bre琀琀 et al.

2012).  They  are  most  diverse  and  abundant  in  shallower  facies,  but  persist  into  the  deep

eupho琀椀c zone (Smrecak 2016). The presence of hederelloids on the specimen, in combina琀椀on

with other evidence described earlier,  support an interpreta琀椀on of  in vivo  encrusta琀椀on. The

pelagic life habit of I. opitzi would allow colonies of hederelloids to se琀琀le and grow on the shell

with  some  success.  In  contrast,  at  depths  of  100+  meters,  hederelloid  encrusta琀椀on,  and

sclerobiont encrusta琀椀on in general, is signi昀椀cantly less common (e.g., Bre琀琀 et al. 2011; Bre琀琀 et

al. 2012; Smrecak & Bre琀琀 2014)). Thus, presence of mul琀椀ple colonies of hederelloids on the

specimen support  in  vivo  encrusta琀椀on at  depths  within  the  pho琀椀c  zone,  and lends  further

support for deposi琀椀onal condi琀椀ons in line with current interpreta琀椀ons that the Hunsrück Slate

interpreted was deposited near storm-wave base (Bartels, Briggs & Brassel 1998; Sutcli昀昀e, Tibbs

& Briggs 2002). 

De Baets  et  al.  (2013)  found encrusted  ammonoid shells  to  be rare  (only  6  of  342 studied

ammonoids: about 2%). Only two specimens of 82 specimens of Ivoites (2%) were found to be
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encrusted with hederelloids – our specimen and an addi琀椀onal specimen of Ivoites sp. which was

interpreted  to  be  encrusted  post-mortem  (Bartels,  Briggs  &  Brassel  1998).  So  far,  bivalves,

brachiopods,  bryozoans,  crinoids,  hederelloids  and  tabulate  corals  have  been  reported  to

encrust conchs of ammonoids or other externally shelled cephalopods from the Hunsrück Slate

s.s. or middle Kaub Forma琀椀on  (Brassel 1977; Bartels, Briggs & Brassel 1998; Jahnke & Bartels

2000; Kühl et al. 2012a; De Baets et al. 2013), but these have mostly thought to have happened

post-mortem due to their heavy encrusta琀椀on on  one side of the fossils or the encrusta琀椀on of

the structures which would normally be covered with so昀琀-parts (Bartels, Briggs & Brassel 1998;

Jahnke & Bartels 2000; De Baets et al. 2013). Heavy encrusta琀椀ons seems to be more common in

nau琀椀loids (Bartels, Briggs & Brassel 1998; Jahnke & Bartels 2000; Kühl et al. 2012a), but these

have  so  far  only  been  qualita琀椀vely  studied.  In  environments  between  100  and  200m

encrusta琀椀on  is  generally  low,  which  also  consistent  with  a  rare  in-vivo encrusta琀椀on  of  our

specimen  swimming  in  shallower  depths  rather  than  the  commonly  reported  post-mortem

encrusta琀椀on. Addi琀椀onal  studies  on  epicoles  on  ammonoid  shells  and other  shells  from the

Hunsrück Slate would be necessary to further test these hypotheses.

Implica琀椀on for mode of life

Loosely  coiled  early  ammonoids  are  mostly  treated  as  poor  swimmers  based on their  poor

streamlining with high drag (Westermann 1996; Klug & Korn 2004; Klug et al. 2015a); addi琀椀onal

limita琀椀ons  imposed  by  epizoa  on  streamlining  and  shell  orienta琀椀on  might  be  (even)  less

important  in  these  forms  than  in  normally  coiled  ammonoids.  The  fact  that  our  specimen

survived at least three separate encrusta琀椀ons – as evidenced by di昀昀erent se琀琀lement loca琀椀ons of

the clusters  of  hederelloids  –  and growth deforma琀椀ons  associated with earlier  encrusta琀椀on

further corroborates this idea, although further inves琀椀ga琀椀ons on addi琀椀onal specimens would be

necessary to con昀椀rm this hypothesis. Most hederelloid colonies generally grow along the spiral

direc琀椀on and do not cross from one whorl to the next, which provide addi琀椀onal evidence that

they encrusted the ammonoid during its life琀椀me. 

We cannot en琀椀rely rule out a post-mortem encrusta琀椀on of clusters A-B. Hederelloid growth in

those clusters are preferen琀椀ally orientated away from the aperture of the ammonoid conch, as

opposed to those of the inner whorls (cluster C-E) which are preferen琀椀ally orientated towards it.

Associated dacryoconarids do not show a preferen琀椀al orienta琀椀on with respect to the substrate

(as would be expected in the case of current alignment: Hladil, Čejchan & Beroušek 1991) or the

hederelloids.  This  does not necessarily speak against  encrusta琀椀on during the life琀椀me of  the

ammonoid by clusters A and B as the terminal uncoiling of the ammonoid is interpreted to have

in昀氀uenced the life orienta琀椀on from an upturned aperture in the inner whorls to a downturned

aperture during the terminal uncoiling at the end of the ontogeny (Klug & Korn 2004; De Baets

et al. 2013; Klug et al. 2015a). We know the ammonoid specimen reached adulthood because it

terminally uncoils, which is typical for many taxa of Anetocera琀椀nae and interpreted as a sign of

adulthood (De Baets, Klug & Korn 2009; De Baets et al. 2013; De Baets, Klug & Monnet 2013;

Klug et al. 2015b). 
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Hederella is  known  to  encrust  another  ammonoid  from  the  Hunsrück  Slate,  but  this  is

interpreted  to  have  happened post-mortem  (Brassel  1977;  Bartels,  Briggs  &  Brassel  1998)).

There is  no evidence that this happened in-vivo in the second specimen as these are located on

an incompletely preserved body chamber, and have been interpreted as encrus琀椀ng the inside of

the shell (Bartels, Briggs & Brassel 1998) – but this should be further tested with µCT.  Addi琀椀onal

studies would be necessary to con昀椀rm if our specimen is an isolated case of in vivo encrusta琀椀on

or part of a more common phenomenon. 

Implica琀椀ons for taxonomy

De昀椀ning pathological specimens as species can have important taxonomic implica琀椀ons  (Spath

1945). According to Spath (1945), such ammonoid species should remain valid, but no new type

can be chosen while the holotype is s琀椀ll in existence. Others, like Haas (1946), claim assigning a

pathological specimen might undermine the status of the species, considering the morphology

of the species is described based on a pathological specimen, and that a new neotype should be

selected. As the only known non-planispirally coiled specimen of  I. opitzi is pathological, Haas

(1946) would have suggested to designate another specimen as type for this species to avoid

ambiguity. Non-planispirality does not belong to normal intraspeci昀椀c varia琀椀on of this species,

nor to the taxonomic de昀椀ni琀椀on of this taxon. Paratype SMF-HF 940, which was collected from

the same locality as the holotype (De Baets et al. 2013), would be the best candidate among the

paratypes. Reassigning a neotype has recently been intensively discussed for the holotype of

Homo 昀氀oriensis (Kaifu et al. 2009; Eckhardt & Henneberg 2010), but the severity of devia琀椀on has

to be considered in this specimen. However, both aspects (elec琀椀ng a neotype for pathological

specimens and its dependence of the severity of the pathology) are not speci昀椀cally discussed in

the Interna琀椀onal Code of Zoological Nomenclature (ICZN). According to Ar琀椀cle 75.1 of ICZN, “the

neotype is … designated under condi琀椀ons … when no name-bearing type specimen is believed

to be extant …”. In this case, if the holotype, even when pathologically deformed, is extant, the

proposal of neotype is not granted. A proposal could be submi琀琀ed to the ICZN to resolve the use

of pathologically-induced morphological varia琀椀on of holotypes, but this falls outside the aim of

our study. Furthermore, we are con昀椀dent that original type specimen belongs to same species

as the paratypes as it completes the same amount of whorl before uncoiling, has a similar rib

spacing and only di昀昀ers from other specimens in its minor pathological coiling devia琀椀ons  (De

Baets et al. 2013). As non-planispiral coiling was not part of the original diagnosis, we feel it is

unnecessary to submit a proposal to appoint a new type specimen, which might not be allowed

anyway.   

Conclusions

With the aid of µCT, we can demonstrate that at least some of the encrusta琀椀ons must have

happened during the life琀椀me of the ammonoid as the sclerobionts are located on both sides of

the ammonoid at the place where devia琀椀on from planispiral coiling starts. This indicates that the

non-planispiral, slight trochospiral coiling in this specimen is probably pathological and does not

form a  part  of  the  natural  varia琀椀on  (De Baets  et  al.  2013).   To  avoid  taxonomic  confusion
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resul琀椀ng from non-spiral coiling in this taxon, which is not part of the natural varia琀椀on as ini琀椀ally

thought, one could select a neotype. While this prac琀椀ce has been suggested for other taxa (e.g.

Haas (1946), this is, in our opinion, not necessary as non-planispiral coiling did not form part of

the original diagnosis. As the specimen survived at least 3 di昀昀erent encrusta琀椀ons and associated

deforma琀椀ons through adulthood, the e昀昀ects on its daily life were probably negligible. We re-

iden琀椀fy these runner-like epizoa as hederelloids (as opposed to auloporid tabulate corals), which

make them the 昀椀rst known hederelloids to encrust an ammonoid in vivo and suggests that the

ammonoid probably lived within the pho琀椀c zone for most of its life.  However, more studies on

sclerobionts from the Hunsrück Slate, preferably with µCT, are necessary to further corroborate

these hypotheses.
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