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Foreword

Haeckel (1904)

Cephalopods are some of the ocean’s most charismatic and enigmatic creatures and have
long held a fascination for humankind. Aristotle is well known for his work on the shallow-
water forms, both marveling at their mesmerizing color changes and describing the male
hectocotylus for the first time; coleoids from the deep sea have inspired myths and legends for
centuries, with the Kraken terrorizing folkloric seafarers. Coleoids have also inspired
biomedical and bio- and material engineering advances, leading to groundbreaking work on
nerve cell function, and applications for robotic engineering (Hanlon ef al. 2018). Today, there
are more than 800 described coleoid cephalopod species which are widely diverse and inhabit
almost all marine habitats. Their sophisticated visual illusions - skin patterning, rapid coloration
changes, and an almost jewel-like appearance with bioluminescence - make them some of the
most beautiful animals on the earth. They have developed the most complex brains among
invertebrate animals and the ability to perform sophisticated behaviors; they also play a key

role in modern oceans and food webs (Boyle & Rodhouse 2008).

Arising during the Cambrian (Strugnell et al. 2006; Kroger et al. 2011; Tanner et al. 2017,
Uribe & Zardoya 2017; Sanchez ef al. 2018; Hildenbrand et al. 2021), cephalopods have a long
evolutionary history that spans almost 500 million years. Molecular studies show that the

internally shelled forms, the coleoids, diverged from the Nautiloidea in the early Devonian



(Tanner et al. 2017, Lopez-Cordova et al. 2022). Current coleoid diversity is more recent, and
crown groups originated in the Mesozoic (Tanner et al. 2017, Lopez-Cérdova et al. 2022)
though the evolutionary pathways are not clear. As such, there is a real need to understand their
evolutionary history, drivers of their diversification, and the timing of their adaptations. Fossils
have a key role to play in finding answers to these questions. Not only do they provide tangible
evidence to correlate with estimated molecular divergence dates, but they also reveal the timing
of morphological innovations. By understanding these innovations, we can infer associated

behaviors and their roles in past ecosystems.

However, coleoids are rarely preserved in the fossil record. The majority of known fossil taxa
come from deposits of exceptional preservation (Lagerstdtten). The internalized shell (gladius)
is the most common structure to preserve and as a result, systematic studies of fossils have been
mainly based on gladius morphology. In the last two decades, the use of new imaging methods
has enabled us to visualize the remains of soft tissues and include them to a greater extent. As
a result, they have begun to be used in phylogenetic reconstructions (Sutton ez al. 2016; Whalen
& Landman 2022), and to interpret lifestyles (e.g. Klug et al. 2021). These high-resolution
imaging methods (e.g., UV, X-ray computed tomography, unXRF major-to-trace elemental
mapping) are increasingly used in paleontological studies and have proven successful in
recording anatomical features of cephalopods that are not visible using traditional methods

(Kruta ef al. 2011, 2013, 2016; Gueriau et al. 2018).

Among the known Mesozoic Lagerstitten preserving a wealth of coleoid material with
exceptionally preserved soft tissues, the localities of La Voulte-sur-Rhone (Jurassic) and
Lebanon (Cretaceous) were chosen as primary targets for this work. Each had a different
depositional environment and preservation style, and they represent two important periods in

cephalopod evolution.

This material provides the perfect opportunity to exploit a variety of imaging techniques,
revealing information on these important fossilized soft tissues. The quality and completeness
of anatomical data obtained enables meaningful morphological comparison with extant forms

and contributes to the current state of coleoid systematics.
The main objectives of this thesis are to utilize the large panel of imaging techniques to:

e Identify, reconstruct, and describe previously unknown, or poorly known soft tissues

and internal organs of Mesozoic coleoid taxa.



e Provide higher resolution taxa descriptions and allow comparative analyses between
Mesozoic and extant forms.

e Identify the morphological innovations and interpret associated behaviors and potential
habitats occupied within the framework of the ecology of the dynamic Mesozoic marine

ecosystems.

The outline of this manuscript follows the thesis goals and draws attention to the importance of
anatomical studies. The first chapter provides a short overview the diversity of Extant
cephalopods, specifically coleoids, as well as their Bauplan and ecology. This is followed by
an introduction to the systematics of Mesozoic fossil gladius bearing coleoids, and a description

of the main Mesozoic Lagerstitten where they are found.

The second chapter highlights the value of comparative anatomy with Extant taxa, which is
essential for grasping the complex fossil structures observed in the following chapters. The first
virtual dissection of V. infernalis is provided and shows that even with the popularization of X-

Ray imaging techniques, data are still lacking on rare groups or taxa.

The third chapter focuses on the study of the Octobrachia from La Voulte sur Rhone. Non-
invasive imaging techniques provided new anatomical data on fossil coleoids preserved in 3D,

which enabled high resolution taxa descriptions and the identification of a new species.

The fourth chapter takes a different approach and combines physico-chemical imaging and
morphological measurements on 54 specimens of the same coleoid species. The results
highlight a significant variability in the morphology of the gladii and arm size, and generated
discussion on diagnostic and ontogenetic features of the species, but questions remain about the

extent of the impact of taphonomic biases.

Finally, a conclusion summarizes the main results and suggests perspectives for future studies.
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CHAPTER 1: CEPHALOPOD PRESENT & PAST: AN OVERVIEW






Chapter I - An overview

1.1 ~EXTANT CEPHALOPOD DIVERSITY

Current cephalopods belong to two subclasses: the Nautiloidea (Fig. 1.1A), who possess
external, chambered shells, and the Coleoidea (Fig 1.1B-G), whose shells are internalized.
These internal shells are chambered in cuttlefishes (Fig. 1.1E) and Spirula (Fig. 1.1G) or
reduced to an organic vestige (e. g. the squid ‘pen’ (Fig. 1.1F), the delicate, ovoid-shaped
gladius of Idiosepius, and the stylets and U, V- or saddle- shaped shells of certain Cirrate (Fig.
1.1C) and Incirrate octopods. Some forms (certain Incirrate octopods like Amphioctopus (Fig.
1.1D) have lost them altogether (Boyle & Rodhouse 2008; Bizikov & Toll 2016; Ponder ef al.
2020). Though Nautiloidea prospered in the early Palaeozoic, today they are represented by just
two extant genera belonging to the order Nautilida (Pohle et al. 2022), Nautilus and Allonautilus
(Boyle & Rodhouse 2008). As a result, Coleoidea represent most of the extant cephalopod
species in modern oceans (Nesis et al. 1987; Jereb & Roper 2005, 2010; Kroger et al. 2011;
Jereb et al. 2016; Tanner et al. 2017; Jaitly et al. 2022).

Figure 1.1: Examples of modern cephalopods. Photographs: Ponder et al. 2020 (A-F), & Lindsay et al. 2020 (G).
Nautilus belauensis, Saunders 1981 (Nautilidae), Palau. © Gerald and Buff Corsi/Focus on Nature, Inc (A).
Vampyroteuthis infernalis Chun 1903 (Vampyroteuthidae), California. © 2007 MBARI (B). Opisthoteuthis sp.
(Opisthoteuthidae), Monterey Bay, California. © 2013 MBARI (Cirrate Octopod) (C). Amphioctopus marginatus
(Taki 1964) (Amphitretidae), Indonesia. © Christine Huffard (Incirrate Octopod) (D). Sepia pharaonic Ehrenberg
1831 (Sepiidae, western Indian Ocean. © Gerald and Buff Corsi/Focus on Nature, Inc (E). Dosidicus gigas
(d'Orbigny 1835) (Ommastrephidae. © 2009 MBARI (F). Spirula spirula (Linnaeus 1758) (Spirulidae) (G).

Coleoids are comprised of two superorders (Fig. 1.2): Decabrachia (cuttlefish and squid), whose
ten arms include a differentiated elongate pair of tentacles in the ventro-lateral position (arm
pair IV), and Octobrachia, which have either eight arms (octopuses) or, as in the case of the

modern vampire squid Vampyroteuthis, eight arms and a pair of retractable filaments in the



Chapter I - An overview

dorso-lateral position; these represent a modified arm pair II (Young 1967; Vecchione et al.
2000; Nixon & Young 2003; Nishiguchi & Mapes 2008; Nixon 2011a; Ponder et al. 2020).
Modern octopuses include cirrate forms (Fig. 1.1C) that possess fins and sensory filamentous

appendages on their arms (cirri), and incirrate forms (Fig. 1.1D), which lack these features.
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Figure 1.2: Simplified relationships of the extant cephalopods (based on Anderson & Lindgren 2021). Nautiloidea
(Nautilus and Allonautilus) are a sister taxon to the Coleoidea (Decabrachia and Octobrachia). The 10-armed
decabrachians include the Idiosepida (pygmy squid), Oegopsida (mainly pelagic squids), Sepiids (cuttlefish) and
Myopsida (neritic squids). Note that Spirulida is not included in this tree. Octobrachia includes the
Vampyromorphina (V. infernalis), and the Octopoda (Cirrata and Incirrata, finned, and non-finned groups
respectively). Silhouettes are from Jereb & Roper (2005).

1.1.1 ~ Diversity of Decabrachia and Octobrachia

There are ~800 species of coleoid and they reflect a wide range of morphological

diversity (Jereb & Roper 2005, 2010; Jereb et al. 2016). This varies from elongated forms with
2
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streamlined dynamics (Fig. 1.1F, G), to groups with a slightly bulbous and rounded appearance
(Fig. 1.1C, D). There are genera whose mantles are just a few millimeters in length, and those
that are more than two meters (Jereb & Roper 2010; Nixon 2011a, b; Jereb et al. 2016; Guerra
2019; Ponder et al. 2020). Examples of this size difference can be seen in both suborders. In
Decabrachia, the tiny Pygmy cuttlefish (/diosepius) has a maximum mantle length of 20 mm
(Jereb & Roper 2010) in contrast with the Architeuthis dux Steenstrup 1857, the giant squid,
which can reach around 13 meters from the posterior part of the mantle to the anterior tip of the
arm crown (Nixon 20115b; Hanlon & Messenger 2018; Ponder et al., 2020). In Octobrachia,
Octopus wolfi (Wiilker 1913) has a maximum total length of 45 mm (Jereb & Roper 2010),
while the Giant Pacific Octopus (Enteroctopus dofleini (Wiilker 1910)) is generally at least
three meters in total body length (including arms) and can potentially reach up to six meters

(Jereb & Roper 2010; Ponder et al. 2020).

1.1.2 ~ Bauplan

The bodies of all coleoids are defined by two distinct sections (Fig. 1.3): the anterior
cephalopodium, which includes the head, arm crown, and funnel, and the visceropalium, which
comprises the mantle, mantle cavity, internal organs, shell, and any fins (Nixon 2011a; Ponder
et al. 2020). The arm crown (Fig. 1.4) of all living coleoids has several distinctive features that
are used to determine taxonomic relationships (Nixon 201 1a). This includes the number of arms
as previously mentioned, as well as the armature (Fuchs et al. 2021). The suckers are also a
distinctive form of armature on all living Coleoidea, though the morphology differs between
Decabrachia and Octobrachia (Kier & Smith 1990; Nixon & Young 2003, Nixon 201 1a; Ponder
et al. 2020; Fuchs ef al. 2021). Decabrachian suckers are attached to the arms by narrow
pedunculate stalks and have a proteinous, rigid ring lining the inside of the sucker (sucker ring).
In some groups these rings have a smooth oral surface (e.g., Sepiolida), or blunt or sharp teeth
(e.g., Sepiida, and Loliginida, Oegopsida respectively), and in several Oegopsid families these
rings develop into hooks (Fuchs et al. 2021). Octobrachia lack this ring, and their symmetrical

suckers are attached to the arm with broad, non-pedunculate bases (Nixon 201 1a; Ponder et al.
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2020; Fuchs et al. 2021). Cirri are a characteristic feature of Cirrata and Vampyromorpha.

These slender sensory filaments are paired on the arms and positioned laterally to the suckers.
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Figure 1.3: Simplified anatomy of a modern squid (Decabrachia), cuttlefish (Decabrachia) and octopus
(Octobrachia) showing the arm configuration and internal organs. Modified from Hanlon & Messenger 2018.
The anterior cephalopodium includes the head, arm crown, and funnel; the visceropalium comprises the mantle,
mantle cavity, internal organs, shell, and fins (if present).

Internalization of the cephalopod shell within the mantle is linked with key innovations in the
coleoid body plan. It has enabled more active life modes, increased potential for habitat
transitions, and contributed to the modern diversity of the group (Mangold & Young 1998;
Bizikov 2004; Kroger et al. 2011, Nixon 2011a; Bizikov & Toll 2016, Fuchs et al. 2016a;
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Ponder ef al. 2020; Jaitly et al. 2022). Its structure and morphology vary considerably (Bizikov
& Toll 2016). The calcified chambered shell of the cuttlefish (Fig. 1.1E) and coiled shell of the
Spirula (Fig. 1.1G) help the animals regulate their buoyancy in the water (Bizikov 2004;
Bizikov & Toll 2016; Fuchs et al. 2016a). However, most major groups of extant coleoids
(loliginids, oegopsids, vampyroteuhids, sepiolids, and the cirrate and incirrate octopods) have
decalcified shell vestiges made from a composition of beta chitins and proteins (Hunt & Nixon
1981; Toll 1988; Bizikov & Toll 2016). These are commonly known as a gladius (plural: gladii)
and serve both to support the soft body and provide muscular attachment sites (Bizikov & Toll
2016, Fuchs et al. 2016a). Several coleoid groups (including some sepiolida, Idiosepiidae, and
incirrate octopods, Argonautoidea, Bolitenoidea, and some Octopodidae) have lost the shell

entirely (Voight 1997; Bizikov 2004; Bizikov & Toll 2016).

Figure 1.4: Arm configuration and sucker morphology for Decabrachia (A-C): showing the tentacular arm
pair (arm pair 4) in ventro-lateral position (A), pedunculated sucker stalk and profile of the sucker ring (B),
and oral view of the sucker showing the teeth on the sucker ring(C); Octobrachia (D-F): Note the absence
of the tentacular arm pair (D), the absence of sucker ring in profile and oral views (E, F); Vampyroteuthis
(G-I): showing the filamentous arm pair (arm pair 2) in dorso-lateral position (G), and the sucker in profile
view (H, J). Modified from Ponder et al. 2020.
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The Octobrachia gladius is reduced in size in multiple lineages. The vestigial gladius in living
Cirrata (U-shaped in opisthoteuthids and grimpoteuthids (Fig. 1.1C), V-shaped in
cirroctopodids, and saddle-shaped in cirroteuthids) provides support for the fins, which are the
primary means of locomotion (Bizikov 2004; Collins & Villanueva 2006; Bizikov & Toll 2016;
Vecchione et al. 2016) for these abyssal species. Cirrata employ a variety of lifestyles from
benthic (opisthoteuthids), to benthopelagic (grimpoteuthids and cirroctopodids) with occasional
pelagic excursions (cirroteuthids). In the Incirrata (Fig. 1.1D), the most common forms
(Octopodidae) are benthic, and they use their arms to crawl over the substrate and manipulate
objects (Bizikov 2004). Their spindle-shaped stylets serve as an attachment site for the funnel
muscles, which enables their jetting behavior (Bizikov 2004; Nixon 2011a; Bizikov & Toll
2016; Ponder et al. 2020). Some shallow-water octopods have lost these stylets and the ability
to jet-swim (Voight 1997; Ponder et al. 2020). However, the progressive reduction, or loss,
enabled more flexibility and plasticity in the mantle. This was a beneficial exaptation to benthic
life as it allowed octopuses to exploit small crevices while hunting or avoiding predators

(Bizikov 2004; Boyle & Rodhouse 2008; Hanlon & Messenger 2018; Ponder et al. 2020).

1.2 ~EXTANT COLEOID ECOLOGY

Today, modern coleoids (Fig. 1.1) have a wide range of morphological diversity (Jereb &
Roper 2005, 2010; Sanchez et al. 2018). Both superorders (Decabrachia and Octobrachia), are
generally active predators that inhabit all the world’s oceans, and they occupy a wide range of
benthic and pelagic habitats (Voss & Sweeney 1998; Boyle & Rodhouse 2008; Nixon 2011b;
Jaitly et al. 2022). Despite this ubiquity, many species are listed as Data Deficient on the [UCN
Red List (Kemp et al. 2012; Xavier et al. 2015). Indeed, of the ~800 coleoid species that have
been described (Xavier ef al. 2015; Guerra 2019), there is only sufficient data to understand the
life habits (e.g., feeding ecology, habitat, distribution, reproductive biology) of about 60 (Jereb
& Roper 2005, 2010; Xavier et al. 2015; Jereb et al. 2016).

The greatest known diversity of coleoid cephalopods is from coastal forms (oceanic and
mesopelagic), while the biology of offshore species is lesser known (Boyle & Rodhouse 2008;
Hoving et al. 2014; Xavier et al. 2015). In pelagic taxa, active locomotion is produced by jet
propulsion, as well as fins, which help the animal to maneuver (Boyle & Rodhouse 2008).
Benthic groups, such as coastal octopuses use jet propulsion only for rapid escape or predatory

movements and use their suckered arms to move through their habitat (Hanlon & Messenger



Chapter I - An overview

2018). Demersal forms generally have a more rounded body and advanced crypsis techniques
including aposematic colors, or other decoy behaviors (Strugnell et al. 2014). Pelagic taxa are
more fusiform in shape, with photophores for crypsis and communication, and fins for
propulsion and maneuverability (Lindgren et al. 2004, Fuchs et al. 2016a). These behaviors are
supported by a sophisticated nervous system, comparable to that of vertebrates (Nixon & Young
2003; Grasso & Basil 2009; Hanlon & Messenger 2018; Shigeno et al. 2018; Jaitly et al. 2022;
Klug et al. 2023). Their advanced cognitive abilities and sensory systems are used for crypsis,
defense, predation, and communication. These behaviors include changes in skin coloration,
patterning, or texture camouflage, countershading, inking, and jet propulsion (Mcfall-Ngai
1990; Budelmann 1996; Nixon & Young 2003; Bush & Robison 2007; Hanlon 2007;
Nishiguchi & Mapes 2008; Derby 2014; Villanueva et al. 2017; Ponder et al. 2020; Jaitly et al.
2022).

Coleoids play a key role in modern marine trophic webs (Clarke & Clarke 1997; Boyle &
Rodhouse 2008; Hoving et al. 2014; Xavier et al. 2015; Villanueva et al.2017) and are typically
voracious, opportunistic predators in coastal and pelagic ecosystems (Rodhouse & Nigmatullin
1996; Ibanez et al.2021a). Stomach contents are direct evidence to understand diet (Rodhouse
& Nigmatullin 1996; Ibanez et al. 2021a). In fossil forms this has also been understood though
‘frozen behavior’, where two animals died in the act of predation (Klug et al. 2021a) as well as
mechanical evidence, such as drill holes (Klompmaker & Kittle 2021; Klompmaker &
Landman 2021). Stable isotope analysis of beaks is a common tool to determine trophic level
and reconstruct their position in the marine food web (Cherel & Hobson 2005; Hobson & Cherel
2006; Xavier et al. 2022). Coleoids consume a variety of fish, crustaceans, and other
invertebrates, while also being consumed by higher predators including fish, marine mammals,
and birds (Boyle & Rodhouse 2008; Villanueva et al. 2017; Mapes et al. 2019; Ibaiiez et al.
2021b). Cannibalism has also been documented in both extant and fossil forms (Mapes et al.
2019). Predation is generally visual with rapid forward strike and then the arms and tentacles
are used to move the prey to the mouth (Boyle & Rodhouse 2008). Decabrachia tend to use
their beak to bite into the soft tissues while Octobrachia have developed methods of prey
handling that utilize toxins and enzymes before consumption (Boyle & Rodhouse 2008).
Cephalopods, particularly oceanic squids, are active mesopredators occupying the same niche
as fishes (Tanner et al. 2017). However, a well-known exception to this is the iconic vampire
squid, Vampyroteuthis infernalis, the only extant vampyromorph (Fig. 1.1B). Its ecology is

unique among coleoids as it is a passive, opportunistic detritivore. V. infernalis often inhabit
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the oxygen minimum zone of the deep ocean, using their retractable filaments (Fig. 1.4G) to
gather the falling detritus (Pickford 1949; Hoving & Robison 2012; Hoving ef al. 2014; Golikov
etal. 2019; Kostak et al. 2021). It is unclear when this contrasting feeding strategy and lifestyle
first appeared. Fossil Vampyromorpha are known to have inhabited epicontinental seas, though
their fossil record terminates in the anoxic sediments of the Lower Aptian OAE]1 at Heligoland;
the first record of a post-Mesozoic vampyromorph is Oligocene in age (Kostak ez al. 2021). As
this vampyromorph also employed a bathyal, low-oxygen lifestyle, Kost'dk et al. 2021 suggest

that the lineage may have already been adapted to hypoxic conditions in the Mesozoic.

1.3 ~EVOLUTIONARY HISTORY

Molecular calibration indicates that the original divergence of cephalopods from other
molluscs occurred during the Cambrian (Strugnell ez al. 2006; Kroger et al. 2011; Tanner et al.
2017; Uribe & Zardoya 2017; Sanchez et al. 2018; Hildenbrand et al. 2021). These earliest
cephalopods are generally understood to be members of the order Plectronocerida (Kroger
2005; Kroger et al. 2011; Hildenbrand et al. 2021) and diverged from a monoplacophoran
ancestor (Kocot et al. 2020) that had a high, conical shell with septa in the apical section (Kroger
et al. 2011). There have been three overarching phases of Cephalopod evolution during the last
540 Ma: 1) the adaptation of the shell to be used as a buoyancy mechanism, 2) the ability for
free swimming, and 3) for coleoids, an overall internalization and reduction of the mineralized

shell following diversification in the Ordovician (Kroger ef al. 2011; Tanner et al. 2017).

The first known cephalopod forms preserved the external septate shell (Yochelson ef al. 1973)
and gained a ventral siphuncle, which allowed their chambered shells to become gas-filled
(Yochelson ef al. 1973; Hildenbrand et al. 2021). Though the chambered shell was not yet
adapted for jet propulsion, it enabled them to regulate buoyancy and elevate themselves

vertically from the sediment (Yochelson et al. 1973; Mutvei et al. 2007).

Free swimming forms were present by the latest Cambrian. They experienced pulses of
diversification during the Ordivician and radiated into several lineages (Krdger & Yun-Bai
2009; Tanner et al. 2017; Pohle et al. 2022). The external shells underwent considerable
morphological alteration, with the emergence of long, straight orthoconic shapes as well as
coiled forms, first in nautiloids and then in ammonoids (Jaitly ez al. 2022). They were also able
to expand their habitats from shallow marine- to almost all marine environments (Kroger &

Yun-Bai 2009; Kroger et al. 2009). The habitat and niche expansions, and pulsed radiations,
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have been linked with increasing complexity of ecosystems and competition from
contemporaneous taxa (Kroger & Yun-Bai 2009). Their expansion into the pelagic environment
is linked with an increase of food resources in the pelagic zone, and a more stable trophic web
(Kroger & Yun-Bai 2009; Kroger et al. 2009). Indeed, cephalopods were top predators in these
marine environments and were the largest swimming organisms in the Ordovician, reaching
several meters in size and likely employing a macrophagous feeding strategy (Westermann &

Savazzi 1999; Kroger & Yun-Bai 2009).

Crown cephalopods, Coleoidea and Nautiloidea, are estimated to have diverged in the late
Palaeozoic (Voight 1997; Young et al. 1998; Lindgren et al. 2004; Strugnell et al. 2006; Kroger
et al. 2011; Tanner et al. 2017; Klug et al. 2019; Mapes et al. 2019; Lopez-Cordova et al. 2022;
Pohle et al. 2022) either around the Silurian-Devonian boundary, or in the earliest Devonian
(~415 Ma). This is coincident with the appearance of jawed fishes in the late Palaeozoic (Kroger
2005). This divergence time is supported by the fossil record for known stem group coleoids
(Kroger & Mapes 2007; De Baets et al. 2013; Klug et al. 2015a; Tanner et al. 2017) and
nautiloids (Warszawa & Korn 1992; Tanner et al. 2017). The first record of coleoid beaks,
coincident with the emergence of crown cephalopods, indicates the shift in predator-prey
dynamics observed during the Devonian Nekton Revolution and the radiation of jawed

vertebrates (Klug et al. 2010b; Tanner et al. 2017).

Molecular estimates show that the current coleoid diversity can be traced to the Mesozoic, a
period that also saw the radiation of ray-finned fish groups and marine vertebrates (Tanner et
al. 2017). Co-evolution and competition with teleost fishes (bony fish) for productive marine
environments (Packard, 1972; Boyle & Rodhouse 2008; Tanner et al. 2017; Jaitly et al. 2022)
is postulated to have driven the radiation and cognitive advancements of coleoids in the
Mesozoic. This competition instigated the adaptations of multiple complex behaviors related to
communication, defense, and reproduction (Hanlon & Messenger 2018), many of which are

ecologically similar to modern fishes (Nishiguchi & Mapes 2008).

The diversity of current taxa has been argued using two competing hypotheses. The first
suggests rapid diversification following the K-Pg boundary, as coleoids faced less predatory
pressures and were able to successfully exploit the niches left empty by ammonites and
belemnites. The second cites broad ecological change in the Mid-Cenozoic related to
distributional changes under new climate conditions and biotic interactions (Lopez-Cordova et
al. 2022). There is support for both hypotheses as the rate of coleoid diversification has been

shown to increase before the K-Pg boundary and in the Cenozoic (L6pez-Cordova et al. 2022).
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This PhD will focus on the Mesozoic, the period in which the main coleoid lineages emerged
and, more specifically, the morphological and ecological innovations on Octobrachia during
this time. During the Mesozoic, Octobrachia bore a superficial resemblance to modern squid
(Mapes et al. 2019) - the fusiform shape of pelagic Decabrachia and fishes (Lindgren et al.
2012). However, the reduction or loss of the gladius in most modern forms, as well as variation
in extant body morphology, complicates the comparison between fossil and extant groups
(Lindgren et al. 2004; Donovan & Fuchs 2012; Kruta et al. 2016; Sutton ef al. 2016). Another
challenge is that one of the major fossil lineages, Vampyromorpha, is today, only represented
by one species (Vampyroteuthis infernalis), which possesses a unique range of morphological
characters including a well-developed gladius (Pickford 1936, 1949; Allcock et al. 2014). As a
result, the Octobrachia fossil record provides only limited insight into the evolution of this
group and more generally in the evolution of coleoids (Strugnell & Nishiguchi 2007; Kroger et
al. 2011; Tanner et al. 2017). High-resolution data on fossil morphology (soft tissues and
gladius) is therefore essential to build a more complete picture of coleoid evolutionary history

(Kruta et al. 2016).

1.4 ~MESOZOIC FOSSIL GLADIUS-BEARING COLEOIDS

The configuration of internal organs in recent coleoids varies importantly at high
taxonomic rank (Fig. 1.3) and, along with the morphology of soft tissues, it provides insight
into their ecology and mode of life. However, as soft tissues are rarely preserved in the fossil
record, most fossil coleoids are known primarily from their internal shell which is often not
well preserved and difficult to classify (Jeletzky 1966; Engeser & Bandel 1988; Doyle et al.
1994; Fuchs 2006b; Donovan & Fuchs 2012; Sutton et al. 2016; Fuchs 2020). As a result,
morphological homologies and ancestral conditions are difficult to establish (Voight 1997,
Vecchione et al. 2000; Allcock et al. 2011; Lindgren et al. 2012; Xavier et al. 2015; Guerra
2019). Historically, only a few computational phylogenies on extant, fossil and extant, or just
fossil taxa have included morphological data (Young & Vecchione 1996; Voight 1997,
Lindgren et al. 2004; Kruta et al. 2016; Sutton et al. 2016; Fuchs 2020; Fuchs et al. 2020;
Whalen & Landman 2022). Today, molecular methods predominate in phylogenetic analyses
of extant cephalopods (e.g., Lindgren et al. 2004, 2012; Strugnell et al. 2005; Allcock et al.
2011; Strugnell & Nishiguchi 2007; Sanchez et al 2018; Lindgren ef al. 2012; Uribe & Zardoya
2017; Lindgren & Anderson 2018; Anderson & Lindgren 2021; Fernandez-Alvarez et al. 2022;
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Lopez-Cérdova et al. 2022; Pohle et al. 2022; Roscian et al. 2022), though purely
paleontological analyses of coleoid relationships are dominated by the morphology of the
gladius (Fig. 1.5) and gladius vestige (e.g., Fuchs 2006a, Fuchs et al. 2007a,b; Fuchs & Weis
2008, 2009, 2010; Fuchs 2009; Donovan & Fuchs 2012; Sutton ef al. 2016; Fuchs 2020; Fuchs
et al. 2020) as it has a relatively high potential for preservation (Lindgren ef al. 2004; Donovan
& Fuchs 2012; Kruta et al. 2016; Sutton et al. 2016) and decays more slowly than soft tissue
(Kear et al. 1995). The original composition of the fossil coleoid gladius has been debated. It
is found in different facies preserved in calcium phosphate (francolite) which indicates an
original calcium carbonate composition. However, this calcium phosphate is now understood
to be a diagenetic product of the same chinito-protein complex possessed by present-day squid

(Doguzhaeva & Mutvei 2006; Donovan 2016).

There are three main types of fossil gladius (Fig. 1.5), each corresponding with one of the three
Octobrachia suborders, Prototeuthina, Loligosepiina, and Teudopseina (Fuchs 2016, 2020).
Overall, each appears arrow-like in shape though the median fields (Fig. 5) vary in form
between the lineages. The anterior margins of these range from tapered to broad, and the
posterior lateral fields and associated hyperbolar zones vary from very short and narrow, to
large and long. These important variations in morphologies are the basis for fossil coleoid
systematics (Fig. 1.5). Very simply, the Prototeuthina gladius is slender with a triangular-
shaped median field. The Loligosepiina and Teudopseina both have developed lateral fields,
though the median field of the Teudopseina is spindle-shaped with an anteriorly tapered median
margin; in Loligosepiina it has a more triangular shape. At the subordinal level, each has a
generally homogeneous morphotype, though considerable variation occurs within each lineage

(Fig. 1.6) (Fuchs 2016, 2020).

Due to the similarity in shape between many of these fossil gladii, and the gladius in extant
Decabrachia, early studies on Mesozoic coleoids assigned all but a few specimens (four
specimens of the incirrate Palaeoctopus from the Upper Cretaceous, and a few argonaut egg
cases from the Cenozoic to the 10-armed subgroup (e.g., Riippell 1829; Naef 1922; Jeletzky
1965, 1966; Donovan 1977; Fuchs 2020). However, an evaluation of Plesioteuthis
(prototeuthid), Leptoteuthis (Loligosepiina) and Trachyteuthis (Teudopseina) by Bandel &
Leach (1986) identified that each of the studied genera only had eight arms, not ten, and
therefore described them with closer affinities to Vampyromorpha. As such, a new
classification scheme was erected, whereby ‘Vampyromorphoidea’ contained two lineages:

Octopoda and Vampyromorpha (Engeser & Bandel 1988), and many of the Mesozoic coleoids
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previously assigned to Decabrachia were reclassified and included as part of the eight-armed
group (Doyle et al. 1994; Haas 2002; Bizikov 2004; Fuchs 20064, b, 2020, Fuchs et al. 2007a,
2009, 2010; Fuchs & Weis 2009; Fuchs & Larson 2011a, b; Fuchs & Iba 2015; Klug et al.
2015b; Donovan & Fuchs 2016).
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Figure 1.5: Illustrations of the three types of fossil gladii. From left to right: Prototeuthina, Teudopseina, and
Loligosepiina. Though the morphology is somewhat homogenous at this subordinal level, there is considerable
variation at the genera and species level. This variation forms the basis for the systematics of fossil coleoids.
Modified from Fuchs & Larson 2011a, Fuchs 2016.

In our current understanding, Octobrachia dominates the Mesozoic coleoid fossil record (e.g.,
Fuchs 2006a, b; Fuchs et al. 2010; Clements et al. 2017; Klug et al. 2023) (Fig. 1.6).
Experimental studies (e.g., Clements et al. 2017) point to a taphonomic bias to explain the
limited number of occurrences of fossil Decabrachia, identifying that the high ammonia content
in the decabrachian muscular tissue - used to regulate their buoyancy - made pH levels too high
to be conducive for phosphatization (e.g., Allison 1988; Briggs ef al. 1993; Briggs & Wilby
1996; Clements et al. 2017, 2022; Klug et al. 2023).

Due to the similar shape of the body and gladius, the Loligosepiina suborder (the
Loligosepiidae, Geopeltidae, Leptoteuthidae, Mastigophoridae families) are recognized as part
of the Vampyromorpha order (Haas 2002; Fuchs 20064, b, 2020). Vampyromorphina (family:

Vampyroteuthidae), which contains the Modern V. infernalis, is also a suborder of the
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Vampyromorpha. A simplified visual representation of these relationships is outlined in Fig.
1.6. The gladius vestiges in modern Octopoda, particularly the unpaired rudiments in Cirrata,
are recognized as reduced forms of the Teudopseid gladius (Order: Octopoda, Suborder:
Teudopseina). As such, the Teudopseina are described as the stem group of the Octopoda (Haas

2002; Bizikov 2004; Fuchs 2009, 2020; Fuchs & Schweigert 2018).

The systematic position of Prototeuthina has been debated as the morphology of the gladius has
led to different interpretations (e.g., Doyle et al. 1994; Young et al. 1998; Haas 2002; Fuchs et
al. 2007a). Indeed, Jeletzky (1966, p. 35), Donovan (1977, p. 43), Doyle et al. (1994, p. 4), and
Fuchs (20064, p. 121) suggested that the loligosepiid-style gladius configuration (median field,
lateral fields, and conus) is derived from the somewhat similar, but older pro-ostracum of the
Triassic phragmoteuthid. As such, they proposed that the loligosepiid forms subsequently gave
rise to the Prototeuthina and Teudopsiid forms. However, work by Fuchs, Klinghammer, and
Keupp (2007a) and Schweigert & Fuchs (2012) challenged this interpretation. They identified
the oldest known gladii as belonging to the Prototeuthina suborder. They discounted the
phragmoteuthid origin as the prototeuthid form differs and possesses relatively short lateral
fields and poorly developed hyperbolar zones (Figs 1.5, 1.6). This interpretation is in line with
Fuchs (2006b) who suggested that the prototeuthid gladius was the most ancestral as it retained
a true conus (Fig. 1.5), and therefore the wider, more open conus of loligosepiid and teudopsid
forms were more derived. In this work we follow the view of Fuchs (2020) positioning

Prototeuthina as a stem Octobrachia.

It has not yet been possible to construct an undisputed phylogeny that includes fossil and extant
Coleoidea (Lindgren et al. 2004; Kroger et al. 2011; Kruta et al. 2016; Sutton et al. 2016).
Inherent difficulties include the morphological variety in modern forms, limited fossil record,
uncertain homologies, and differing evolutionary rates across the groups (Young & Vecchione
1996; Lindgren et al. 2004; Allcock et al. 2014; Tanner et al. 2017). To date, only 3 studies
have combined homologous fossil and extant morphological characters in a cladistic format.
The original matrix to combine these data was published by Sutton et al. (2016). This was
minimally modified for Proteroctopus by Kruta et al. (2016), and then underwent a more
extensive revision by Whalen & Landman (2022). This recent analysis of the systematics of
fossil and extant coleoids (Whalen & Landman 2022) has 153 characters in the matrix. Of these,
the gladius contributes approximately half (n=75) of the character states, despite many of the

details being poorly resolved.
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DECABRACHIA

Suborder: Prototeuthina

Family: Plesioteuthidae (10 genera)
Incertae sedis (2 genera)

Plesioteuthidac: Dorateuthis

+Proteroctopus

— Suborder: Vampyromorphina
Family: Vampyroteuthidae (1 fossil genera);
Incertae sedis: 4 genera®;
Nomen dubium (1 genera)

eydiowoiAdure A

Suborder: Loligosepiidac.
tLoligosepiina Loligosepia
Families: Loligosepiidae (2 genera);

Geopeltidae (2 genera); Leptoteuthidae
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Suborder: Teudopseiina % Trachyteuthidae:
Families: Teudopscidae (2 ?/ Trachyteuthis

genera); Trachyteuthidae (6 i
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P“l‘lcowlg“}‘d"’c (3 genera) Superfamily: Muensterelloidea
Patelloctopodidac: 2 Families: Muensterellidae (7 genera);
Enchoteuthidae(2 genera, + 1 Incertae
sedis); Patelloctopodidae (2 genera);
Putative Muensterelloidea (1 genera)

Suborder: Cirrata M

Family: Undetermined (1 genus)

VIHOVHdO.LO0
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Suborder:

Incirrata

Families: Palaeoctopodidae (2 genera);

Octopodidae (1 genus) Octopodidac:
Stvletociopus

epodoloQ

Figure 1.6: Phylogenetic hypothesis for Octobrachia including main fossil suborders and families, and the number
of associated genera. Adapted from Fuchs 2006b and Fuchs 2020. Gladius illustrations modified from Fuchs 2020
and Whalen & Landman 2022 (Cirrata, and Incirrata).

The original classification of the two coleoid superorders was based on the number of arms in
the arm crown. These were Decapoda (ten-arm) and (Octopoda) eight-armed forms (Leach
1817). Later, Owen (1836) divided the Cephalopoda based on gill anatomy. He gave the name
Tetrabranchia to reflect the two gill-pair conditions seen in nautilus, and Dibranchia to represent
the single gill pair seen in Octobrachia and Decabrachia (Donovan & Fuchs 2012). Haeckel
(1866) retained Tetrabranchia and Dibranchia as subclasses of Cephalopoda, though avoided
using the Order, Decapoda Leach 1817 as Decapoda Latrielle 1802 was already in use for
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crustaceans. Instead, Haeckel (1886) introduced Decabrachia and Octobrachia. Younger
homonyms have also been suggested for the 10-armed forms including Decapodiformes Young,
Vecchione & Donovan 1998, which is commonly used in the literature. See Hoffmann 2015 for

a detailed review of Decabrachia names.

Subdivisions within Octobrachia have also been based on anatomy (Fuchs 2020). When
Octopoda was first described (Leach 1817), it reflected eight-armed forms without fins and
cirri. Keferstein (1866) and Haeckel (1866) proposed the family name Cirroteuthidae to reflect
those with cirri and fins, and assigned finless, and cirri-less forms to the families Eledonidena
and Phylonexiden. Later, Grimpe (1916) would introduce Cirrata and Incirrata to delineate
between finned, and non-finned taxa. An additional subdivision of Octobrachia was proposed
by Pickford (1936), who argued for an ordinal assignment for Vampyromorpha. Today, this is
represented by just one genus, Vampyroteuthis, and species V. infernalis. The position and rank
of Vampyroteuthis has been heavily debated due to the mosaic of characters that are not shared
with either Octobrachia or Decabrachia (Fuchs 2020). However, its close relationship with
Octobrachia has been confirmed by recent phylogenies (Strugnell & Nishiguchi 2007; Uribe &
Zardoya 2017; Lindgren & Anderson 2018; Sanchez et al. 2018; Anderson & Lindgren 2021;
Roscian et al. 2022), and various names have been proposed for the group that includes
Octobrachia and Vampyromorpha (Fuchs 2020). These include Octopodiformes,
Vampyromorphoidea, Octobrachia, Vampyropoda, and Octobrachiomorpha (Berthold &
Engeser 1987; Engeser & Bandel 1988; Boletzky 1992; Doyle, Donovan, and Nixon 1994; Haas
2002). Here, we follow the classification of Fuchs (2020) and use Octobrachia and Decabrachia
(Fig. 1.6) to reflect the two suborders. Vampyromorpha is included with Octobrachia. A table
of the existing fossil Octobrachia and their systematic placement is provided in the annex of

this manuscript.

1.5 ~MESOZOIC GLADIUS-BEARING LAGERSTATTEN

Though the record of Mesozoic Octobrachia is dominated by fossil gladii, a limited number
of Lagerstitten deposits (Fig. 1.7) retain evidence of exceptionally preserved soft tissues
(Supplementary Table 1.1). These provide an unparalleled window into the life and diversity
of ancient coleoid cephalopods (e.g., Fischer & Riou 1982a, b, 2002; Fischer 2003; Fuchs
2006a, 2014; Charbonnier et al. 2007b; Charbonnier 2009; Fuchs et al. 2009; Fuchs & Weis
2009; Klug et al. 2010a, 2015b, 2021a; Fuchs & Larson 2011a, b; Kruta et al. 2016; Martindale
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et al. 2017; Hoffmann et al. 2020). It is beyond the scope of this thesis to provide an exhaustive
list of Mesozoic coleoid-bearing localities, however those discussed here include the celebrated
Lower Jurassic Posidonia Shale (Holzmaden, Germany), the Upper Jurassic Plattenkalks of
Nusplingen (Upper Kimmeridgian) and Solnhofen (Lower Tithonian), Germany (e.g. Klug et
al. 2005, 2015b, 2021a; Fuchs 2007, Fuchs et al. 2007a, b, 2010, 2013), and the Upper
Cretaceous Plattenkalks of the Lebanese (Cenomanian and Santonian) localities of Hagel,
Hjoula and Sahel Aalma (Bottjer et al. 2002; Fuchs 2006a; Fuchs & Larson 20114, b; Jattiot et
al. 2015; Fuchs et al. 2016b). The record of coleoids from the Mid-Jurassic cephalopods is less
well known, and mainly represented by the Callovian-aged Lagerstétten of Christian Malford,
UK (Wilby et al. 2004, 2008; Hart et al. 2016) and La Voulte-sur-Rhone, France (Fischer &
Riou 1982a, b, 2002; Fischer 2003; Charbonnier et al. 2014; Fuchs 2014; Kruta et al. 2016).
These conservation deposits (Seilacher 1982) provide unique windows into the evolutionary
timeline and morphological detail of the mainly soft-bodied coleoids (Klug et al. 2005, 2015b;
Fuchs 2006a; Fuchs & Larson 2011a; Donovan & Fuchs 2016; Fuchs et al. 2016b; Kruta et al.
2016; Mapes et al. 2019).

Holzmaden, Germany, (Toarcian)

e
Nuspingen, Germany, (Kimmeridgian)

Ya Ha Tinda, Canada 2 : :
Solnhofen, Germany, (Tithonian)

(Latc Plicnsbachian through Early Toarcian)

Hagel, Hjoula, Lebanon (Cenomanian)
Sahel Aalma, Lebanon (Santonian)

Proteroctopus
La Voulte

, France, (Callovian) Dorateuthis

Gramadella

Figure 1.7: A representation of key Mesozoic Lagerstitten. In the Lower Jurassic (Pliensbachian—Toarcian) these
Lagerstitten include the black shales of the Ya Ha Tinda Lagerstitte (Alberta, Canada) and the Posidonia shales
which mainly outcrop in southern Germany. Middle Jurassic (Callovian) deposits include the laminated clays and
mudstones associated with the Oxfordian Clay Formation at Christian Malford (Wiltshire, England) and the
laminated marls of the La Voulte Lagerstatte (Ardeche, France). The Upper Cretaceous includes the lithographic
limestones of Haqgel, Hjoula, and Sahel Aalma (Lebanon). All images from Fuchs (2020). Scale bars are 10 mm
unless otherwise indicated.
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1.5.1 ~ Lower Jurassic

The Early Jurassic was a period of significant environmental and biotic perturbation,
that included the ~183 Ma Toarcian Oceanic Anoxic Event (TOAE) (Little & Benton 1995).
Organic-rich black shale deposition was driven by increased primary productivity in the ocean

and low oxygen conditions (Caruthers et al. 2013).

Panthalassa Ocean

Figure 1.8: Early Jurassic (Toarcian) 179.3 Ma. Showing the Posidonia Shales, Germany (1), Ya Ha Tinda, Canada
(2) and Strawberry Bank, England (3). Map modified from CR Scotese, PALEOMAP Project (Map 39), Maximum
flooding surface. Mollwide Projection.

Key Lagerstitten in Lower Jurassic deposits are represented by the Posidonia Shale (Seilacher
1982; Rohl et al. 2001), the Ya Ha Tinda (lower Fernie Formation) in Alberta, Canada
(Martindale et al. 2017), and the Strawberry Bank (Beacon Limestone Formation, UK)
(Williams et al. 2015). The Strawberry Bank (Toarcian) is interpreted to be a shallow marine
lagoon deposit (Williams et al. 2015), potentially in brackish water environments (Muscente e?
al. 2019). Both the Ya Ha Tinda (Pleinsbachian — Toarcian) and Posidonia Shale (Toarcian)
Lagerstitten record deeper marine settings, where anoxic bottom-water conditions were
punctuated by intermittent oxic and suboxic conditions (Seilacher 1982; Rohl et al. 2001;
Martindale et al. 2017; Muscente et al. 2019; Sinha et al. 2021). Each were positioned on
epicontinental shelves (Fig. 1.8) in the Panthalassa and Tethys Oceans during the TOAE (e.g.
(Muscente et al. 2019, 2023; Kosték et al. 2021; Sinha et al. 2021). Despite being
paleogeographically separate, each has a similar fauna (e.g., ichthyosaurs, ray-finned fishes,

gladius-bearing coleoids, crustaceans, ammonites, bivalves, and crinoids) though the species
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typically vary between the ocean basins. The faunal similarities suggest these localities had
similar ecosystems (Muscente et al. 2017), though the preservational pathways differ between
these depositional environments (Muscente ef al. 2019). There are six coleoid genera from these
Lagerstitten, which belong to the Prototeuthina (Paraplesioteuthis), Loligosepiina (Loligosepia
Jeletzkyteuthis, Geopeltis, Parabelopeltis), and Teudopseina (Teudopsis).

Posidonia Shale Lagerstitte: The famous Posidonia shales (Posidonienschiefer Formation)
belong to the Lias Group of western and northern Europe, which outcrop as bituminous ‘oil’
shales in numerous Lagerstétten deposits (northeastern and southwestern Germany, southern
Luxembourg, northwestern Austria, and the Netherlands) (Muscente et al. 2023). Deposition
of these sediments (generally marls and marly clays with a few intercalated limestone horizons)
occurred in multiple basins of the European epicontinental sea on the northwestern side of the
Tethys (e.g., the Paris, Yorkshire/Cleveland, Northwestern German, and Southwestern German
basins). During the deposition of the Posidonienschiefer Fm., bottom water anoxia prevailed in
the Southwestern German Basin (Muscente ef al. 2023) and was punctuated by short term oxic
pulses (ROhl er al. 2001) that were driven by sea-level changes (seasonal variations

superimposed on long-term trends) (Rohl ef al. 2001).

The classic ‘Posidonia Shale Konservatlagerstitte’ outcrops in the Holzmaden region in
southern Germany, where the exceptionally preserved marine fauna primarily occur, primarily
in the Falciferum biozone (Member II). The faunal assemblage includes marine reptiles and
fishes (Maxwell & Martindale 2017; Lindgren & Anderson 2018), ammonoids, coleoids (Jenny
et al. 2019; Klug et al. 2021b), crustaceans (Klug et al. 20215b), crinoids (Hess 1999; Matzke
& Maisch 2019), benthic bivalves and brachiopods (Rohl ez al. 2001). Many of the organisms
preserved are pelagic, though the benthic communities correspond with the periods of

oxygenation.

Most coleoids come from the bioturbated beds (Fleins) (Sinha et al. 2021) and are co-occurring
with ichthyosaur fossils. The coleoid gladii are typically phosphatized (apatite), though some
poorly preserved specimens are composed of calcite and carbonaceous material (Muscente et
al. 2023). Pyritized fossils are also fairly common (Littke ef al. 1991; Muscente et al. 2019).
Work by Muscente et al. (2023) shows that phosphatization occurred early in the diagenetic
process prior to burial compaction, and around the oxic/anoxic boundary, which was located
within the sediment. They suggest that animals were preserved during episodes of oxygenation

in the basin and in environments on the margins of anoxic bodies of water.
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The lack of terrestrial sediments in the microlaminated mudstones indicate the paleo
depositional environment was far from the coastline in a low energy environment, below wave
base (Muscente et al. 2023). The articulated remains indicate little transportation, rapid burial

in the fine-grained sediments (Muscente ef al. 2023).

Ya Ha Tinda: Contemporaneous in age, the black shales and organic-rich (shaley) siltstones of
the Fernie Formation of Ya Ha Tinda Lagerstitte (Alberta, Canada) represent a more expanded
time interval (Martindale et al. 2017) than Strawberry Bank and the Posidonia Shales
(Martindale et al. 2017). The Members include the Red Deer (platy calcareous shales
interbedded with fine siltstones and black limestone) and Poker Chip Shale (poorly cemented,
black calcareous shales and mudstones interbedded locally with bituminous limestones) and
represent the first Pliensbachian—Toarcian Lagerstétte outside of Europe, and the only Jurassic
Lagerstitte in North America (Martindale et al. 2017; Muscente et al. 2017; Sinha et al. 2021).
Soft tissue preservation extends from the Kunae (Pliensbachian) to Planulata (Toarcian)
biozones (Martindale ef al. 2017) which correlates with the Margaritatus to Bifrons biozones
of Europe (Martindale et al. 2017). The faunal assemblage includes articulated vertebrates
(ichthyosaurs and fishes), ammonites, crustaceans, crinoids, brachiopods, gastropods, bivalves,
wood, and microfossils (e.g., Martindale & Aberhan 2017; Martindale ez al. 2017; Maxwell &
Martindale 2017; Muscente et al. 2019; Sinha et al. 2021). Coleoid gladii, ink sacs, and mantle
tissues (Marroquin ef al. 2018) are also present, though represent just 2% of the fossil
population (Muscente et al. 2019). These are predominantly phosphatized (apatite), though

some fossils do contain carbonaceous material (Muscente et al. 2019).

The geochemistry and lithology of the finely laminated sediments, and articulation of the fossil
specimens indicate a deep-water (below wave base) open marine setting that was generally
deposited under anoxic conditions. However, as seen in the Posidonia Shales, the benthic

communities confirm periods of oxygenation.

Strawberry Bank: The Strawberry Bank Lagerstétte was deposited on the northwestern margin
of the Tethys Ocean and forms part of the Lower Jurassic Lias Group. Located near [Iminster
in Somerset (England) the local deposits consist of interbedded nodular limestones and silty-
clays (Williams et al. 2015; Sinha et al. 2021; Jamison-Todd et al. 2022) and represent the
Falciferum (Serpentinum) ammonite biozone (Sinha et al. 2021). The majority of fossils from

this now inaccessible locality were collected between 1840 and 1860 by Charles Moore
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(Williams et al. 2015; Sinha et al. 2021; Jamison-Todd et al. 2022). Few studies were conducted
on the specimens he described, but recent research has focused on the vertebrate fauna (Caine
& Benton 2011; Jamison-Todd et al. 2022). In addition to the vertebrates (e.g., articulated fishes
and reptiles), the faunal assemblage includes cephalopods, crustaceans, and insects, which were
mainly preserved in carbonate concretions (Williams et al. 2015; Sinha et al. 2021). This
combination of marine and terrestrial taxa suggests that the depositional environment was near
the palacocoastline (Williams et al. 2015; Sinha ef al. 2021), likely in a localized lagoon, mud

flat, or similar quiet-water environment (Sinha ef al. 2021).

1.5.2 ~ Middle Jurassic

The Callovian stage was initiated by a major transgressive phase, which resulted in
widespread marine facies deposition across much of northwest Europe (Fig 1.9) (Allison
1988a). Middle Jurassic (Callovian) deposits include the laminated clays and mudstones
associated with the Oxfordian Clay Formation at Christian Malford (Wiltshire, England) and
the marls of the La Voulte Lagerstitte (Ardeche, France). Ten coleoid genera have been
described from these Lagerstitten and belong to the Prototeuthina (Romaniteuthis,
Rhomboteuthis), Loligosepiina (Mastigophora), Teudopseina (Trachyteuthis, Muensterellina,
Pearceiteuthis, Teudopsis), and incertae sedis members of the Vampyromorphina family

(Gramadella, Proteroctopus, Vampyronassa).

Christian Malford: The Christian Malford Lagerstétte is part of the Peterborough Member of
the Oxford Clay Formation (Callovian—Oxfordian) in Wiltshire, England (Allison 1988b;
Martill & Hudson 1991; Wilby et al. 2004, 2008; Hart ef al. 2016, 2019). Originally discovered
during railway construction in 1840, local collectors actively worked the site until 1857, finding
thousands of exceptionally preserved ammonites, fish, and crustacean specimens that are
mainly attributed to the Athleta Zone, Phaeinum Subzone. However, the Lagerstitte became
famous for the coleoids (e.g., belemnites and Octobrachia) that were preserved there, many of
which retained their soft tissues and ink sacs (Owen 1844; Donovan 1983, Allison 1988b;
Martill & Hudson 1991; Donovan & Crane 1992; Wilby et al. 2004, 2008; Hart et al. 2016,
2019). Indeed, the fossil fauna is diverse and abundant (Wilby et al. 2004), retaining both soft

tissues, and hard aragonitic features.
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Panthalassa Ocean

Figure 1.9: Middle Jurassic (Callovian) 164.5 Ma. Showing the localities of Christian Malford, England (1), and
La Voulte-sur-Rhone, France (2). Modified from CR Scotese, PALEOMAP Project (Map 36). Mollweide
Projection. Transgressive systems tract.

Paleogeographically, Christian Malford provided an epicontinental link between the Boreal and
Tethyan oceans (Martill & Hudson 1991; Hart ef al. 2019). There is no clear consensus as to
whether Christian Malford (Lower Oxford Clay,) represents a relatively shallow (e.g., Wilby et
al. 2004; Price et al. 2015), or relatively deep (e.g., Hart ef al. 2019) depositional environment,
though based on the fossil assemblage Hart e al. (2019) supposed it was relatively deep, with
restricted circulation. Indeed, the organic-rich, fine-grained mudstone succession from the
locality records episodic oxic/anoxic conditions. The bottom water conditions were commonly
inhospitable, though the overlying water column was highly productive and supported a diverse
fauna (Wilby ef al. 2008). The laminated mudstones of the Peterborough Member are greatly
compacted (by 70 %—80 %) (Price et al. 2015; Hart et al. 2016, 2019), and alternate between
being fissile and organic-rich, and massive, shelly, and organically poor (Price et al. 2015).
Nektonic fossils dominate the organic-rich horizons, while those with less organics retain
diverse assemblages of infaunal and epifaunal bivalves and gastropods (Price et al. 2015).
Importantly for the phosphatization process, the soft substrate allowed the organisms to sink
below the sediment-water interface and begin rapid diagenesis (Wilby et al. 2004). The
exceptional phosphatic preservation (aragonite) of the coleoid fauna indicates any postmortem

disturbance was minimal (Hart ez al. 2019).

La Voulte-sur-Rhone: The Lower Callovian Lagerstitte of La Voulte-sur-Rhone (Gracilis
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Biozone) (Elmi 1967) is in south-eastern France (Ardeche) adjacent to the Rhdone River.
Reconstructions of Callovian paleogeography place the locality on the western margin of the
Tethys Ocean, adjacent to the submerged Massif Central (Wilby 2001; Charbonnier 2009;
Charbonnier et al. 2014). Due to a series of heavy regional faulting, the Tethys margin east of
La Voulte was characterized by a complex underwater topography of tilted blocks, and the
heterogeneous conditions of La Voulte during the Callovian likely resembled escarpments and
abrupt rocky bathymetry, similar to certain continental slopes today (e.g., Charbonnier 2009;
Charbonnier et al. 2014).

The fossiliferous deposits of the La Voulte Lagerstétte crop out in a relatively thin interval (5-
6 m) in the Mines Ravine (Charbonnier 2009; Charbonnier et al. 2014). The section is
comprised of laminated, organic-rich marls, which are generally not bioturbated. They are
capped by a thick (~15m) iron deposit. Sideritic concretions in the basal marls frequently
preserve crustaceans and coleoids in three-dimension. Soft-bodied fossils are also preserved in
the marl horizons, though have undergone compaction. Thin iron-rich carbonate layers repeat

in succession and preserve an abundance of ophiuroids.

The macrofauna (arthropods, cephalopods, marine worms, echinoderms, marine vertebrates,
bivalves, and brachiopods) (e.g., Charbonnier et al. 2007a, b, 2010, 2014, 2017; Villier et al.
2009; Audo & Charbonnier 2013; Audo et al. 2014a, 2019; Jauvion et al. 2016, 2017, 2020;
Kruta ef al. 2016; Vannier et al. 2016; Audo & Schweigert 2018; Jauvion 2020) were nearly
exclusively pelagic, nectopelagic or mesopelagic, and included very few benthic organisms
(Fischer 2003). The total assemblage represents bathymetrically distinct habitats (Audo et al.
2016; Kostak et al. 2021). Though the epipelagic waters of the Lagerstitte were likely well
oxygenated, the rapid deposition in the sulphate-reduced soft sediment led to the iron-rich
mineralization of the unique faunal assemblage (Charbonnier et al. 2010; Kost'ak et al. 2021).

See Chapter 3 for further information on La Voulte-sur-Rhone.

1.5.3 ~ Late Jurassic

In the Late Jurassic, Europe was an archipelago surrounded by the northern Tethys (Fig.
1.10). Associated tropical — subtropical carbonate platforms were extensive and extended from
southern France across Switzerland into Southern Germany (Villalobos-Segura et al. 2023).
Southern Germany was positioned on the north-western Tethyan shelf and covered by an

epicontinental sea (Schmid et al. 2005) and, in contrast to the predominantly dark clays of the
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Lower and Middle Jurassic, a succession of light-colored limestones and marls (400-600 m)
dominate (Schmid et al. 2005). Classic Upper Jurassic Lagerstitten in Germany include
Nusplingen (Kimmeridgian — Tithonian), located in the Swabian Alb, and Schamhaupten
(Kimmeridgian-Tithonian boundary) and Solnhofen (Lower Tithonian), which are both located
in the lower section of the Franconian Alb. Collectively, these localities are commonly referred
to as the Solnhofen Archipelago, or the Solnhofen Plattenkalks (Dietl & Schweigert 2004; Klug
et al. 2005, 2021a; Donovan & Fuchs 2016; Schweigert & Roth 2021; Villalobos-Segura et al.
2023).

Panthalassa Ocean

Figure 1.10: Late Jurassic (Tithonian) 148.2 Ma. Showing the locality of the Solnhofen Plattenkalks, Germany.
Modified from CR 428 Scotese, PALAEOLAP Project (Map 33). Highstand System Track.

These plattenkalks represent deposition in an epicontinental sea, typically within restricted
shallow-marine basins and semi-enclosed lagoons (Kost'ak et al. 2021), that were surrounded
by extensive bioherms (Wilkin 2020). The Northern Tethys was often subject to large
monsoonal storms that transported thousands of marine organisms into the complex lagoon
system and generally inhospitable basins (Wilkin 2020). Characterized by hyper-salinity, and
bacteria-driven, partially dysoxic bottom waters, each locality has a slightly different

stratigraphy, lithology, taphonomy, and faunal assemblage (Donovan & Fuchs 2016).

The general lithology represents a series of very fine-grained lithographic limestones that
preserve (phosphatize) various soft tissues and impressions (Bandel & Leich 1986; Fuchs et al.
2003, 2007a; Klug et al. 2005; Fuchs 2006a, b; Donovan & Fuchs 2016). The coleoids

preserved from these Lower Jurassic German sites (fifteen known genera) are from the
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Prototeuthina (Boreopeltis Plesioteuthis, Senefelderiteuthis), Loligosepiina (Doryanthes,
Leptotheuthis, Bavaripeltis) and Teudopseina (Patelloctopus, Tyrionella, Muensterella,
Celaenoteuthis, Engeseriteuthis, Listroteuthis, Palaeololigo, Teudopsinia, Palaeololigo)

suborders.

Nusplingen: The Nusplingen Lithographic Limestones outcrop over two small quarries
(Nusplingen and Egesheim quarries) near the village of Nusplingen. These expose 10 — 15m of
finely laminated limestones in an area of area of about 2.5 km? (Villalobos-Segura et al. 2023).
Fossils have been recorded from the site since the middle of the 19" century, and today the
quarries are preserved as a national heritage site in the Swabian Alb Geopark (Dietl &
Schweigert 2004, Klug et al. 2015b; Schweigert & Roth 2021). The deposits are Late
Kimmeridgian in age, and belong to the Beckeri Zone, (Ulmense Subzone) (Dietl & Schweigert
2004, Klug et al. 2021b; Schweigert & Roth 2021; Villalobos-Segura et al. 2023). The
conservation Lagerstitte (Klug ef al. 2021b) was deposited in a locally restricted lagoon (<100
m) with stagnant bottom waters (Dietl & Schweigert 2004; Villalobos-Segura et al. 2023). The
lagoon was surrounded by bioherms (sponge/microbial), some of which were tectonically lifted
above sea level, forming small islands (Dietl & Schweigert 2004; Fuchs 2007; Schweigert &
Roth 2021). There is a highly diverse assemblage of more than 400 fossil vertebrate,
invertebrate, and plant taxa (Schweigert & Roth 2021; Villalobos-Segura et al. 2023). Despite
the dysoxic seafloor, a few beds record a low diversity of endobenthic ichnofossils and traces
of organisms interacting with the substrate (e.g. (Briggs 1995; Klein ef al. 2016; Schweigert et
al. 2016). However, the site is best known for well-preserved shark fossils and marine
crocodilyformes (thalattosuchians) (Schweigert & Roth 2021). The most frequent invertebrate
fossils are ammonites; belemnites are represented by one species; Vampyromorph coleoids are
also present (Schweigert & Roth 2021). The predominantly allochthonous faunal assemblages

record the shallow-water conditions of the surrounding epicontinental seas (Kost'ak ez al. 2021).

Schamhaupten: The Lageratsdtten is located in the southern Franconian Alb, near the village of
Schamhaupten in the Eichstitt region (Viohl & Zapp 2007). The silicified plattenkalks were
deposited in the Schamhaupten basin (>60 m) in a small carbonate depression, surrounded by
massive carbonate rocks. This deposition occurred during a transgression that began in the early
late Kimmeridgian and peaked in the early Tithonian. The basin reflects a stratified water

column with hypersaline, dysaerobic bottom waters and microbial mats (Viohl & Zapp 2006,
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2007). Two major types of facies are distinguishable: laminated limestones rich with articulated
fossils, and coarser, detrital carbonates. Though there is no unequivocal biostratigraphic
delineation, the Lagerstitte is part of the Painten Fm at the Kimmeridgian-Tithonian boundary

(Viohl & Zapp 2006, 2007; Rauhut et al. 2018).

There is an abundance of autochthonous pelagic organisms (coccolithophorids, radiolarians,
cephalopods, planktonic crinoids, fishes, and marine reptiles), indicating a link with the Tethys.
All benthic and demersal organisms are interpreted to be allochthonous origin and were washed
into the basin. Approximately 200 taxa have been identified. Cephalopods are represented in
abundance by ammonites, a genus of belemnitid and belemnoteuthid, and ~10 undetermined

Vampyropmorpha (Viohl & Zapp 2007).

Solnhofen: The Solnhofen Lithographic Limestones (Hybonotum zone) are possibly the most
famous of the Jurassic plattenkalks. Located in the Altmiihl Valley (southern Franconian Alb),
they are comprised of the same laminated/thinly bedded limestones are intercalated thin marly
layers (Etter 2002, Audo et al. 2014b), seen in the rest of the Solnhofen Archipelago. Like
Nusplingen, these limestones were deposited in a lagoon environment (<200) (Audo et al.
2014b) that were surrounded by microbial/reef mounds, potentially uplifted above sea level

(Fuchs 2007, Fuchs et al. 2007b)

The faunal assemblage from Solnhofen is extraordinarily diverse and exquisitely preserved. It
represents both marine and terrestrial plants and animals, including Archaeopteryx (Villalobos-
Segura et al. 2023). The Vampyromorph fauna in the Solnhofen limestones is highly diverse
(e.g., Fuchs 2007, Fuchs et al. 2007b, a; Hoffmann et al. 2020, Klug et al. 2021b; Villalobos-
Segura et al. 2023), though many older specimens lack specific locality information. Often
attributed just to ‘Solnhofen’, they originated from various outcrops on the Solnhofen
Archipelago (e.g., the Mornsheim, Kelheim, Eichstitt, Langenaltheim, Painten). However, the
morphology of these taxa appears homogeneous (Fuchs 2007).

1.5.4 ~ Upper Cretaceous

The lithographic limestones of the Lebanese Lagerstétten also reflect a shallow marine
environment. Cretaceous-aged paleo-Lebanon was positioned on the African platform on the
northern section of continental Gondwana (Figs 1.11, & 1.12). During this period, the area was

subject to three overarching temporal sedimentary sequences (Ferry et al. 2007; Audo &
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Charbonnier 2013): a series of depositional sequences bounded by unconformities (Valanginian
to upper Aptian) and mild sea-level oscillations which emplaced large carbonate platforms
(alternating shallow-water carbonate facies and finely-bedded and laminated mudstones) onto
the Arabian craton on the platform (late Albian — Turonian); a deepening trend
(Cenomanian/Turonian boundary — early Turonian) accelerated the drowning of the craton,
depositing micritic limestones and chalks until the Eocene (Ferry et al. 2007; Audo &
Charbonnier 2013). Equivalent coleoid-bearing limestones are unfortunately lacking between

the Upper Jurassic and Cretaceous deposits (Fuchs et al. 2007a).
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Figure 1.11: Late Cretaceous (Turonian - Coniacian) ~93.5 — 87 Ma. Showing the locality of the Lebanese
Lagerstitten (Cenomanian, and Santonian). Modified from the global reconstruction (R. Blakey) from the
TimeScale Creator software.

The main coleoid-bearing Lagerstitten in Lebanon are represented by three classic localities,
Hagel, Hjoula from the Cenomanian, and Sahel Alma from the Santonian. These lithographic
limestones are well-known for their fossil assemblages, which include fishes, reptiles,
arthropods, annelids, and ammonoid and coleoid cephalopods (e.g., Dalla Vecchia et al. 2001;
Forey et al. 2003; Wippich & Lehmann 2004; Bracchi & Alessandrello 2005; Fuchs 2006a,
2007; Fuchs et al. 2009; Fuchs & Weis 2009; Jattiot et al. 2015; Charbonnier et al. 2017;
Cawley & Kriwet 2019; Audo ef al. 2021; Klug et al. 2021c¢; El Hossny & Cavin 2023). A
fourth locality, En Nammoura, is part of the same Cenomanian setting, though is less prolific

in coleoids (Jattiot et al., 2015).
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Ten coleoid genera are known from these localities. These are from the Plesioteuthidae
(Boreopeltis, Dorateuthis), and Teudopseina (Teudopsinia, Glyphidopsis, Glyphiteuthis,
Rachiteuthis), and Incirrata (Palaeoctopus, Keuppia, Styletoctopus) suborders. These are

preserved 2D compressions within the laminated limestones.

See Chapter 4 for further information on the Lebanese coleoid-bearing outcrops.

Hagel, Hjoula, and Sahel Aalma: The sub-lithographic, Sannine Limestone (~650 m max
thickness) (Fuchs & Larson 2011a) of Haqgel and Hjoula are located approximately 10 km east
of Byblos (Jbail) (Charbonnier ef al. 2017) and were deposited in small shallow basins (a few
100 m across) that correspond with depressions (Fuchs et al. 2009; Fuchs & Weis 2009; Audo
& Charbonnier 2013; Charbonnier & Audo 2012; Jattiot et al. 2015). The age of these sediments
has been constrained by foraminifera (Hiickel 1970; Forey et al. 2003) and ammonites (Wippich
& Lehmann 2004). Historically, the age determinations have wavered temporally between late
Early Cenomanian to Late Cenomanian (Fuchs 2006a; Audo & Charbonnier 2013, Fuchs &
Larson 2011b), though today the two outcrops are understood to represent the lower-upper
Cenomanian (95 — 96 Ma) (Fuchs & Weis 2009; Fuchs & Larson 2011a; Jattiot et al. 2015).
Hadjoula is the slightly older of the two outcrops (Fuchs & Larson 2011a). The chalky
laminated limestones of Sahel Alma are located approximately 20 km northeast of Beirut
(Charbonnier & Audo 2012; Charbonnier et al. 2017; Azar et al. 2019). These sediments are
Late Santonian in age and correspond with a deeper depositional environment than Hjoula or

Hagel.

Much of what we know about Mesozoic Octobrachia stems from fossilized gladii and soft
tissues preserved at these Lagerstitten localities. The earliest fossil Vampyromorph,
Loligosepia (Fig. 1.5), is known from the Lower Jurassic Posidonia Shale Formation of
Germany, as well as shales from France, Luxembourg, UK, and Canada (Alberta) (Fuchs 2020).
The earliest known incirrate octopods (perhaps best known today by benthic Octopuses) are
known from Late Cretaceous (Cenomanian and Santonian) deposits of the Lebanese Lagerstétte
(Woodward 1883; Fuchs et al. 2009, 2016a; Fuchs 2020). Each of these three genera,
Palaeoctopus, Keuppia, and Styletoctopus, evidence the heavily reduced, paired and unpaired

gladius vestiges (Fuchs 2020).
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Figure 1.12: Reconstruction of Hjoula (early Late Cretaceous). Image Huang Diving © in Azar et al. 2019.

1.6 ~ GLADIUS-BEARING COLEOID DIVERSITY IN THE MESOZOIC

1.6.1 ~ A Patchy fossil record

The fossil record of Mesozoic coleoids is intermittent. It is not evenly distributed in time
and space (Fig 1.13A, B), and typically is restricted to levels of exceptional conservation that

are rare in the Triassic and the Cretaceous.

The Triassic has the least known diversity with just two described Prototeuthina genera,
Germanoteuthis and Reitneriteuthis, both of which are incertae sedis within the suborder (Table
1.1). Overall, most genera are known from the Jurassic and Upper Cretaceous time bins (Fig.
1.13). These are typically from the Callovian locality of La Voulte-sur-Rhone in France, the
Late Jurassic German Lagerstétten on the Solnhofen Archipelago, and the Upper Cretaceous
lithographic limestones of Lebanon. The Upper Cretaceous has the most diversity overall with
23 genera. This reflects the diversity seen in the Lebanese Lagerstitten localities (10 genera),
but also includes those that have been found elsewhere (e.g., Eromangateuthis which is known
from the Upper Albian of Australia (Fuchs 2019), or Niobrarateuthis from the upper Santonian—
lower Campanian of the USA (Miller, 1957).
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VAMPYRO- VAMPYRO- VAMPYRO- VAMPYRO-

Order MORPHA  MORPHA MORPHA MORPHA OCTOPODA OCTOPODA OCTOPODA OCTOPODA
PROTO- PROTO- LOLIGO- LOLIGO- VAMPYRO- TEUDO- TEUDO-
Suborder TEUTHINA TEUTHINA SEPIINA SEPIINA MORPHINA PSEINA PSEINA CIRRATA  INCIRRATA
Incertae
Incertae sedis Incertae sedis sedis/Nomen Incertae sedis
dubium
Oligocene |
Upper 3 2 13 1 1 3
Cretaceous
Lower 3 1
Crelaccous :
Upper Jurassic 3 3 1 9
ARl 2 1 3 3
Jurassic
Lower Jurassic 1 4 l
Upper Triassic 1
Middle
L 1
Triassic

Table 1.1: Simplified table to show the known gladius-bearing coleoid diversity by time bin (data from Fuchs
2020). This is represented by the Suborders Prototeuthina, Loligosepiina, Vampyromorphina, Teudopseina,
Cirrata, and Incirrata, and includes incertae sedis and Nomen dubium genera. The included genera reflect all
occurrences (also see Fig. 1.13A, B) as opposed to genera from the specific Lagerstitten discussed here.
Additionally, as this table is grouped by time bin, a genus may be included more than once if it is present in more
than one time bin. The Vampyromorphina from the Oligocene (Necroteuthis) is described as being related to extant
Vampyroteuthis (Kostdk et al. 2021) along with Vampyronassa, which is currently an incertae sedis
Vampyromorph from the Mid-Jurassic.

At the Suborder-level Teudopseina has the highest diversity starting from one genus in the
Lower Jurassic and increasing to 14 in the Late Cretaceous (Table 1.1). The Prototeuthina have
the longest and most continuous fossil record, beginning in the early Triassic and extending to
the End Cretaceous. Loligosepiina occur in the Lower Jurassic to Lower Cretaceous interval.
Among the crown group suborders, Cirrata and Inciratta are not found before the Upper

Cretaceous.

1.6.2 ~ Does fossil preservation offer sufficient details for broad scale comparisons?

Many of the diagnostic characteristics for coleoids are based on the morphology of the
gladius, but soft tissues also have distinctive features that contribute to the understanding of
systematic relationships. As discussed, these include the arm crown and the associated armature
(e.g., suckers and their attachments, cirri, and sucker rings), as well as components of the
digestive and respiratory systems. Though there is no complete record of the soft tissues for any
Mesozoic Octobrachiate coleoid species, the collective amount of data (outlined in
Supplementary Table 1.1), is growing. The ability to collect this data will only increase with

the use of non-destructive imaging methods that reveal anatomy not visible with traditional
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methods. This will enable more meaningful comparisons between fossil and extant coleoid taxa.
Not only does this have systematic value, but it also provides a deeper understanding of the

lifestyles of Mesozoic forms at a key time in their evolutionary history.

Chapters 3 and 4 of this manuscript will discuss some of the Vampyromorph and
Prototeuthid coleoids from the Mid-Jurassic (La Voulte-sur-Rhone), and the Upper Cretaceous
Lebanese localities, and how various imaging methods have enhanced the current knowledge

about the soft tissues of Mesozoic Octobrachia.

A Upper Triassic, 1, 2% Middle Triassic, 1, 2%
Oligocene, 1, 1%

Lower Jurassic, 6, 10%

U Cret; 3
Middle Jurassic, 9. PPE‘I,' b T;Szz;ecus

15%

Upper Jurassic, 16,
26%
Lower Cretaceous,
4, 6%

B Italy, 1~ Mesico, |

r Cuba, 2
Czech Republic, 5-, \ | /

UK, 12

Chile, 2,
USA, 7

Antarctica, 4

—— Germany, 29

Australia, 5
Hungary, 2
Slovakia, 1

Russia, 5 — -
Canada, 11— Luxembourg, 5
“-Switzerland, 3
France, 12 i

Netherlands, 2 - Lebanon, 14

Cape Verde Islands, 2

Figure 1.13: Time bin distribution of the described gladius-bearing coleoid genera (A), and number of gladius-bearing
coleoid genera by global occurrence (B).
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Supplementary Table 1.1 Fossilized soft tissues known in phragmocone- and gladius-bearing coleoid genera. X

known character; ?

Reported, but not confirmed. Modified from Donovan & Fuchs 2016, with additional

information from *Hoffmann et al. 2020, **Klug et al. 2021, and ***Fuchs et al., 2021.
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Chapter 2 : Comparative anatomy

INTRODUCTION

Comparative anatomy is an essential component of understanding the biology of
organisms. Emerging in the 17th century, the approach was popularized by Cuvier (early 19"
century) and rapidly spread in the community of biologists and paleontologists. It is a
fundamental tool for recognizing homologies, resolving systematic questions, and interpreting
the ecological implications of the various adaptations. Moreover, it is essential for interpreting
fossil anatomy as soft tissues are generally only partially preserved in fossil Octobrachiate

coleoids. As such, a knowledge of the anatomy of Recent relatives becomes crucial.

The organization of organs, how they are positioned in the body, as well as their size and texture
is highly variable in present-day coleoids There are many anatomical descriptions available in
the literature, but as Xavier et al. (2015) have pointed out, comparative anatomy becomes a rare
specialty in organismic biology and the acquisition of detailed morphological data that can be
shared between researchers remains a slow process. Earlier work does not always have high
resolution or detailed enough illustrations, and more data is needed to enable us to observe
anatomy at various scales (from the arrangement of organs in relation to each other to the
organization of cell layers). In addition, species descriptions and investigations on the internal
organization of soft-bodied animals conventionally rely on invasive techniques such as
dissections or histological sampling (Kerbl et al. 2013; Ziegler & Sagorny 2021). These
destructive methods are therefore not ideally suited to providing morphological or taxonomic
descriptions of rare or fragile specimens (Ziegler & Sagorny 2021), and one of the major
challenges in cephalopod research is identifying new approaches to study the morphology of
cephalopods (Xavier et al. 2015). Indeed, many species are listed as Data Deficient on the [UCN
Red List (Kemp et al. 2012; Xavier et al. 2015). Of the ~800 coleoid species that have been
described (Xavier et al. 2015; Guerra 2019), there is only sufficient data to understand the life
habits (e.g., feeding ecology, habitat, distribution, reproductive biology) of about 60 (Jereb &
Roper 2005, 2010; Xavier et al. 2015; Jereb et al. 2016).

Cirrate octopods and the one extant Vampyromorph, Vampyroteuthis infernalis provide a good
example of this problem, as what is known about these taxa comes from relatively few
specimens (Collins & Villanueva 2006). These coleoids inhabit the deep sea and possess a semi-
gelatinous body and are only caught in small numbers. They are extremely fragile, damage
easily when captured, and often become distorted during preservation (Collins & Villanueva

2006; Ziegler & Sagorny 2021). As such, anatomical studies on rare, fragile taxa like these
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benefit from a minimally invasive approach. This means the integrity of the sample can be
retained (Ziegler & Sagorny 2021), while still obtaining an accurate account of soft tissue
morphology (Xavier ef al. 2015). Faced with the decline in anatomical work among biologists
(Ziegler et al. 2018), acquiring or completing anatomical data on modern organisms is

becoming a task increasingly transferred to paleontologists.

The aim of this chapter is to briefly outline digital methods in use for Recent forms and show
how this primary information can be successfully used in the comparative anatomical study of
fossil specimens. Digital imaging methods are particularly suited to the assessment of 3D
organs and their position, which favors comparisons with fossils. The digital nature of the
imaging techniques also enables robust amounts of data to be amassed and made openly

available, contributing to the available information on lesser-known taxa.

Results illustrated in this chapter provide an overview of anatomical characters that are useful
for phylogenetic resolution or ecology, and present new anatomical data acquired in

tomography on Vampyroteuthis, a key taxon for understanding the Jurassic fossil groups.

2.1 ~3D IMAGING METHODS: THEORY AND APPLICATIONS

In the last few decades, an increased use of non-destructive scanning techniques has
augmented the more traditional morphological methods of studies of extant cephalopods. There
are now numerous 3D imaging methods that can be used to visualize animal morphology and
anatomy in non-destructive ways (Hoffmann et al. 2014; Sutton et al. 2014; Xavier et al. 2015;
Ziegler et al. 2018, 2021; Ziegler & Sagorny 2021). These digital three-dimensional imaging
techniques permit analyses of entire specimens (Ziegler et al. 2018, 2021; Ziegler & Sagorny
2021) and an in-situ visualization of the internal organs and complex anatomical features that
would otherwise not be visible without dissection (Ziegler ef al. 2010, 2018; Hoffmann et al.
2014). As such, they are particularly beneficial for the study of rare, or important specimens
(e.g., holotypes). The benefits and acquisition pathways of each method are dependent on the
inherent constraints of the biological sample (e.g., size, material composition). Two well
established methods for 3D imaging are magnetic resonance imaging (MRI) and X-ray
computed tomography (CT), which map the attenuation of X-rays of heterogenous material

(either by absorption or scattering) over a 360° rotating 3D sample (Sutton et al. 2014; Gueriau
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et al. 2016; Ziegler et al. 2018). The methods are generally non-destructive, can be used on

extant and fossil taxa, and require very little preparation of the sample.
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Figure 2.1: Tomographic slices showing features observed in the discussed techniques modified from Ziegler et
al. 2018. (Anterior to the right. All are in dorsal view except C, which is sagittal). MRI of Grimpoteuthis Robson
1932, ZMB MOLL 240160, 280 um isotropic voxel resolution. 290 mm total length. 20 min acquisition time (A).
MRI of Sepia officinalis Linnaeus 1758, no collection number, 200 x 200 x 1,000 um voxel resolution. 341 mm
total length. 20 min acquisition time (B). Contrast-enhanced micro-computed tomography of Spirula spirula
Linnaeus, 1758 (ZMK 405), 24 pum isotropic voxel resolution. 63 mm total length. Acquisition time, 5 h 29 min
185 (C).

2.1.1 ~ Magnetic resonance imaging (MRI)

MRI is a form of tomography that uses strong magnetic fields to map the nuclei of light

elements (typically hydrogen) in the specimen (Keevil 2001, Sutton 2008; Sutton et al., 2014,
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2016; Ziegler et al. 2018). As such, it is well suited to image soft tissues that contain hydrogen
in the form of water molecules (Sutton e al. 2014). The prevalence of soft tissue in Modern
coleoids makes them ideal candidates for MRI (Fig. 2.1) (Ziegler et al. 2011, 2018), while
fossils can be more difficult given their low hydrogen composition (Sutton et al. 2014; Ziegler
et al. 2018; Roscian et al. 2021). Acquisition times are highly variable and influenced by the
size of the specimen (mm- to m-scale), water content, and imaging protocol. (See Zeigler et al.
2018, and 2021 for examples of its application on cephalopods). This scale range (Table 2.1) is
well suited to coleoids who vary in size from a couple of centimeters in length (e.g., Idiosepus),
to several meters, and has been successfully used in comparative anatomy studies (Chung &
Marshall 2016, 2017; Ziegler et al. 2018; Chung et al. 2022). With the optimal scanning
parameters, a resolution potential at the sub-millimeter scale can be achieved (Ziegler et al.

2011; Cunningham 2014; Sutton et al. 2014, 2016).

The MRI of the cuttlefish (Sepia officinalis) specimen (Fig. 2.1B) shows good differentiation
of the major organ systems. However, Ziegler et al. (2018) notes that this is on both the non-
mineralized, and mineralized structures. MRI is more optimally suited to hydrated tissues, so

this result is in contrast with the expectation from this imaging technique.
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Table 2.1: Comparison of methods, and their size parameters. Thick horizontal lines show an approximate size
range for the feature-of-interest. Thick vertical lines reflect the minimum approximate size of the resolvable
feature. Modified from Sutton et al. 2014; 2016.

2.1.2 ~ X-ray computed tomography (CT)

CT-based techniques are particularly suited for rapid visualization of mineralized
structures (Ziegler et al. 2010, 2018; Sutton et al. 2014) and are the most common tomographic
technique for the study of fossils (Tafforeau et al. 2006, Kruta et al. 2011, Sutton et al. 2014).
A medical, or laboratory-based CT scanner can image specimens that range in size from a few

centimeters to a few meters (Table 2.1). With medical-based equipment, it is difficult to observe

52



Chapter 2 : Comparative anatomy

structures <0.5mm, though laboratory CT imaging has a much higher spatial resolution and can
reveal details at the micrometer scale (e.g., the thickness of dental enamel) (Tafforeau et al.
2006). uCT enables the imaging of internal or histological elements of small specimens (<
Imm) with finer discrimination than is possible than with CT (Table 2.1) and has been
successfully used to reveal fine anatomical details on specimens encased in matrix (e.g., in
cephalopods, the smallest cuspids of the radular teeth; Kruta et al. 2011). CT-techniques can
also be used to image extant soft tissue material, though generally with the aid of a contrasting
agent to enhance the visibility of the soft tissues. However, the success of the staining process
is variable. Attempts to image extant chitinous structures (e.g., cephalopod beaks) have not
always been optimal, even with common contrast solutions (PMA, PTA, and Osmium)

(Metscher 2009; Sakurai & Ikeda 2019; Roscian et al. 2021, 2023).

One major limitation for fossil imaging is that the highly mineralized specimens generally
exhibit low contrast in the preserved morphological features (Tafforeau et al. 2006). However,
the advent of synchrotron X-ray tomography (Tafforeau et al. 2006; Kruta et al. 2011, 2013,
2016; Gueriau ef al. 2016) has enabled the study of fossils with higher resolution, contrast, and
fidelity than is possible with medical or laboratory-based scanners (Tafforeau et al. 2006;
Ziegler et al. 2010, 2018; Kruta et al. 2011, 2013, 2016; Xavier et al. 2015; Gueriau et al. 2016;
Roscian et al. 2021, 2022, 2023; Ziegler & Sagorny 2021; Goolaerts et al. 2022). For SR-CT
scans, the X-ray beam intensity is orders of magnitude higher than that produced by X-ray tubes

(Tafforeau et al. 2016).

When fossil tissue shares a similar density or composition with the surrounding matrix, it is
often unable to be differentiated using attenuation methods (Tafforeau et al. 2006; Sutton et al.
2014). In these instances, propagation phase contrast synchrotron x-ray microcomputed
tomography (PPC-SR-uCT) is of particular value (Tafforeau et al. 2006; Lak et al. 2008; Kruta
2010; Kruta et al. 2011; Sutton et al. 2014; Gueriau et al. 2016) is particularly beneficial. PPC-
SR-uCT brings improved edge detection and makes it easier to discriminate between similarly
absorbing materials (Gueriau et al. 2016). PPC-SR-uCT datasets are created by mapping the
phase shift that the high-energy X-rays experience when they are passing through the sample
instead (Tafforeau et al. 2006; Sutton et al. 2014); these can penetrate the material more
effectively than lower-energy X-rays and have proved particularly useful for fossil cephalopods
(Kruta et al. 2011, 2013, 2016; Rowe et al. 2022, 2023). This method affords the highest
resolution, though the range is restricted to smaller sized samples. (See Sutton et al. 2014 for

an overview and history of tomographic techniques used in paleontology).
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2.2 ~SAMPLE PREPARATION FOR OPTIMAL IMAGING

Though MRI and CT methods both permit the visualization of soft tissues and
mineralized structures under certain conditions (Ziegler et al. 2018), MRI often performs poorly
on solid materials (Sutton et al. 2014); likewise with CT on soft tissues. As such, MRI is not
the optimal modality for visualizing fossil material in 3D (Sutton et al. 2014). As soft tissues
(non-mineralized tissues) inherently have a lower contrast than mineralized tissues (Metscher
2009, 2010, 2013) contrasting agents (stains) are typically required for extant forms when
acquiring puCT or CT data. By applying simple contrast stains prior to scanning, quantitative
3D images of coleoid soft tissues can be obtained (Metscher 2009; Pauwels et al. 2013; Gignac
et al. 2016; Ziegler et al. 2018). Various stains exist for this purpose and absorption differs
depending on the organs (Metscher 2009; Roscian et al. 2021). Stains that are commonly used
are based on phosphomolybdic acid (PMA) (Pauwels et al. 2013), phosphotungstic acid (PTA)
(Metscher 2009; Pauwels ef al. 2013; Doost & Arnolda 2021), inorganic iodine (Metscher 2009;
Doost & Arnolda 2021), and osmium tetroxide (Metscher 2009, 2013) and have enabled high-
fidelity CT analyses of soft tissues (Gignac et al. 2016; Ziegler et al. 2018). The most broadly
useful are inorganic iodine, phosphomolybdic acid (PMA) and phosphotungstic acid (PTA),
which are much less toxic than osmium tetroxide (Metscher 2009). The amount of diffusion
time required for staining varies on the size and density of the specimen, and the initial
concentration of the stain (Ziegler et al. 2018). (See Metscher 2013, Table 1, for concentrations

and staining times for the most commonly used contrast agents.)

A challenging aspect for extant species, and in particular gelatinous samples (e.g.,
Vampyroteuthis) is that during scanning, specimens must remain completely still on the mount
to prevent artifacts from movement (Metscher 2009, 2010; Sutton et al. 2014; Ziegler et al.
2018). This is especially pertinent for smaller specimens as large specimens (>0.15m) can be
placed in a container directly on the rotation stage during acquisition (Sutton et al. 2014).
Mounting small specimens can be achieved by placing them in plastic tubes and surrounding
them with malleable material with a low X-ray density (e.g., florists’ foam, ethanol, or agar
agar) (Metscher 2009; Sutton et al. 2014; Ziegler et al. 2018). See Metscher 2011 for mounting

and staining techniques.

The 3D renderings that can be generated from these methods permit a much clearer
interpretation of anatomical features than can be obtained from complex 2D line drawings (e.g.,

Fig. 1.3, Chapter 1) or photographs (e.g., Chung & Marshall 2016, 2017; Ziegler et al. 2018,
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2021; Ziegler & Sagorny 2021). Additionally, they can form the basis of functional morphology
studies including finite-element analysis (See Rayfield 2007) or hydrodynamic flow modelling
(Sutton et al. 2014). These techniques have already facilitated comparative morphological
analysis between fossil and extant forms (Kruta et al. 2011, 2016; Hoffmann et al. 2014),
redescription of fossil holotypes (Kruta et al. 2016), and are being used to answer questions
regarding taxonomic identification, diet, ecology, and evolutionary developments (Kruta et al.

2011; Lemanis et al. 2016; Goolaerts et al. 2022).

2.3 ~MATERIAL STUDIED FOR COMPARATIVE ANATOMY

Multiple dissections of commercially purchased individuals (Loligo sp., Octopus, and
Sepia officinalis Linnaeus 1758) were conducted to study the internal organs and configurations
of extant coleoids (Figs 2.2 — 2.6). Following this, tomographic scans of six specimens were
studied, and various anatomical components were rendered. This included four Modern
Octobrachia species (two specimens of V. infernalis from museum collections at the American
Museum of Natural History, NY, USA (AMNH IZC 361496) and from the Yale Peabody
Museum, CT, USA (YPM IZ 18279), and one Grimpoteuthis sp. (ZMB 240160), as well as
three Modern Decabrachia (Spirula spirula, ZMK 405) and two commercial Decabrachia
(Sepia officinalis, and Loligo sp.). The Grimpoteuthis and Spirula were already digitized and
downloaded from MorphoBank project #3107 (Ziegler et al. 2018).

Voxel
. . Voxel (3D Pixel) . ox.e . Staining prior  Segmentation
Specimen Species N Scan location Scan type resolution in A
resolution (scan) file to scanning software
) ic 36.29 um isotropic
AMNH IZC 361406 /ampyroteuthis AMNH, NY CT Scan 36.29 um 1% PTA Mimics
infernalis isotropic
voteuthic  18:25 um isotropic AMNH, NY CT Scan Mimics
YPM IZ 18279 Vampyroteuthis 1% PTA
infernalis
i 44.15 pm isotropic )
Commcrma} sample, Loligo vulgaris AST-RX CT Scan 44'15 Hm 4% P.TA Mimics
squid isotropic solution
ial 1 44.15 pm isotropic 44.1 4% PTA
Commercna» sample, Sepia officinalis AST-RX CT Scan . 3 p_m % . Mimics
Sepia isotropic solution
0,
10 pm isotropic ~ SkyScan1272 (Bruker 10 um isotropic 3% P.TA
ZMK 405 Spirula spirula microCT, Kontich, CT Scan solution Drishti
Belgium)
280 pm isotropic 7TMAGNETOM .280 “n.l
ZMB MOLL 240160 Grimpoteuthis (SIEMENS MRI 1sotropic - Amira
Healthineers)
T Achieva (Philips 200 x 200 x
MRI
No collection number  Sepia officinalis 200x 200 x 1,000 Healtheare, 1,000 pm
um Amsterdam,
Netherlands)

Table 2.2: Acquisition parameters for the extant coleoids used in this chapter.
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The two V. infernalis specimens were both scanned at the AMNH (NY, USA) with a voxel
resolution of 36.29um, and 15.25um respectively. Each was stained in a 1% PTA solution prior
to scanning to enhance the tissue contrast. The commercial samples of Loligo sp. and Sepia
officinalis were stained with a 4% PTA solution and scanned on the AST-RX platform at the
MNHN, (Paris, France) at a resolution of 44.15um (Table 2.2).

Final scan files were reduced in size using the free and open-source image software, FIJI Image
J. This involved removing tomographic slices and areas that contained no data, which enabled
a faster processing time when working with the final file. The dataset was then segmented and
rendered using the commercial Mimics software (v. 21.0, Materialise). The contrast in grayscale

intensity of the stained soft tissues was utilized when rendering the anatomy.

2.4 ~ FROM DISSECTIONS TO VIRTUAL DISSECTIONS

Dissections are the foundation of comparative anatomy and remain essential to
apprehend the overall anatomy. As such, they were conducted on commercial coleoid samples
to understand the major differences in the anatomy of Recent groups (Figs 2.2 — 2.6). The
observations were then compared with what could be identified in the CT scans. Though the
relative 3D position of the organs is generally better reflected with X-ray based imaging (even
if gelatinous samples do not always retain their shape), some key observations could only be
gathered through dissections (e.g., delicate tissues like oviducts or gill glands). Comparing the
results of these two observational methods allowed me to establish procedures for the
examination of key morphological traits in fossil forms. These procedures were utilized in

Rowe et al. 2022; 2023, included in this chapter, to interpret the anatomy of fossil coleoids.

As discussed in Chapter 1, morphology varies at high taxonomic level, and can be used to infer
ecology. On the extant material, some of these features are clearly observable (e.g., arms,
beaks), though the identification of other structures - the internal sucker configuration for

example — is best observed with CT-scans prior to comparisons with fossil material.

The arm crown provides some of the defining characteristics for the main coleoid groups (Fig.
2.2). As noted in Chapter 1, octopuses have eight arms, while Decabrachians (squid and
cuttlefish) have ten appendages: eight arms and two ventrolateral tentacular arms which have

suckers on the distal ‘clubs’. The arm crown of Vampyroteuthis has eight arms and two
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Figure 2.2: Dissection images of commercial coleoid specimens. Eledone sp. (Octobrachia), A, B; Sepia
officinalis (Decabrachia), C, D; Loligo sp. (Decabrachia), E-H, and a distal tentacular club of Mesonychoteuthis
hamiltoni Robson, 1925 (Decabrachia), I, Collected by Malcolm Clarke (Discovery Collections) reposited in the
Natural History Museum, London, UK. The Eledone (A) is oriented in ventral view. The eight arms surround the
buccal mass and are lined with uniserial suckers with broad bases to attach them to the arm (B). They show the
characteristic radial symmetry of Octobrachia. Sepia officinalis showing the eight arms with numerous suckers
(C), and the two tentacles, which only have suckers on the tentacular clubs (D). Loligo sp. (E) is oriented in
ventral view. In life position, the paired tentacles (identified by IV) are ventro-lateral view as in the inset
illustration. These tentacles also have pedunculated suckers on the tentacular distal clubs (F, G) that are lines with
toothed sucker rings (G, H). Small suckers line the remaining arms (E). The oral view of the tentacular club of
Mesonychoteuthis (1) shows the hooks. All dissection photographs were taken by the author, A. Rowe, unless
otherwise indicated.

filamentous, retractable appendages in the dorsolateral position. These delicate long structures
are not always preserved on collected extant specimens and, so far, have not been evidenced on
fossil members assigned to their family, Vampyromorphina. Additional information such as the
filament pockets can provide indirect evidence of their presence and can be observed with X-

ray imaging. (See Chapter 1, Fig 1.6 for a simplified phylogenetic hypothesis of fossil forms).

In Octobrachia, suckers are radially symmetrical and attached to the arms by broad, cylindrical
bases (Fig. 2.2A, B, J), and Decabrachia have pedunculate suckers that are bilateral in their
symmetry and lined with a sucker ring (Fig. 2.2D-H). These may be smooth, or bear ‘teeth’,
and are used to retain prey upon capture. In some Oegopsid families, the central tooth of this
sucker ring has developed into a hook (Fig. 2.2 I). Vampyroteuthis suckers are symmetrical,

have a conical-shaped attachment to the arm.
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Figure 2.3: Dissection images of commercial coleoid specimens. Eledone sp. (Octobrachia), A; Loligo sp.
(Decabrachia) B, C; Sepia officinalis. (Decabrachia), D, E. The dorsal head-mantle fusion is visible on the Eledone
sp. (A). The Loligo (B, C) and Sepia (D, E) show the nuchal (C) and funnel locking cartilage (E).

The connection between the head and the mantle varies. In Octobrachia and some decabrachians
(e.g., bobtail squids), the head and mantle tissue are fused dorsally (Fig. 2.3A). However, in
most Decabrachia, the articulation between the head and mantle is provided by complimentary
locking cartilages (nuchal, and funnel) (Fig. 2.3B-E). The cartilage is easily observable in
dissection and appears denser than the surrounding tissues in CT scans. Fin cartilage can also

be observed in Cirrate octopods and Vampyroteuthis and appears reticulate in CT scan images.

As mentioned in Chapter 1, the internal shells in extant coleoids show great variation between
the groups. Cuttlefish and Spirula (Decabrachia) (Figs 2.1C, 2.6A, C) retain the chambered,
gas-filled phragmocone, which helps regulate buoyancy in the water. The phragmocone can be
easily identified in the CT-scans. However, most decabrachians have a ‘pen’ like gladius (Fig.
2.6B, D) that extends the length of the mantle. Cirrata have a greatly reduced gladius that

provides fin support, and incirrates either have a pair of stylets that are muscle attachment sites,
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or the gladius is absent. Due to the low absorption of staining in the gladius, the latter is hard

to observe in CT scan.
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Figure 2.4: Examples of a Sepia and Loligo (Decabrachia) gladius obtained during dissection (A, B, and
illustrations of the same, modified from Bizikov &Toll (2016). Cuttlefish ‘cuttlebone’ in profile view (A) and
dorsal illustration (C). Loligo gladius in dorsal view (B) and illustration (D).

Figure 2.5: Photographs of gills obtained during dissection (A-C, E), and courtesy of Henk-Jan Hoving (D).
Eledone (Octobrachia) A, B; Sepia (Decabrachia), C; Vampyroteuthis infernalis (Octobrachia), D; Loligo
(Decabrachia), E. agf: afferent gill vessel, egv: efferent gill vessel, bh: branchial heart, gl: gill primary lamella.
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Coleoids all possess one pair of gills that are positioned laterally in the mantle cavity, though
the structure varies by major taxonomic group. Decabrachia have distally tapered forms with
filamentous lamella protruding from the main afferent veins transport blood from the branchial
heart to the gill, while the efferent vessel returns it to the systemic heart. This fine anatomical
detail is difficult to observe CT scans. Nonetheless, this method can reveal the overall
morphology of the gills and reveal if they are more brain-like in shape (Octobrachia), or

filamentous (Decabrachia).

Digestive gland
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Figure 2.6: Commercial sample of an Eledone (Octobrachia) in ventral view, A, and illustration of the same,
modified from Hanlon ef al. 2018, B. The digestive gland has been removed from the specimen to reveal more
internal anatomy.

In all coleoids, food is broken down by the beak and passed into the esophagus. This extends
posteriorly to the stomach, which leads to the caecum and the intestine. The intestine then
empties into the mantle cavity near the funnel. In Octobrachia (including V. infernalis), the
esophagus swells and forms a crop, enabling the storage of food before it reaches the stomach.
The lamellar inner structure of the crop is easily observable on CT scans and is useful to

determine if the digestive system reflects the Octobrachia or Decabrachia.
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2.5 ~3D IMAGING AND THE ANATOMY OF DEEP-SEA SPECIES

Deep-sea specimens (e.g., V. infernalis) are also important for comparison with fossil
material, though given their rarity could not be dissected here. An understanding of their
anatomy could, therefore, only be made from comparing anatomical descriptions in the
literature with CT files of individuals. This was carried out here for Grimpoteuthis and V.
infernalis. The anatomical work on V. infernalis is included here as the first complete virtual
dissection for the species and was presented in poster format at the Cephalopod International

Advisory Council symposium in 2022. This is included in the Annex of this thesis.
2.5.1 ~ Grimpoteuthis

The MRI slices of Grimpoteuthis (Figs 2.1A, 2.7A-C) from Ziegler et al. (2018) clearly
reveal structures associated with the digestive, reproductive, respiratory, and central nervous
systems (Fig. 2.1A). The eyes, buccal mass and fin cartilage are also well defined. Where there
is an absence of a sharp threshold boundary between the specimen and the scanning medium
(e.g., the mantle tissue), creating a precise 3D volume rendering becomes more challenging.

Though faint, the arm crown, uniserial suckers, and biserial cirri can be observed.
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Figure 2.7: MRI slices showing the elements of the arm crown of Grimpoteuthis (ZMB MOLL 240160) from
Ziegler et al. 2018. Sagittal view of the uniserial suckers (A), transverse slice of the arm and sucker (B), and arms,
suckers, and cirri (C). 3D volume rendering of the arm crown showing the suckers and cirri (D).
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2.4.2 ~ Vampyroteuthis infernalis

The CT scans of V. infernalis (Figs 2.8 - 2.12) revealed some of the characteristic soft
tissues of these enigmatic Vampyromorphs, including the retractable filaments and their
pockets, as well as the posterior luminous organs. The staining of this extant material
successfully resulted in differential absorption depending on the organs and their composition,

and impacted what was able to be successfully delineated and rendered.

In AMNH IZC 361496, the densely structured tissues show the most contrast and are therefore
the most identifiable. This is visible in organs of the digestive system (Figs 2.8, 2.10, 2.11),
including the digestive gland, stomach, and caeccum. The beak and buccal musculature, eyes
(Figs 2.8, 2.10), gills, fin cartilage, and luminous organs (Figs 2.8, 2.10, 2.11) are also well
contrasted. Despite the good contrast shown in the fin cartilage, the cephalic cartilage and

statocysts cartilage remains faint.
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Figure 2.8: uCT slice (dorsal view) of V. infernalis (AMNH IZC 361496). Stained in a 1% PTA solution and
scanned at the Microscopy and Imaging Facility of the AMNH. Voxel size: 38.40 pm. The same parameters are
used in each of the figures of this specimen.

Elements of the arm crown (axial nerves, suckers, and cirri) can be identified (Figs 2.8, 2.9),
although determining the boundaries of the individual arms is challenging as they overlap with
each other distally. They are also surrounded by a deep velum that is indeterminable from the
arm tissue in the scans. This is also the case for the smaller soft tissue elements (e.g., ducts,
branchial hearts), and larger, unstructured features like the funnel, as they lack sharp threshold

boundary.
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The arm crown (Fig. 2.9) clearly shows the outline of eight arms and the two retractable
filaments. It also reveals suckers and cirri (Fig. 2.9B, C), and the parts of the central nervous
system, represented by an axial nerve running through the center of the arms (Fig. 2.9A-D).
The axial nerves and filaments show more contrast than the arms indicating a differential
absorption of staining agent. The pocket for the retractable filament (Fig. 2.9D) can also be
observed in the dorso-ventral position (equivalent to arm pair II). Depending on the position of
the slice along the specimen, it somewhat resembles an arm in transverse view, and could be
mistaken for one if observations were based on individual slices of the local region. The velum

appears pigmented in areas towards the external margin, indicating inconsistent staining.
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Figure 2.9: uCT slices of V. infernalis (AMNH IZC 361496). Elements of the central nervous system (axial nerves
in the arms) are clearly visible (A-D). Here, the suckers and cirri are apparent in transverse views (B, C), they are
not always simple to render given the overlapping tissues, and how the continuity of their appearance differs in
dorsal (A), transverse (B, C) and sagittal views. The retractable filaments and the associated pockets are also
observable in transverse view (D).

The buccal musculature has a high threshold boundary (Fig. 2.9D), and it is also possible to
observe the rostral tip and outline of the beak (Fig. 2.10B). In between the optic lobes, the lobes
of the brain and esophagus are well contrasted (Fig. 2.10A, C). The outline of the mantle and
arm tissue is generally distinguishable by a thin white line. However, there are no clear
boundaries to the internal margin of the mantle tissue, indicating that the staining agent has not
penetrated the gelatinous tissue. Indeed, it has a visually similar density to the surrounding

medium (Fig. 2.8 - 2.12).
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Figure 2.10: uCT slices of V. infernalis (AMNH IZC 361496) at the level of the cephalic cartilage. (Transverse:
A, dorsal: B, and sagittal: C). The crossed lines show the correlation between the three different views. The optic
lobes (A) eyes (A, B), cephalic cartilage, beak (B), esophagus, brain lobes, fin cartilage and elements of the
digestive system are visible (C).
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Figure 2.11: uCT slices of V. infernalis (AMNH 1ZC 361496) at the level of the posterior luminous organ. The
crossed lines show the correlation between the three different views. Though the transverse view of the posterior
section of the mantle (A) shows an outline of the gladius, the low threshold contrast and slight compression in the
specimen contributes to the complexity of its rendering. There is minimal gladius contrast in dorsal (B) and sagittal
(C) views.
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Though the structural gladius provides the framework for the body, it does not have good
contrast with the surrounding tissue, making it difficult to render. Its threshold contrast appears
similar to that of the mantle (Fig. 2.8A, B) making it difficult to produce a precise threshold-
based volume rendering. Similarly, the fin tissue does not have good contrast. This is in contrast
with the fin and mantle tissues of Sepia and Loligo (Fig. 2.12B, C), which are more muscular.
The internal texture of the digestive gland is clear (Fig. 2.11), as is the reticulated-like crop and

gill lamellae, which are distinguishable at an individual level.
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Figure 2.12: uCT slice of V. infernalis (AMNH 1ZC 361496), A. Transverse uCT slices of the posterior section
of Loligo (B) and Sepia (C), both were stained in a 4% PTA solution prior to being scanned at the AST-RX
platform (44.15 pm isotropic voxel resolution) at the MNHN. A rendering of the V. infernalis gladius from
(AMNH IZC 361496) completed in Mimics (v. 21, Materialise), D; photograph of the V. infernalis gladius,
modified from Bizikov & Toll 2016. The interpreted rendering is not an exact match with the actual gladius,
highlighting the difficulty of interpreting the contrast boundaries. The gladii of Loligo and Sepia are clearly
contrasted from the muscular tissue. The septa of the Sepia ‘cuttlebone’ are also visible indicating successful
absorption of the staining agent.

This work enabled the 3D rendering of much of the anatomy of V. infernalis (Figs 2.13 —2.17).
This included the arm crown — the eight arms and two retractable filaments (Fig. 2.13), as well
as the armature - the uniserial suckers and biserial cirri configuration on the oral surface of the
arms (Fig. 2.14). The suckers were also able to be observed and rendered in profile view. These
show the conical sucker attachment that is unique today in Modern Vampyroteuthis. Elements

of the respiratory system (gills, branchial hearts, systemic heart, gland, possible digestive gland
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appendages, and intestine), reproductive system (gonad) (Figs 2.15, 2.16), the eyes, optic lobes,

brain, statocysts, and cephalic cartilage.
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Figure 2.13: 3D volume rendering of V. infernalis (AMNH IZC 361496) showing the overall body plan, which
includes eight arms, two retractable filaments, and a large pair of eyes.

_. Sucker

Figure 2.14: Two arms of V. infernalis (AMNH IZC 361496) showing the configuration of suckers and cirri (A,
D). The suckers are positioned on the distal section of the arms and are flanked by biserial cirri, which have a
sensory function. The suckers and sucker profile (B, C) are rendered from YPM 18279 and show the characteristic
conical shaped attachment.
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Figure 2.15: 3D rendering of digestive and respiratory elements of V. infernalis (AMNH IZC 361496) in
sagittal view, superimposed onto an illustration of V. infernalis modified from Pickford 1946. The optic

lobes and brain are just visible behind the eyes.
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Figure 2.16: 3D rendering of internal elements of V. infernalis (AMNH IZC 361496) in dorsal view, superimposed
onto an illustration of V. infernalis modified from Pickford 1946. This shows elements of the digestive, respiratory,
and reproductive systems, as well as the optic lobes, brain, outline of statocysts, eyes, and retractable filaments.
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Figure 2.17: 3D rendering (dorsal view) of V. infernalis (AMNH 1ZC 361496) showing the buccal mass, rostral
tip of the beak, and cephalic cartilage positioned between the eyes.

2.5 ~ DISCUSSION
2.5.1 ~ Complementarity of dissections and 3D imaging methods

The use of 3D tomography in coleoid research is firmly established (e.g., Hoffmann et al. 2014;
Sutton et al. 2014; Kruta et al. 2016; Roscian et al. 2021; Goolaerts et al. 2022). It is invaluable
as a tool for morphological investigation, especially for rare or important specimens, as it allows
the high-resolution imaging of internal structures in both fossil and extant forms that would

have previously only been obtainable with destructive methods (Tafforeau et al. 2006).

Perhaps the greatest benefit of this type of imaging is that the data can be shared with a wider
community (Kruta et al. 2011, 2013, 2016; Sutton et al. 2014; Hoffmann et al. 2021, Ziegler et
al. 2021). As this approach enables the anatomy to be studied in detail without needing the
physical specimen, 3D datasets have the potential to be accessed through digital museum
collections or data repositories. These data can also be used for education and outreach
(Rahman et al. 2012), collaborative analysis (Sutton et al. 2014), as well as forming a database
of information that shifts the focus from the acquisition of data, to having data ready to analyze
(Xavier et al. 2015; Ziegler et al. 2018). Further, these data and anatomical reconstructions also
have applications in comparative, ecological, and functional studies. Indeed, within extant taxa,
species or general-level variation could be explored by creating image stacks and datasets on
multiple individuals of the same species or genera (Xavier et al. 2015). For systematic purposes
some morphological traits can be investigated without the need for dissections, an asset

particularly important for rare collection specimens. Indeed, if we refer to the latest
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morphological computational phylogeny analysis (Whalen & Landman 2022), several of the
characters used can be observed. In the matrix, the arm crown and suckers contribute thirty
characters. In addition to the presence of either eight arms (Octobrachia), or ten (Decabrachia),
this includes details on their comparative length and any modifications, as well as sucker
location, attachment style and symmetry. Information on each of these characters can be
attained with the tomographic methods as shown here (Figs 2.1 D, E, 2.9,2.10, 2.11, 2.15, 2.16,
2.18). Yet, the data obtained through CT scans and staining showed that the level of detail that
can be obtained on a key structure such as the gladius, representing >50% of the character
matrix is variable (Fig. 2.9). For example, the rendering of the V. infernalis gladius
demonstrates that while it is possible to have an overall sense of the structure, the low threshold
contrast makes it difficult to reconstruct each of the character states that are observable on the

physical gladius.

Despite its obvious benefits, there are also limitations to these methods. Certain tissues have
similar X-ray densities after staining or fossilization, making it hard to discriminate between
structures when they are positioned close to each other (Kerbl ef al. 2013). For example, despite
having excellent resolution on some of the anatomy of V. infernalis (e.g., digestive system
elements, eyes, and gills), it was not possible to determine the boundaries of many of the non-
dense soft tissues, like the funnel or ducts associated with the reproductive system, even with

staining. A clearer picture of these elements would be gathered by dissections.

This study demonstrates anatomical features that are more likely to be identifiable using
tomographic methods; what is observable and able to be rendered in extant forms provides a
guide for what we may expect to see in fossil forms. The gelatinous mantle tissue of V. infernalis
lacks the muscular structure of other forms (e.g., octopus, or squid) and the body appears
slightly misshapen in the pCT images. The lack of rigidity contributes to the difficulty in
determining the soft tissues, as organs are somewhat displaced and squashed. This is also an
issue presented by fossil material as, inevitably, specimens have undergone compaction or

rotation.
CONCLUSION

The study of coleoid tissues with 3D tomography represents a well-established and
powerful set of tools, both for morphological analysis and dissemination of data (Sutton et al.
2014). Increased use of these non-destructive high-resolution imaging techniques will enable a

clearer picture of morphology of the typically rare fossil and extant material (Kruta 2016) and
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has the potential to give more insight into intraspecific variation. Used in conjunction with
molecular techniques, digital morphological techniques have the potential to unlock the
answers to numerous questions regarding cephalopod evolution. In this thesis, the virtual
dissections of Cirrata and V. infernalis were the backbone for comparative studies of the

Octobrachia from la Voulte-sur-Rhone that will be discussed in the following chapter.
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INTRODUCTION

Mesozoic coleoids are mainly known from the Lower Jurassic shales, and lithographic
limestones of the Upper Jurassic and Upper Cretaceous. The Mid-Jurassic record is represented
mainly by the Callovian-aged Lagerstitten of Christian Malford, UK (Wilby et al. 2004, 2008;
Hart et al. 2019) and La Voulte-sur-Rhone, France (Fischer & Riou 1982a, b, 2002; Fischer
2003; Charbonnier 2009; Charbonnier et al. 2014; Fuchs 2014; Kruta et al. 2016). Each of the
Mesozoic localities represent particular depositional environments (e. g., the dysoxic
epicontinental seas of the Posidonia shales, or the shallow carbonate lagoons of Solnhofen and
Lebanon) and have been a direct source of morphological information for Mesozoic coleoids.
The Callovian-aged La Voulte-sur-Rhone Lagerstitte offers rare insight into a deeper marine-

type setting (~200m) during this time (Charbonnier 2009).

In addition to the depositional setting, La Voulte-sur-Rhone is renowned for the diversity of
coleoid genera — they represent more than a third of non-belemnoid genera from the Middle
Jurassic (Fuchs 2020) that are uniquely preserved in three dimensions (Wilby et al. 1996;
Charbonnier 2009; Charbonnier et al. 2014; Fuchs 2014; Kruta ef al. 2016; Audo et al. 2019;
Jauvion 2020). This makes La Voulte-sur-Rhone an important locality for the study of coleoid

evolution.

3.1 GEOLOGICAL SETTING

Today, the Lagerstitte is an abandoned quarry in the Ravin des Mines (Fig. 3.1), near
the town of La Voulte-sur-Rhone in Southeast France (Ardéche). The entire section is dated to
the Lower Callovian age, specifically, the Gracilis Biozone (Elmi 1967). Paleogeographic
reconstructions position the locality on the Ardéche margin, adjacent to the submerged Massif
Central (=Hercynian crystalline basement) on the North-West and the Rhone basin on the
South-East (Fig. 3.2). The main La Voulte fault (N54°) was very active throughout the area
during the Callovian (Villier et al. 2009) and separates the fossiliferous outcrop from the
basement. Indeed, the western margin is characterized by the complex submarine topography
and steep bathymetric gradients caused by extensive and transverse reactivation of Hercynian

faulting (Fischer 2003; Charbonnier 2009; Villier et al. 2009; Charbonnier ef al. 2014).
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Figure 3.1: Overview of the La Voulte-sur-Rhone area (top) showing the existing topography of the Jurassic
sediments. This corresponds with a geologic representation of the Ardéche palacomargin (center) in cross section.
Modified from Charbonnier 2009, Chapter 7, Fig. 38.

The lithology of La Voulte-sur-Rhone is dominated by marls (Fig. 3.3). The sediments came
from the carbonate platforms, as well as submarine erosion of the basement blocks and the
associated Early Mesozoic sediment cover (Charbonnier et al. 2007, 2014; Charbonnier 2009).

These very fine sediments represent a depositional environment that was relatively calm, but
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evidence of debris flow is also present, which correlates with slumping from the escarpments
and rocky drop-offs from the mosaic of tilted blocks (Charbonnier 2009). The fossiliferous
layers of the Lagerstitte outcrop in a small, relatively thin interval (5-6 m). These are overlain
by about 15 m of iron deposits (Fig. 3.3), which were extensively mined in the 19" century
(Charbonnier 2009; Villier et al. 2009; Charbonnier et al. 2014). Numerous sideritic
concretions are present in the basal marls, and frequently contain three-dimensional soft-bodied

fossils. Some marl horizons also have small pockets of more compacted soft-bodied specimens.

These are interspersed with iron carbonate layers that are rich in ophiuroids (Charbonnier 2009;

Villier et al. 2009; Charbonnier et al. 2014).

Alluvium

Scree

Silts and loess

Tithonian

Kimmeridgian

Oxfordian

Callovian

Bathonian

Bajocian

Triassic

Basement

Figure 3.2: Simplified geologic representation of the northern Ardéche margin showing the faulting in the
immediate area, including the La Voulte fault (represented by the number 1) that runs in a Hercynian direction (N
54°). Modified from Charbonnier 2009, Chapter 7, Fig. 39.

The exceptional 3D preservation of fossil material at La Voulte-sur-Rhone is a result of early
replacement of soft tissues during a sequence of mineralization phases (Allison 1988; Briggs &
Wilby 1996; Wilby ef al. 1996; Wilby 2001; Jauvion 2020). Ordinarily in marine environments,
calcium carbonate precipitates (Briggs & Wilby 1996; Wilby ef al. 1996) but in the Jurassic La
Voulte-sur-Rhone, rapid post-depositional microbial activity in the low oxygen setting reduced
the pH, leading to authigenic precipitation of iron-rich minerals (Allison 1988; Briggs & Wilby
1996; Wilby et al. 1996; Jauvion 2020). In this scenario, the mineralization is localized, and the
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organs and tissues may be replaced by different mineral phases making them mineralogically

and chemically heterogeneous (Wilby et al. 1996; Jauvion 2020).

The initial replacement phases, which reproduce the anatomical structures, are by fluorapatite
and pyrite (Jauvion 2020). As such, the organic composition of the organism’s tissues is not
preserved but are mineral replicas of the morphology on the scale of the whole organism scale
to the subcellular scale in some cases (Jauvion 2020). Only the most resistant compounds (e.g.,

chitin, calcite) may be found in the fossil record (Jauvion 2020).
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occurrences in the Gracilis Zone. Modified from Villier et al. 2009.
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3.2 BIODIVERSITY

The first paleontological studies at La Voulte-sur-Rhone were conducted around the
mid-19" century and described a faunal assemblage that included brittle stars, brachiopods,
ammonites. Indeed, it was ammonites that would later provide the biostratigraphic framework

for the locality (Elmi 1967; Charbonnier 2009).

Today, around 60 fossil species are recognized from the faunal assemblage (Fig. 3.4). This is
comprised of arthropods (~50%), coleoids (11%), marine worms and hemichordates (11%),
echinoderms (10%), vertebrates (10-12%), bivalves (3%) and brachiopods (3%) (Charbonnier
2009; Charbonnier et al. 2014). The composition of this assemblage is generally original when
compared with other Mesozoic Lagerstitten where biodiversity can be high. For example, more
than 100 species are known from the Holzmaden shales, and there are more than 500 from the
Solnhofen limestones (Charbonnier 2009). However, the differences in biodiversity between
these sites needs to account for the sampling rate and outcrop area. At La Voulte-sur-Rhone,
the fossiliferous layers outcrop over a few hectares, whereas the Solnhofen sediments outcrop
over hundreds of km?; they have also been quarried extensively for centuries. The
paleoenvironment also contributes to differences in the preserved biodiversity. Indeed,
Solnhofen organisms originate from open marine, reef, lagoonal, and continental environments,
which maximizes the biodiversity of the fossil assemblages, while the sediments of La Voulte-
sur-Rhone reflect less diverse ecosystems (Charbonnier 2009).
Coleoids

1% Octobrachia (6)
Belemnoidea (1)

Marine worms (6)

? 11% Marine worms and hemichordates

\‘:ﬂ-‘ — hemichordates (1)
/ 50%
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Arthropods Ophiuroids (1)
Crustaceans (23) Pfsllsn‘;ids 2)
Thylacocephalans (4) Crinoids (2)

A Echinoids (1)
Pycnogonids (3)

10-120,  Vertebrates
Actinopterygians (3)
Sarcopterygians (1)
Crocodilia (1)

3 = :‘c
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Brachiopods Bivalves (2)
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Figure 3.4: Faunal paleobiodiversity (groups, and number of species represented) in the La Voulte-sur-Rhone
(Gracilis Zone). Adapted from Charbonnier 2009, Chapter 8, Tables 14 —20. Ammonites are not included in this
summary.
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3.3 PALEOENVIRONMENT

Much of the previous work on the La Voulte fauna has been generally systematic and
descriptive in nature (Charbonnier 2009). Analyses by Fischer (2003) noted that the fauna from
the locality was nearly exclusively pelagic, nectopelagic or mesopelagic, with very few benthic
organisms. He estimated that the water depth would have reached roughly 200 m with well-

oxygenated surface-and mid-water, and quiet, anoxic bottom water that was aphotic.

Charbonnier (2009) gave the first comprehensive assessment of faunal biodiversity from the
locality and attempted to place it within a palacoenvironmental and palaecoecological context.
Comparisons between the fossils and present-day analogues indicated the paleoenvironment
was bathyal, with a water depth of probably >200 m with low light penetration, and loose,
muddy substrates. Further, the ecological conditions were stable enough such that populations

could be sustained over time.

Without a definitive description, subsequent works (e.g., Audo et al. 2014 2019; Jauvion ef al.
2016, 2017, 2020a, b) have continued to include palacoecological information. Attempts to
reconstruct the ecology and paleoenvironment of the site are still debated given the seemingly
contradictory (photic and aphotic) habitat inferences of the faunal assemblage (Charbonnier et

al. 2007, 2014; Charbonnier 2009; Jauvion et al. 2016; Audo et al. 2019).

3.4 COLEOID DIVERSITY

The first mention of a coleoid from La Voulte-sur-Rhone was brief and part of a
comprehensive synthesis of the geology and paleontology of the locality (Sayn & Roman 1928).
In this monograph, Frédéric Roman described a “Cephalopoda” (part and counterpart, n°
[.D.1743 and n° 1.D.1744 respectively) and assigned it the name Plesioteuthis gevreyi Roman,
1928; (p. 112, pl. 1V, fig. 1, 2). This specimen would later be redescribed with more clarity as
Romaniteuthis gevreyi by Fischer & Riou (19825).

In 1982, Fischer & Riou published two papers that are foundational to the study of coleoid
cephalopods from La Voulte-sur-Rhone (Fischer & Riou 19824, b), and described eight
individuals that represented five new genera and species. These specimens were preserved both
in nodules, and on the marl bedding planes. Those in the nodules had undergone some

deformation, while specimens in the loose marls were more strongly compacted.
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Using the classification nomenclature that was widespread at the time, these new taxa included
the earliest known Octopod, Proteroctopus ribeti Fischer & Riou 1982a (suborder
Palaeoctopodina, family Palacoctopodidae, Fig. 3.5C) (Fischer & Riou 1982a), and six
individuals assigned to the Order Teuthoidea (= Order: Decapoda of the Subclass Dibranchiata).
They were further classified by the three Suborders that were commonly used, the prototeuthid
(Romaniteuthis gevreyi (Fischer & Riou 1982b)), Fig. 3.5D; Rhomboteuthis lehmani Fischer &
Riou 1982b, Fig. 3.5G), Mesoteuthoidea (Teudopsis sp., Fig. 3.5H), and Metateuthoidea
(Gramadella piveteaui Fischer & Riou 1982b, Fig. 3.5B).

Figure 3.5: Representation of coleoid genera from La Voulte sur-Rhone. Vampyronassa rhodanica, holotype,
MNHN.F.B74247 (A); Gramadella piveteaui, holotype, MNHN.F.R03760 (B); Proteroctopus ribeti, holotype,
MNHN.F.R03801 (C); Romaniteuthis gevreyi, holotype MHNGr.PA.10277, preserved in a concretion (D);
Mastigophora aff. brevipennis, holotype, MNHN.F.53379 (E); incertae sedis individual, MNHN.F.A29523 (F);
Rhomboteuthis lehmani, MNHN.F.R03758 (G); incertae sedis individual, MNHN.F.A29585 (H); Teudopsis sp.
MNHN.F.R03757 ().

In 2002, Fischer & Riou described multiple individuals of Vampyronassa rhodanica Fischer &
Riou 2002 (Fig. 3.5A, Fig. 3.6), a Jurassic Vampyromorph species from La Voulte-sur-Rhone,
as part of the family of modern day Vampyroteuthis infernalis. Following the nomenclature
used today, this species is classified in the family Vampyroteuthidae, order Vampyromorpha,
subclass Coleoidea. Mastigophora aff. brevipennis (Fig. 3.5E) was described by Fuchs (2014)
and assigned to the vampyromorph suborder Loligosepiina Jeletzky, 1965.

Proteroctopus was recently reappraised using PPC-SRuCT techniques (Kruta et al. 2016)
revealing previously unknown information on the soft tissue anatomy and the gladius. However,

there was not enough information on the gladius to determine systematic placement within
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Vampyromorpha. Like Gramadella and Vampyronassa, Proteroctopus remains

Vampyromorpha incertae sedis.

. MNHN.F 874244

Figure 3.6: Specimens assigned to Vampyronassa rhodanica. The eight syntypes (A-H) described in Fischer &
Riou 2002, and a previously undescribed coleoid specimen (I) tentatively assigned to the species. Specimens A,
D, E, and I were reappraised in the two papers included in this chapter.

3.4.1 Overview

A recent systematic review by Fuchs (2020) classifies the taxa accordingly:

Superorder OCTOBRACHIA Haeckel, 1866
Suborder PROTOTEUTHINA Naef, 1921
Family PLESIOTEUTHIDAE Naef, 1921
Romaniteuthis Fischer & Riou, 1982a
Rhomboteuthis Fischer & Riou, 1982a

Order VAMPYROMORPHA Robson, 1929
Suborder LOLIGOSEPIINA Jeletzky, 1965
Family MASTIGOPHORIDAE Engeser & Reitner, 1985
Mastigophora Owen, 1856

VAMPYROMORPHA INCERTAE SEDIS
Gramadella Fischer & Riou, 1982a
Proteroctopus Fischer & Riou, 1982b
Vampyronassa Fischer & Riou, 2002

Order OCTOPODA Leach, 1817
Suborder TEUDOPSEINA Starobogatov, 1983
Family TEUDOPSEIDAE Regteren Altena, 1949
Teudopsis Eudes-Deslongchamps, 1835
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The coleoid genera recognized from the site (Fischer & Riou 1982a, b, 2002; Fischer 2003;
Charbonnier et al. 2007, 2014, Charbonnier 2009; Fuchs 2014; Kruta et al. 2016) are

comprised of more than 70 individuals, not all of which have been described (Charbonnier

2009).

Three of the Octobrachia Superorder are represented in the La Voulte-sur-Rhone assemblage

(Fuchs 2020) (Fig. 3.6 Table 3.1):

Superorder ORDER SUBORDER FAMILY GENERA SPECIES Specimen Described in:

Stern PROTOTEUTHINA Naef, PLESIOTEUTHIDAE R.omanlteufhls ) ) _ MHNGr.PA.10277 (Holotype, Fischer and RIOLI- 1982b; Fuchs

OCTOBRACHIA 1921 Naef 1921 Fischer & Riou,  Romaniteuthis gevreyi part-and counterpart)*; 2006b; Charbonnier 2009; Fuchs
! 1982a MNHN.F.A29547 2020
B Fischer and Riou 1982b; Fischer

Stem PROTOTEUTHINA Naef, PLESIOTEUTHIDAE ':gz:’::";:ﬁf Rhomboteuthis lemani MNH%E?;Z%;’;Z';WPE)' 2003; Fuchs 2006b; Charbonnier

OCTOBRACHIA 1921 Naef, 1921 ! . ! 2009, 2011; Charbonnier et al. 2014;
1982a MNHN.F.R03756; New**
Fuchs 2020
MASTIGOPHORIDAE
OCTOBRACHIA  VAMPYROMORPHA LOLIGOSEPIINA . Mastigophora Mastigophora aff. - . xk
Haeckel, 1866 Robson, 1929 Jeletzky, 1965 E”geselrgggge'me" Owen, 1856 brevipinnis MNHN.F.A53379 Fuchs 2006b; 2014
Gramadella Fischer and Riou 1982b; Fuchs
OCTOBRACHIA  VAMPYROMORPHA VAMPYROMORPHINA ) ; . _ MNHN.F.R03760 (Holotype); ) . . .
Haeckel, 1866 Robson, 1929 Robson, 1929 INCERTAE SEDIS Fischer & Riou,  Gramadella piveteaui R03759; RO3762 2006b; Charbonnier 2009, 2011;
1982a Fuchs 2020
Proteroctopus . . .
OCTOBRACHIA  VAMPYROMORPHA VAMPYROMORPHINA . " I Fischer & Riou 1982a; Fischer 2003;
Haeckel, 1866 Robson, 1929 Robson, 1929 INCERTAE SEDIS F'SChi;S&ZR"’“' Proteroctopus ribeti MNHN RO3801 Charbonnier 2014; Kruta et al. 2016
Vampyronassa MNHN.F.B74243; B74244;

OCTOBRACHIA  VAMPYROMORPHA VAMPYROMORPHINA |NCERTAE SEDIS Fisch‘;}; & Riou Vampyronassa B74245; B74246; B74247 Fischer & Riou 2002; Fischer 2003;
Haeckel, 1866 Robson, 1929 Robson, 1929 2002 . rhodanica (Holotype); B74248; B74249; Charbonnier 2014

B74250
TEUDOPSEIDAE
Regteren Altena,

Teudopsis Eudes-

OCTOPODA Leach,
Deslongchamps,

TEUDOPSEINA

Teudopsis sp. MNHN.F.R03757 Fischer and Riou 1982b

1817 Starobogatov, 1983 1949 1835
Incertae sedis Teuthida Incertae sedis Incertae sedis sp. MNHN.F.A29523 Charbonnier 2009
I & . . "
ncertae sedis Teuthida Incertae sedis Incertae sedis sp. MNHN.F. A29585 Charbonnier 2009

Table 3.1: Gladius-bearing coleoid genera known from the La Voulte-sur-Rhone Lagerstitte. Information
synthesized from Fischer & Riou 19824, b; Fuchs 2006b; Fuchs 2014; Charbonnier 2009. * Listed as
MHNGr.PA.10277 in Charbonnier 2009- Originally listed as [.P.M.-R.1743 and .P.M.-R.1744 in Fischer &
Riou 1982. ** Figured in Fuchs 2020 *** Correct collection number. MNHN.F.A53379. This table reflects the
known taxa in La Voulte-sur-Rhéne prior to the work in Rowe et al. 2022; 2023.

3.5 RE-APPRAISAL OF THE VAMPYROMORPHA SPECIMENS

Vampyronassa rhodanica, one of the four vampyromorph genera, represents the most
speciose coleoid taxon at La Voulte-sur-Rhone, as 20 individuals were assigned to the species
by Fischer & Riou (2002). Eight of these individuals were described as syntypes (Fig. 3.6 A-
H). Using classic observational methods, Fischer & Riou (2002) described these specimens as
possessing characteristic vampyromorph features (e.g., eight arms, laterally situated eyes, and
posterior fins), and positioned the species as the oldest known family-level relative of
Vampyroteuthis infernalis. The authors noted that the pyritic mineralization of the soft tissues
added to the complexity of their anatomical assessments. For example, certain structures, like
cirri, appeared more massive, and soft tissue contours of the fins and velum were not easy to
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recognize. The presence of a gladius was interpreted from the color of the mineralized tissue,
and the surrounding contours. However, as this has not been determined with certainty, it

remains incertae sedis within the Vampyromorpha.

The described specimens were each preserved within the marl sediments, rather than inside
concretions. As such, they experienced compaction and distortion. However, they still retain a
level of 3D preservation that makes them ideal candidates for reappraisal using high-resolution

X-ray tomographic imaging techniques.

These specimens provided an unparalleled opportunity to undertake a comparative
morphological assessment between the fossil form and V. infernalis (see Chapter 1). Using the
same imaging methods that were successfully applied to Proteroctopus (X-ray micro-computed
tomography and propagation phase contrast synchrotron X-ray micro computed tomography)
by Kruta et al. (2016) we generated detailed segmentation and renderings of internal and
external anatomy. This enabled us to identify soft tissue innovations that were previously
unknown in Jurassic vampyromorphs and discuss the ecological implications for coleoids

within the complex La Voulte-sur-Rhone environment.

Three specimens of V. rhodanica, and a previously undescribed specimen assigned to V.
rhodanica were assessed using the X-ray imaging methods outlined in Chapter 2. This resulted

in two published papers which are included here. These are:

e Rowe, A.J., Kruta, 1., Landman, N.H., Villier, L., Fernandez, V. and Rouget, 1., 2022.
Exceptional soft-tissue preservation of Jurassic Vampyronassa rhodanica provides new
insights on the evolution and palacoecology of vampyroteuthids. Scientific

Reports, 12(1), p.8292.

e Rowe, A.J., Kruta, 1., Villier, L. and Rouget, I., 2023. A new vampyromorph species
from the Middle Jurassic La Voulte-sur-Rhéne Lagerstitte. Papers in
Palaeontology, 9(3), p.e1511.

The Supplementary information for Rowe et al. 2022 is included at the end of this chapter.
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Exceptional soft-tissue
preservation of Jurassic
Vampyronassa rhodanica provides
new insights on the evolution

and palaeoecology

of vampyroteuthids

Alison J. Rowe'*?, Isabelle Kruta?, Neil H. Landman?, Loic Villier, Vincent Fernandez®* &
Isabelle Rouget?

Although soft tissues of coleoid cephalopods record key evolutionary adaptations, they are rarely
preserved in the fossil record. This prevents meaningful comparative analyses between extant

and fossil forms, as well as the development of a relative timescale for morphological innovations.
However, unique 3-D soft tissue preservation of Vampyronassa rhodanica (Vampyromorpha) from the
Jurassic Lagerstatte of La Voulte-sur-Rhone (Ardéche, France) provides unparalleled opportunities

for the observation of these tissues in the oldest likely relative of extant Vampyroteuthis infernalis.
Synchrotron X-ray microtomography and reconstruction of V. rhodanica allowed, for the first time,

a high-resolution re-examination of external and internal morphology, and comparison with other
fossil and extant species, including V. infernalis. The new data obtained demonstrate that some

key V. infernalis characters, such as its unique type of sucker attachment, were already presentin
Jurassic taxa. Nonetheless, compared with the extant form, which is considered to be an opportunistic
detritivore and zooplanktivore, many characters in V. rhodanica indicate a pelagic predatory lifestyle.
The contrast in trophic niches between the two taxa is consistent with the hypothesis that these forms
diversified in continental shelf environments prior to the appearance of adaptations in the Oligocene
leading to their modern deep-sea mode of life.

There is, to date, no undisputed phylogeny of the Cephalopoda that includes both extant and fossil taxa'™. A
scarcity of soft tissue preservation in fossil coleoids considerably restricts the number of characters available for
comparison. Attempts at parsimony analyses highlight this significant imbalance, and the resulting bias limits
the resolution and acceptance of existing phylogenetic trees'”.

Material from Konservat-Lagerstitten provide a unique opportunity to study these otherwise lost soft tissue
details®”. The Jurassic Lagerstitten of La Voulte-sur-Rhone (Callovian, Ardéche, France) represents a bathyal
ecosystem in an offshore environment with steep, fault-controlled bathymetric gradients'®!!. This site is unique
for its three-dimensional fossil preservation of photic and aphotic taxa!®. The assemblage is diverse and consists
of mostly arthropods!!~1%, as well as a few species of echinoderms'*!%, bivalves, brachiopods, and fish!!. Cepha-
lopods constitute 10% of the biodiversity' and approximately 20 specimens from the site have been assigned to
the genus Vampyronassa by Fischer & Riou'.

Considerable attention has been paid to the position of Vampyromorpha as its only extant form,
Vampyroteuthis infernalis, exhibits a mosaic of derived characters of both Octobrachia and Decabrachia®. It
also has unique characters, including a well-developed gladius and two retractable filaments (arm pair II) in its
arm crown which are not known in other extant cephalopods. After previously conflicting results regarding its
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Figure 1. Images and reconstruction of the V. rhodanica holotype (MNHN.B.74247) acquired using PPC-
SRUCT (voxel size: 12.64 um), at the ESRF (Grenoble, France). (a) Photograph (P. Loubry, CR2P) of the
specimen showing the 3-D preservation of the mineralised soft tissue. (b) PPC-SRuCT slice showing the
contrast in the grey-scale image used to segment the specimen. This contrast results from the density variation
among the various mineralised tissues. (¢) 3D representation showing the arm crown (arm pair I, III, IV, and
V), as well as other presumed internal elements (d) 3D reconstruction of the whole specimen (e) Sagittal slice
showing the profile view.

affinity with Octobrachia or Decabrachia, the current consensus places V. infernalis as a basal member of the
8-armed Octobrachia?*=%. V. infernalis is only known from deep-sea settings and is a detritivore, an opportunist
consumer feeding on marine snow or zooplankton®.

Two fossil taxa have been assigned to the same family Vampyroteuthidae: the bathyal Necroteuthis Kretzoi
1942 (Palaeogene)® known only from the gladius?, and the Jurassic Vampyronassa rhodanica'®. Eight well-
preserved specimens of V. rhodanica have been described from La Voulte-sur-Rhone'é. These individuals retain
the exceptional 3-D preservation associated with this site and therefore play an important role in understand-
ing character evolution in Vampyroteuthidae and Vampyromorpha (Loligosepiina and Vampyromorphina)*.

Reanalysis of three V. rhodanica specimens using high-resolution imaging techniques provides a unique
opportunity®® to observe soft tissue characters of this family. For the first time, we have a detailed reconstruc-
tion of external and internal morphology of V. rhodanica, with specific attention paid to the characters on the
arm crown. These new anatomical data provide insights into the character states of the fossil form and were
incorporated into a morphological phylogeny'. The current analysis supports the sister relationship between V.
rhodanica and V. infernalis. Through the comparative morphology of the two vampyromorph taxa, as well as
other extant and fossil forms, we suggest a palaecoecological reconstruction for V. rhodanica as a pelagic predator.

Results
Laboratory X- ray micro-computed tomography (uCT) and propagation phase contrast synchrotron X-ray
micro computed tomography (PPC-SRuCT) data allowed for a reappraisal of the morphology in each of the
three Vampyronassa specimens. (See Supplementary Information for a redescription of each specimen and
details on the CT acquisitions.) Externally, V. rhodanica is elongate with an oviform body (Fig. 1). The three
specimens studied range in overall length (posterior-most part of the mantle to the anterior-most tip of the
arms) from ~94-103 mm (See Supplementary Information for additional individual measurements). The man-
tle appears posteriorly rounded in dorso-ventral view (MNHN.F.74244 (paratype)) and posteriorly tapered
in lateral view (MNHN.E.74247 (holotype); MNHN.E.74243 (paratype)) (Supplementary Fig. 1). Two densely
outlined elliptical shapes are interpreted as mineralized fin cartilage in the posterior mantle (MNHN.E74244).
A small fin protrudes on the dorso-lateral posterior section of MNHN.E74247 and corresponds with previously
described fin placement!®.

The deep interconnecting velum, anteriorly extended funnel, and a cirri-like structure at the base of the dorsal
arm described by Fischer & Riou'® could not be confirmed during segmentation. There was no evidence of an
ink sac, retractable filaments, or modification of arm pair IV. Hectocotylization was not observed. Topographic
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Figure 2. 3D reconstruction and image of the arm crown, and a sample dorsal sucker of V. rhodanica
(MNHN.B.74244). (a) Reconstruction of the arm crown (Mimics software) showing 8 arms, with the longer
dorsal arm pair (arm pair I). (b) PPC-SRuCT slice of arm pair I (voxel size: 12.64 pm) showing the armature (2
uniserial suckers and flanking pairs of cirri) at the distal section, and the axial nerves. (c,d) 3D reconstruction of
a dorsal sucker in profile and oral view respectively. The yellow colour reflects the location of the infundibulum.

differences on the dorsal, posterior section of the specimens suggest remnants of the inner shell (gladius), though
the type of X-ray imaging used here does not allow us to provide details on its state.

The luminous organs described by Fischer & Riou'® could not be confirmed, though two dense, somewhat
ovoid structures are located within the peripheral mantle tissue at the posterior-most area of the body in speci-
men MNHN.F.74244 (Supplementary Fig. 6). These dense structures are in a similar position to the luminous
organs noted in the original description by Fischer & Riou'®, though are 4-5 times larger in MNHN.E.74244.
They are only observable in the tomographic image and do not appear in the other two specimens.

Head-mantle fusion is evident, and the head is approximately half as wide as the length of the mantle. Mantle
tissue extends out from the body margins in MNHN.F.74247 and MNHN.E.74244 (Supplementary Fig. 1). This
tissue is not preserved in a splayed position in MNHN.FE.74243.

The eyes of each specimen are preserved, though their position is relative due to the amount of distortion
in the body prior to mineralization. They are subcircular, have undergone various amounts of compaction, and
range in diameter from 5 to 7 mm (Fig. 1).

Elements in the arm crowns are particularly well preserved. Each has 8 tapered arms and distinct axial nerves
(Fig. 2). The dorsal pair (arm pair I) is approximately equivalent in length to the mantle, and roughly twice the
length of the sessile arms (arm pairs III-V).

Each dorsal arm has two uniserial, radially symmetrical suckers, and paired cirri positioned on the distal
section (Fig. 2a,b). These suckers on the dorsal arms are attached by a muscular elongated neck, which protrudes
into the acetabulum (Fig. 2c). The angle of the infundibulum is shallow and oriented somewhat parallel to the
arm (Fig. 2c). Four, possibly five pairs of primary cirri (Fig. 2a,b) precede the most proximal sucker, and then
alternate with the suckers towards the tip. Contrary to the description by Fischer & Riou'$, scans of the dorsal
arms show no indication of proximal armature.

The remaining arms show very slight length variation with the arms preserved in ventral position (arm pair
V) appearing marginally (a few millimetres) longer than the rest (arm pairs IIT and IV). It is not known if this is
an artefact of preservation or a true character. Each of these arms has uniserial, radially symmetrical suckers and
paired cirri (Supplementary Fig. 2). These features are present from the base to the tip of the arms. The suckers
and cirri are similar in diameter, closely positioned and taper distally. Some suckers appear to be encircled by
ovoid depressions in the peripheral tissue (Supplementary Fig. 3), though there is no evidence to indicate that
these correspond with toothed sucker rings*** found in some Decabrachia® **-**. This detail appears in each
of the V. rhodanica specimens, though it is not present on every sucker. The position of the depressions on the
outer margins is not consistent with the feature being a remnant of the internally placed sucker rings in some
Decabrachia®, and there is no evidence of this character being present®. Similar looking tissue is visible else-
where on the arms, including on the profile views of the cirri and suckers (Fig. 2b). Without further evidence to
suggest otherwise, we suggest these depressions are a manifestation of degraded epithelium.
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Figure 3. 3D reconstructions (top) and virtual slices (bottom) of sucker profiles. (a,b) Dorsal, and sessile
sucker profiles of V. rhodanica MNHN.B.74244 respectively (PPC-SRUCT, ESRF). (c) V. infernalis (AMNH I1ZC
361496) (Vampyromorpha) (d) Commercial Loligo (Decabrachia) sample (uCT, AST-RX). (e) Grimpoteuthis
(ZMB 240160) (Octobrachia) CT data from Ziegler et al.*® and reconstructed for this study. Extant material
(d,e) was stained prior to scanning.

All the suckers in the arm crown display a conical, Vampyroteuthis-like attachment (Fig. 3¢, and Supplemen-
tary Fig. 4) and do not show a clear attachment to the arm muscle. There is slight variation between the sucker
stalks on the dorsal arms and the rest of the arms in the arm crown (Fig. 3a,b respectively). The stalks connecting
the two suckers to the dorsal arms are slightly longer and narrower than the more compact, triangular-shaped
attachments that connect the suckers along the length of the sessile arms.

These new morphological data were incorporated into the existing phylogenetic matrix of Sutton et al.* that
was modified by Kruta et al.!. The analyses returned 34 trees, and the data clarified four characters that were
previously unresolved (#89-#92: Sucker symmetry; presence of sucker stalks; sucker lining, and the presence of
proximal suckers, respectively. The consensus tree has the same topology as seen in Kruta et al.!, with each of
the state changes at node 134. This supports the hypothesis that V. rhodanica and V. infernalis are more closely
related to each other than they are to any other taxon in this analysis (Supplementary Information Fig. 5). A
radially symmetrical sucker state (character #89) was already known in V. infernalis. Our observations confirmed
that this state is also reflected in V. rhodanica.

A character state was added to #91 to best reflect the shape of the stalks attached to the arm muscles. In
Kruta et al.', this state is described as either a “conical pillar with base and neck” (state 0) consistent with mod-
ern Decabrachia, or a “cylinder” (state 1) consistent with modern Octobrachia. The shape of the sucker stalk
in V. rhodanica resembles the attachment seen in modern V. infernalis (Fig. 3b,c). As such, character #91 was
amended, adding a “base and plug”** state (state 2) to reflect the states outlined in Young & Vecchione*. For
character #92', V. rhodanica showed no evidence of either a “horny” (state 1) or “cuticular [sucker] ring” (state
2) (see Fuchs et al.** for a full explanation of this character) on the inner lining of the sucker. In this study, both
V. infernalis and V. rhodanica were coded as (state 0), to reflect the lack of this sucker lining. According to our
results, (state 1) was common in Decabrachian taxa, and V. infernalis and V. rhodanica (state 2) were nestled
within Octobrachia where this character was typically ambiguous. The type of muscular connection within the
sucker attachment (character #90) proved to be of most interest. In V. infernalis, this state (state 2) is “present
but not clearly attached to the arm muscles”*%. This had previously been considered an autapomorphic character
in V. infernalis though it is also present in V. rhodanica. It is, in fact, a synapomorphy of node 134 that links the
two species and increases the robustness of the node.

Discussion
In their original description of V. rhodanica, Fischer & Riou'® determined that the previously undescribed
genus was a Jurassic relative of V. infernalis. This assignment was based on the configuration of the arm crown
and armature, fin type, presence of luminous organs, lateral eyes, and the absence of an ink sac. Assuming this
assignment is correct, then V. rhodanica is a member of the suborder Vampyromorphina, which includes the
family Vampyroteuthidae?>*.

Reappraisal of the anatomy shows that V. rhodanica and V. infernalis both have 8 arms and uniserial suckers
flanked by cirri. They both possess V. infernalis-like sucker attachments**%, which are broader at the base and
taper up to a radially symmetrical sucker.
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Figure 4. Hypothesised reconstruction of V. rhodanica based on the data from this study (A. Lethiers, CR2P).
The scale is based on measurements from the holotype (MNHN.B.74247) and the arm crown is completed using
dimensions from MNHN.B.74244.

Both species have distinctly modified arms though the morphology differs in each. V. infernalis, has retract-
able filaments in the position of arm pair II****, though there is no evidence of these appendages in V. rhodanica.
Instead, the species has elongate dorsal arms (arm pair I) with a unique configuration of suckers and cirri on
the distal section.

The suckers and cirri of V. rhodanica are more numerous than those of V. infernalis*”’. They are also more
closely positioned. Proportionally, the suckers of both species have a consistent ratio to mantle length®, though
the diameter of the cirri and infundibulum are greater in V. rhodanica. The V. infernalis-like attachment*** is
present in both species, though in V. rhodanica, the distal part of the neck protrudes into the acetabular cavity.
Of note, the sucker stalks on the dorsal arms of V. rhodanica are more elongate than those on the other arms
(Figs. 2b,c, and 3a,b). This variation in suckers and their attachments suggests a specialized function between the
dorsal and sessile appendages. On the longer dorsal arms, the larger sucker diameter, and more elongate stalks
(Figs. 2b and 4) indicate the potential for increased mobility over their extant relatives, and possibly facilitated
additional manipulation and prey capture capability.

In addition to the arm crown specialization, V. rhodanica has a more streamlined shape than V. infernalis,
which is caused by a proportionally narrower head. Their muscular body is narrower and more elongate than
the gelatinous V. infernalis'®**” suggesting a higher energy locomotory style. This is consistent with increased
predation relative to the modern form. Observations in this study support many assertions of Fischer & Riou'®
about the characters in V. rhodanica, though the presence of luminous organs cannot be confirmed. Rather than
luminous organs much larger than those present in the deep-sea, extant V. infernalis, it is possible that these
structures represent displaced cartilage prior to fossilization (Supplementary Fig. 6).

Two other genera from the La Voulte-sur-Rhone locality, Gramadella and Proteroctopus are, like V. rhodanica,
considered to be Incertae sedis Vampyromorpha?. All three share morphological similarities that include an
elongated mantle fused with the head, and a longer dorsal arm pair with armature on the distal ends"!¢?2%,
Neither the second nor fourth arm pair have been modified. Each has one pair of fins. In Gramadella, the fins
are lateral and skirt-like'®*. In V. rhodanica and Proteroctopus these fins are located posteriorly™*®.

V. rhodanica shows the greatest length variation between the dorsal and sessile arms (Fig. 4), though propor-
tionally, Gramadella, and Proteroctopus have longer dorsal arms™*!. Fischer & Riou®' and Kruta et al.! described
biserial suckers in their descriptions of Gramadella, and Proteroctopus, respectively. In Proteroctopus, these
suckers have a proportionally smaller diameter than the uniserial row in V. rhodanica, and do not exhibit the
same tapered pattern.

None of these specimens shows evidence of an ink sac, though it is present in contemporaneous genera from
the same assemblage (Mastigophora, Rhomboteuthis and Romaniteuthis)®'°. That this character occurs only in
some taxa from the same assemblage suggests variation in ecology, possibly associated with the steep, bathym-
etric relief in the La Voulte-sur-Rhone paleoenvironment!!. The mosaic of characters found within the coleoid
taxa at La Voulte-sur-Rhdne suggests that Mesozoic vampyromorphs co-occurred in different ecological niches
during the mid-Jurassic.

Today, extant V. infernalis is uniquely adapted to a low-energy, deep-sea mode of life*’ >, though the tim-
ing of character acquisition and progression of this ecology is unclear®*. It is hypothesised that the vampyro-
morph Necroteuthis Kretzoi 1942 was already exploiting this niche by the Oligocene?, and that the initial shift
to offshore environments was possibly driven by onshore competition®*?. The data obtained here suggests that
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V. rhodanica, the purportedly oldest-known genus of the Vampyromorphina group, was an active predator fol-
lowing a pelagic mode of life.

Indeed, several anatomical details, mainly found in the brachial crown, seem to support this hypothesis.
Though we cannot directly compare functionality of the arm crown elements with other Jurassic taxa, we can
infer function based on observation in modern forms. In Octopoda, the sister group to Vampyromorpha, suckers
are attached to the arm by a cylindrical layer of muscle, encircling oblique musculature*®*!, that connects the
arm musculature and the lateral margin of the acetabulum®*4°-#2. This facilitates a variety of functions including
locomotion, manipulation, and prey retention*’. The sucker attaches by flattening the infundibulum against the
surface and then the encircling epithelium creates a watertight seal’>*~*>. Contraction of the radial acetabular
muscles provides the pressure differential required to create the suction force*>#+4°,

The stalked sucker attachments*** of decabrachians (Fig. 3d, and Supplementary Fig. 4) are muscular® and
connect the musculature of the arm with the base of the sucker, forming part of the acetabulum?*3*, Tension on
the sucker stretches this muscular attachment, which pulls locally on the acetabular base. This facilitates a greater
pressure differential inside the sucker, allowing the teeth on the sucker ring to maintain the hold*”.

Extant V. infernalis lack decabrachian-like stalks>'® and the neck of the attachment joins to the base of the
acetabulum (Fig. 3¢, and Supplementary Fig. 4), rather than being inserted into it'. The infundibulum is not
distinct, and the suckers do not provide strong suction?. Instead, suckers function by secreting mucus to coat
detritus—marine snow captured by retractable filaments—which is then moved to the mouth by cirri’?.

A mosaic of these characters is present in V. rhodanica (Fig. 3a,b), therefore, suggesting their potential for
increased attachment and hold on prey over extant V. infernalis. These include a larger infundibular diameter, a
neck attachment integrated with the acetabular muscles, and the elongated stalks of the dorsal suckers.

Additionally, the paired, filamentous cirri observed in extant cirrates*® are present in V. rhodanica (Fig. 4,
and Supplementary Fig. 2). In extant forms they are understood to have a sensory function and are used in the
detection and capture of prey*. In V. infernalis, they serve to transport the food proximally along the arms to
the mouth?. The greater diameters of cirri, and placement along the entire arm in V. rhodanica (Fig. 4), suggests
an increased sensory function in these fossil forms.

The shape of the arms also contributes to the suction potential* in coleoids. Functional analysis in Octopoda
highlights a positive correlation between distal tapering of the arms and their flexibility. A tapered, flexible
arm facilitates more precise adhesion than a cylindrical-shaped one and requires a greater force for sucker
detachment®. Suckers detach sequentially, rather than the more simultaneous release observed in models of arms
with less taper variation. The tapered diameter of the suckers, like those seen on the sessile arms of V. rhodanica,
potentially facilitated this kind of sequential detachment* allowing them more adherence force and flexibility.
Though V. rhodanica has just two suckers on the distal tips of their dorsal arms, the most distal is marginally
smaller in diameter than the proximal one. On the dorsal arms, this tapering is observed in conjunction with a
well-developed axial nerve cord (Fig. 2b). In extant forms, the nerve cord facilitates complex motor functions*?.
The combination of these characters in V. rhodanica suggests their arms had increased potential to be actively
used in prey capture®® over extant V. infernalis.

Though arm crown characters offer insight on the ecology of V. rhodanica, in fossil coleoid phylogenies only
a few characters are based on the suckers">. Two studies that have attempted to create a phylogeny using mor-
phological characters that include both fossil and extant taxa return V. rhodanica and V. infernalis as sister taxa>.
These matrices are, by necessity, heavily influenced by the gladius®' and more than 50% of the characters are
based on this feature'”. Indeed, the authors' note that the lack of gladius data for some fossil forms, including V.
rhodanica, creates an inherent bias in the phylogenetic matrix. Fischer & Riou'® suggested that V. rhodanica and
V. infernalis are related on the basis of the observable morphological characters in the family Vampyroteuthidae,
though without morphological information on the gladius, a recent systematic synthesis of fossil Octobrachia?
positioned V. rhodanica as Vampyromorpha Incertae sedis.

X-ray CT analysis in this study did not allow a reconstruction of the gladius. Nevertheless, it does provide
new data on soft tissues, and permits comparisons between extant and fossil taxa. Specifically, we can add distinct
states to 4 of the 132 characters in the existing phylogenetic matrix from Sutton et al.’ that was modified and
used in Kruta et al.'. These four characters (#89-#92) represent the suckers, and sucker attachments. Detailed
examination revealed that the sessile and dorsal arms have the Vampyroteuthis-like attachment. In the dorsal
arms, this is more elongated, though it cannot be considered pedunculate like those seen in modern decabrachi-
ans. Indeed, the attachment type (plug and base®*) is the same, only the length varies. As previously discussed,
this variation may have functional implications.

When updated with these new data, the matrix from this study returns the same topology seen in Kruta
et al.! that supports the positioning of V. rhodanica and V. infernalis as sister taxa. Further, it strengthens their
relationship as they both share a sucker attachment that is not clearly attached to the arm muscles, a state that
was previously considered autapomorphic in V. infernalis. However, it is important to note that no additional
characters were added for the gladius, which is the cornerstone of coleoid systematics™. Indeed, just 29 of the 132
matrix characters can so far be coded for V. rhodanica, with only 9 of these relating to the 74 states of the gladius.

Assuming the phylogenetic work so far is correct, then both species belong to the family Vampyromorphina,
and are joined by the Oligocene fossil Necroteuthis hungarica®. While the lack of gladius characters precludes a
full phylogenetic understanding of this group, preservation and observation of the soft tissues allow us to infer
information regarding palaeobiology.

The data obtained in this study demonstrates that the characters observed in V. infernalis, including the sucker
attachments and lack of ink sac, were present in Jurassic Vampyromorpha. Comparative anatomy of V. rhodanica
and extant V. infernalis revealed that the fossil taxon displayed more morphological variation and were more
diversified than previously understood. The assemblage of characters observed in V. rhodanica are consistent
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with a pelagic predatory lifestyle and corroborate the likelihood of a distinctly different ecological niche. These
findings support the hypothesis that a shift towards a deep-sea environment occurred prior to the Oligocene®?.

Methods and materials

Materials. Three fossil specimens of V. rhodanica (holotype MNHN.B.74247, and two paratypes
MNHN.B.74244 and MNHN.B.74243) from La Voulte-sur-Rhone provided the basis for this study. These sam-
ples are reposited in the paleontological collections of the Muséum National d’Histoire Naturelle (Paris, France).
Some anatomical features in these three specimens are absent due to distortion and tissue loss prior to minerali-
zation, as well as during the preparatory process. Each specimen exhibits varying levels of deformation. Despite
this, each has retained exceptional 3-D morphology.

This exceptional preservation was a result of soft tissue replacement during a sequence of mineralization
phases®. Ordinarily, calcium carbonate precipitates in marine environments®*** but at La Voulte-sur-Rhone,
rapid post-depositional microbial activity in the low oxygen setting reduced pH, leading to authigenic precipita-
tion of iron-rich minerals®***-*”. Mineralization was localized in the organism, and the organs and tissues were
potentially replaced by different mineral phases® *°. Analyses of marine arthropods mineralized at La Voulte-
sur-Rhone show that muscle tissue is replaced by fluorapatite and pyrite (and related sulphides)®. The same is
assumed here for V. rhodanica. It is the density of these fossilized tissues that provides the grey-scale contrast
observed in the tomographic imagery.

A subsequent reset of the pH reverted to calcite precipitating conditions and allowed the preservation of
fine morphological detail®®. In some instances, calcium carbonate concretions formed around the specimens®.

CT data of extant forms (V. infernalis, AMNH IZC 361496 and YPM IZ 018297.GP), and Grimpoteuthis and
Sepia from MorphoBank project (#3107)°® were also analysed for comparison.

53,56,57

Microtomography. The three V. rhodanica fossils were initially imaged using uCT at the AST-RX platform at
the MNHN and then using PPC-SRuCT at the European Synchrotron Radiation Facility Synchrotron (ESRF, ID 19
beamline, Grenoble, France). PPC-SRuCT data have a voxel size of 12.64 ym (MHNH.B.74247, MHNH.B.74243
and MHNH.B.74244); AST-RX platform pCT data have a voxel size of 88.60 um (MHNH.B.74244). Specimens
of V. infernalis were analysed using pCT at the Microscopy and Imaging Facility of the American Museum of
Natural History (New York, USA). The voxel size for each specimen analysed was 38.40 um for AMNH IZC
361496, and 18.25 um for YPM IZ 018297.GP. See Supplementary material for microtomography details.

Final CT data were reduced in size using Image]J software (cropping and size reduction by binning 2x2 x 2),
and then segmented using Mimics software (Materialise NV, Belgium, Version 21.0). The contrasting densities
of the mineralized soft tissues were utilized to identify anatomical features for segmentation. Morphological
reconstructions were carried out for the three V. rhodanica specimens incorporating all possible internal and
external soft tissues. A full reconstruction of V. infernalis was carried out on AMNH IZC 361496. Some suckers
in YPM IZ 018297.GP had more clearly defined boundaries and these were integrated into the analysis to aug-
ment the data gathered from AMNH IZC 361496.

Phylogenetic analysis. New character state data obtained from the segmentation of V. rhodanica were
incorporated into the phylogenetic matrix from Kruta et al.!. This matrix is built on 132 characters that describe
morphological states of fossil and extant forms. More than 50% of these are based on the gladius. One new state
was added to character 91 to reflect State 9 in Young and Vecchione®. Characters described by Fischer & Riou'®
that were not able to be observed by segmentation in this study, remain unchanged in the matrix. The dataset
was analysed using TNT v.1.1°° with implied weighting (concavity constant of K=3). The monophyly of the
decabrachians was constrained as in Sutton et al.>.

Methods. Comparative studies were also conducted with fossil specimens, and descriptions and images were
taken from the literature. Most of these character comparisons focussed on the arm crown, though the fins and
ink sac were also included. The resulting fossil sample comprised three Incertae sedis Vampyromorpha, Grama-
della, Proteroctopus, and V. rhodanica, as well as the loligosepiid Mastigophora.

Measurements for all specimens were collected using parameters outlined in Fig. 3 of Nixon 2011, The
mantle length was taken from the central lateral line of the eye to the most posterior part of the body. Arm
length was taken from the central lateral line of the eye to the most anterior tip. As none of the specimens is
preserved in anatomical position, all measurements are composite. Measurements followed the natural line of
the form where possible.

The ratio calculations performed on these measurements were defined in Pickford®” and are detailed in
Supplementary Information. Pickford® provided a comprehensive account of measurements and ratios for V.
infernalis, and the mean values provided were utilized for comparative analyses. The same ratios were used to
calculate proportions in the fossil and extant forms where possible. Pickford®” noted two equations to determine
the length of longest arm: the arm length index and the mantle length index. The arm length index was used for
the V. infernalis specimens, and therefore was used in this study. We used this formula also. Where possible, the
various indices were calculated twice; once using measurements from the dorsal arms, and the others for the
measurements taken from the shorter sessile arms. Ratios for elements within the suckers were not provided in
Pickford® so an adaptation was used (Supplementary Information). From this, we calculated proportional values
for the infundibular diameter, cirri diameter, and the acetabular cavity.
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Abstract: Eight coleoid genera have so far been described
from the Callovian-aged La Voulte-sur-Rhone Lagerstitte
(c. 165 Ma; Ardeche, France), a locality noted for its unique
three-dimensional preservation of soft tissues. Here, we used
high resolution x-ray-based imaging methods, in conjunction
with reflectance transformation imaging, to study the soft
tissues of a previously undescribed coleoid from the La
Voulte-sur-Rhone locality. This analysis identified both an
ink sac and internal light organs, a combination of defence
mechanisms present in the Recent, although not previously
described from the coleoid fossil record, as well as the pres-
musculature  and

ence of Octobrachia-type arm

Vampyroteuthis-like sucker attachments. The morphology of

the gladius could not be attributed to any known coleoids
and therefore justified the assignment of this single specimen
to a new taxon: Vampyrofugiens atramentum. The addition
of this new vampyromorph species not only increases the
coleoid diversity known from the site, but also broadens the
morphological variation observed in the co-occurring coleoid
taxa. These findings suggest that there was a high diversity
of cephalopods occupying differentiated communities during
the Middle Jurassic.

Key words: soft-tissue preservation, Vampyromorpha, syn-
chrotron microtomography, reflectance transformation imag-
ing, coleoid, La Voulte-sur-Rhone Lagerstatte.

Jurassic coleoid diversity is mostly recorded from the
Lower Jurassic Lagerstitten such as the Posidonia Shales
(Lower Toarcian, Holzmaden) as well as the Upper Juras-
sic (Kimmeridgian—Tithoninan) lithographic limestones
of Nusplingen, and Solnhofen (southern Germany) (Klug
et al. 2005, 2015, 2021; Fuchs 2007; Fuchs et al. 2007,
2010, 2013). The Middle Jurassic coleoid record (e.g.
Christian Malford, UK (Wilby ef al. 2004; Fuchs 2014)
and La Voulte-sur-Rhone, France) (Fischer 2003) is less
well known. More than one-third of the genera of non-
belemnoid coleoids (Fuchs 2020) known from the Middle
Jurassic are represented at La Voulte-sur-Rhone, making
this an important site for understanding coleoid evolu-
tionary history. Cephalopods constitute c¢. 11% of the
diversity from the locality, with eight currently described
coleoid genera (Fischer & Riou 2002; Fischer 2003; Char-
bonnier 2009; Fuchs 2014). Other groups include arthro-
pods (Charbonnier 2009; Audo et al. 2014, 2019; Jauvion
et al. 2016, 2017; Vannier et al. 2016), which comprise
the majority (c. 50%) of the taxa, as well as echinoderms
(Charbonnier et al. 2007; Charbonnier 2009; Villier
et al. 2009), annelids, bivalves, brachiopods and a few
vertebrate taxa (Crocodilia, Sarcopterygii and Actinopter-
ygii) (Charbonnier 2009; Charbonnier et al. 2014).

© 2023 The Authors.

Attempts to reconstruct the palaeoenvironment and
ecology of the site have proven challenging. This is due
both to its complex submarine topography, a result of the
Callovian reactivation of a number of Hercynian faults
(Charbonnier 2009; Charbonnier et al. 2014), and to the
seemingly contradictory habitats of the faunal assemblage
(Charbonnier ef al. 2007, 2014; Charbonnier 2009;
Vannier et al. 2016; Audo et al. 2019). Although based on
a synthesis of the geology and fossil fauna of La Voulte-
sur-Rhone, the fossil-bearing locality has been interpreted
to represent a somewhat deep (200+ m) offshore environ-
ment (bathyal zone) around the slope-basin transition
(Charbonnier 2009; Charbonnier et al. 2014).

The increased use of powerful imaging techniques over
the last decade has enabled the reappraisal of many fossil
specimens, including coleoids from La Voulte-sur-Rhone
(Kruta et al. 2016; Rowe et al. 2022). The three-
dimensional (3D) preservation seen in these coleoids is
particularly well suited to x-ray-based approaches, which
provide unparalleled opportunities for the observation of
internal and external morphology (Jauvion et al. 2016,
2020; Kruta et al. 2016; Rowe et al. 2022). The excep-
tional preservation is a result of rapid replacement of the
soft tissues with authigenic iron-rich minerals (see
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Allison 1988, Wilby et al. 1996, Clements et al. 2017 and
Jauvion 2020 for a description of the mineral replacement
phases producing this level of preservation). Results from
these studies have contributed to the discovery of previ-
ously unknown anatomical characters and also to
palaeoecological and palaeoenvironmental interpretations
of La Voulte-sur-Rhone.

Indeed, recent tomographic analysis of an arthropod
specimen (Thylacocephalan, Dollocaris) (Vannier et al. 2016)
contradicts the deep-water environment hypothesis for La
Voulte-sur-Rhone. Analysis of its eyes and stomach con-
tents indicates that Dollocaris was a visual ambush predator,
which suggests that its palacoenvironment was illuminated.
Additionally, work on the vampyromorph coleoid Vampyr-
onassa rhodanica (Rowe et al. 2022) from the locality has
identified previously unknown morphologies in Jurassic
taxa, which are indicative of a pelagic and predatory mode
of life. This is in contrast to the deep-sea lifestyle of the
extant coleoid Vampyroteuthis infernalis, which is positioned
as its only extant relative.

Here, we describe a previously unpublished vampyro-
morph specimen (MNHN.F.A32491) from La Voulte-sur-
Rhone, which was preliminarily assigned to Vampyronassa
rhodanica. We used a variety of imaging techniques that
enabled observation of the internal morphology, including
many characters belonging to the arm crown. This
appraisal demonstrates the benefits of these imaging
methods to facilitate a clearer understanding of the mor-
phology and lifestyle behaviours of Jurassic vampyro-
morph coleoids.

Although there is not, as yet, a definitive understanding
of the palaeoecology at La Voulte-sur-Rhone, the increas-
ing amount of gathered data is beginning to suggest that
this locality represented a complex Jurassic ecosystem,
with a larger coleoid diversity than previously understood.

MATERIAL AND METHOD

The specimen studied here (MNHN.F.A32491) is catalo-
gued in the collections of the Muséum national d’Histoire
naturelle (MNHN), Paris, France.

The specimen was imaged using propagation phase
contrast synchrotron x-ray microcomputed tomography
(PPC-SR-uCT) at the European Synchrotron Radiation
Facility (ESRF, ID 19 beamline, Grenoble, France), at
both a 12.64 pym (entire specimen) and 3.5 pm (arm
crown) voxel size (see Rowe ef al. 2022 for acquisition
methods and http://paleo.esrf.fr/ for data and metadata).
The resulting PPC-SR-puCT files were manipulated in
Image] to reduce the size (binning and cropping) before
segmentation, which was done using Mimics software

(v.21.0; Materialise NV). Internal and external features for
segmentation were identified using the density of the
mineralized soft tissues, which appear as contrasting gray-
scale in the reconstructed files.

These data were then compared with three segmented
and reconstructed Vampyronassa rhodanica specimens
(MNHN.F.B74247; MNHN.F.B74244; MNHN.F.B74243)
described in Rowe et al. (2022). The existing tomographic
data of V. rhodanica enabled a direct comparison of fea-
tures, specifically characters in the arm crown (arm
length, sucker and cirri configuration). Additional com-
parisons were carried out on previously described fossil
specimens (Fuchs 2020), including some from La Voulte-
sur-Rhone, as well as extant taxa. Special attention was
paid to the ink sac and luminous organs given that these
were preserved in MNHN.F.A32491.

The specimen was also photographed using reflectance
transformation imaging (RTI) at the MNHN to analyse
the external morphology in relief from the matrix (Rou-
get et al. 2022).

Measurements of the specimen were taken following
the delineations for Octobrachia shown in Nixon (2011,
fig. 3), with the central lateral eye line marking the
boundary between anterior and posterior sections. All
measurements were composite and followed the natural
line of the specimen where possible.

Using the RTI images and measurement parameters
from Fuchs (2016, 2020), we attempted to reconstruct the
gladius ratios and size for MNHN.F.A32491. A recon-
struction of this was used to determine systematic place-
ment (Fuchs 2020). Given that the specimen shows
compaction and loss in certain areas, these results should
be interpreted with appropriate caution.

Institutional abbreviations. AMNH, American Museum of
Natural History, New York, USA; MNHN, Muséum national
d’Histoire naturelle, Paris, France; ZMB, Museum fiir Natur-
kunde, Berlin, Germany.

SYSTEMATIC PALAEONTOLOGY

Superorder OCTOBRACHIA Haeckel, 1866
Order VAMPYROMORPHA Robson, 1929
Suborder LOLIGOSEPIINA Jeletzky, 1965
Family GEOPELTIDAE Regteren Altena, 1949
Genus VAMPYROFUGIENS nov.

LSID. https://zoobank.org/nomenclaturalacts/FA6A1790-3915-
4F77-9452-E3CBDE01F48A

Type species. Vampyrofugiens atramentum.
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Derivation of name. The name Vampyrofugiens is composed of
the original Serbian word Vampir and the Latin fugiens (fleeing)
to reflect the escape behaviours of this new vampyromorph
taxon.

Diagnosis. As for type and only species.

Vampyrofugiens atramentum sp. nov.

LSID. https://zoobank.org/nomenclaturalacts/ CF14CBF1-D8BE-
4898-972A-A8E4AB71FA06

Holotype. MNHN.F.A32491.

Derivation of the name. The species name atramentum (Latin
word for ink) is assigned and reflects the occurrence of an ink
sac.

Diagnosis. Mantle bullet-shaped; arm length moderate (arm
length : mantle length ratio of 0.6 although the distal tips are
not preserved), no elongated arm pair; suckers radially symmet-
rical, uniserial, sucker rings absent; cirri biserial; head dorsally
fused with mantle; ink sac present; luminous organs present
internally; fins subterminal.

Type locality. La Voulte-sur-Rhone, France.

Type horizon. Middle Jurassic (Lower Callovian), gracilis Bio-
zone.

Description

Body. MNHN.F.A32491 is positioned in dorsal view (Fig. 1A).
The body and head region have undergone slight rotation and
non-uniform compaction prior to fossilization. The distalmost
part of the arms has been lost. The total preserved, measurable
length (posterior part of the mantle to the preserved anterior
tips of the arms) is ¢. 81 mm. The head and dorsal mantle are
fused although the head is clearly outlined, suggesting that the
anterior part of the mantle margin is positioned posterior to the
eyes (Fig. 2). The mantle is posteriorly tapered and measures c.
55 mm in length from the central eye to the posteriormost mar-
gin. There is no evidence of mantle-locking cartilage. A funnel is
visible in the PPC-SR-UCT slices (Fig. 1D) with the most ante-
rior part terminating slightly posteroventrally to the eyes.

The combination of HCT and RTI reveals previously unseen
internal and external morphological details, as well as showing
topographic contouring on parts of the mantle. It is possible
that these contours correspond, in part, to sections of the origi-
nal gladius morphology (Fig. 2).

Fins. The specimen has one pair of posterior fins located in a
subterminal position (Figs 1A-C, 3A, B, D, E), the tissue of
which is draped across the posteriormost section of the mantle
(Figs 1C, 3D). Not all of the tissue is preserved (Fig. 1A). What

ROWE ET AL.: ANEW VAMPYROMORPH SPECIES 3

remains is narrowest in the posteriormost section and flares
slightly anteriorly. The margins appear rounded. Here, we inter-
pret the fins to be paddle-like in shape, similar to those of Vam-
pyroteuthis infernalis (Pickford 1949). The internal fin cartilage is
well preserved and appears clearly in the PPC-SR-pCT slices as
defined linear structures in a paired lateral position (Fig. 3E).

Head. The head is fused to the mantle and measures c. 22 mm
at its widest section. Both eyes are retained. The eyes are sub-
spherical, ¢. 5 mm in diameter, and are located on different
planes, which is consistent with the slight rotation of the speci-
men prior to fossilization. In cross-section, parts of the cephalic
cartilage appear to be preserved (Fig. 3F).

Dorsally, a thin elongate structure (<1 mm in diameter) is
draped perpendicular to the arm crown, just slightly anterior to
the eyes (Figs 1A, 4). It is not continuous across the width of
the head and does not appear to be fused with the tissue. Addi-
tionally, the internal composition of this element, visible in the
PPC-SR-UCT slices, does not resemble a filamentous retractile
appendage, or the internal musculature of the preserved arms.
There is no evidence to suggest that this structure is part of the
specimen, rather that it is a preserved piece of associated fauna,
possibly a section of a brittle star arm (Fig. 4E), given that these
are common taxa in the La Voulte-sur-Rhone locality (Charbon-
nier et al. 2014).

Arm crown. Eight arms are present in the arm crown, each with
uniserial, radially symmetrical suckers and biserial cirri that are
evident from the most proximal sections of the arms to the dis-
tal, truncated boundary (Figs 1A, 5). Without the distalmost
parts it is not possible to define a precise length for each of the
arms or determine with absolute certainty that there is no elon-
gate pair. However, the extent of the preserved arms ranges from
¢. 24 mm to 29 mm. Although each shows evidence of compac-
tion, they are all similar in dimension, morphology and tapering,
which suggests that they all share a comparable length. The
diameter of the arms measures c¢. 5-7 mm towards the base and
c. 2-4 mm at the truncated distal section. Neither the PPC-
SR-pCT nor the RTI data show evidence of an elongate pair of
filamentous structures, or of hectocotylization. The internal
musculature of the arms is clearly visible in the PPC-SR-pCT
slices and has an Octobrachia-like configuration (Fig. 6). The
muscle layers in the fossil form replicate the distinct gross mus-
culature regions. An axial nerve chord is encircled by the trans-
verse muscle, which in turn is surrounded by a band of
longitudinal muscle. These appear striated in cross-section
(Fig. 6A) and on coronal view (Fig. 6B).

Suckers. The uniserial suckers are radially symmetrical and pre-
sent along the entire length of the arm (Fig. 5B, C). They show
only slight variation in diameter (c. 1.2-1.9 mm), with those in
the centre of the arm being marginally larger than those at the
proximal and distal sections. Approximately 10 suckers are pre-
served on each arm and are flanked by interspersing cirri
(Fig. 5C). Given that the arm tips are missing, it is likely that
there were more on the living animal.

Each sucker is connected to the arm with a Vampyroteuthis-
like attachment (Figs 7A-D, 8B—C). These attachments extend
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Anterior

Ink sac

Gladius remnants

Funnel

Ink sac

FIG. 1. Photograph, 3D rendering, and PPC-SR-UCT slices (binned dataset, voxel size: 25.28 um) of the undescribed specimen

(MNHN.F.A32491) acquired at the ESRF (Grenoble, France). A, photograph (P. Loubry, CR2P) of the specimen showing the 3D pres-

ervation of the mineralized soft tissue. B, composite of PPC-SR-UCT slices showing the greyscale contrast used to segment the speci-
men. C, 3D rendering showing the location of the fins (beige), ink sac (teal) and internal luminous organs (pink). D, longitudinal
slice showing the location of the funnel, and an area interpreted to be remnants of the gladius in longitudinal view. Rendered in
Mimics software (v.21.0). Scale bars represent: 10 mm (A-B); 2 mm (D).
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FIG. 2. A, hypothesized illustration of the gladius of Vampyrofugiens atramentum based on interpreted measurements and diagnostic
indices. B, MNHN.F.A32491, highlighting some of the inferred elements and contours preserved on the gladius (photograph courtesy
of P. Loubry, CR2P). Scale bar represents 10 mm.
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Anterior

Photophores

Cephalic cartilage

FIG. 3. 3D rendering and PPC-SR-NCT slices (binned dataset, voxel size: 25.28 pm) showing the internal luminous organs and pre-
served cartilaginous structures. A, overall rendering of the specimen indicating the anterior—posterior positioning of the photophores
(pink). B-C, two longitudinal PPC-SR-pCT slices showing the photophores in situ. D, cross-section of the posteriormost section (look-
ing anteriorly) showing the folded tissue of the laterally situated fins. E, coronal view of the posterior section showing the fin cartilage;
here, it is visible on the left side of the image and appears as a faint white line encircling a dark, elongate area. F, cross-section of the
head region showing the subcircular eyes and cephalic cartilage in an X shape between them. Rendered in Mimics software (v.21.0).
Scale bars represent: 10 mm (A); 1 mm (B-C); 2 mm (D-E); 3 mm (F).

distally into the base of the acetabulum. Proximally, they are not Pronounced ovoid cavities encircle the outer margins of most
clearly attached to the arm muscle. The infundibular muscle suckers. They are not uniform in size (they range up to c.
lines are also preserved on some of the suckers (Fig. 7A). 230 pum in diameter) and do not appear to be connected to each
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&

2 Transverse™ ‘ 0w

FIG. 4. A-D, images of MNHN.F.A32491 indicating the placement of the section of the supposed brittle star: A, photograph by P.
Loubry (CR2P); B-D, PPC-SR-pCT slices (ESRF, binned dataset, voxel size: 25.28 um); the assigned views represent the orientation of
the brittle star, not the coleoid. E, example of a brittle star from the locality showing the preserved internal structure (PPC-SR-uCT
slice; ESRF, binned dataset, voxel size: 25.28 pm). Scale bars represent: 10 mm (A); 2 mm (B, E); 1 mm (C-D).

other within the muscle layers of the sucker’s soft tissue
(Fig. 8A-C, E, F).

Ink sac. A clearly defined ink sac is positioned medioventrally in
the mantle and appears as a cylindrically tapered, opaque black
structure, ¢. 16 mm in length (Figs 1B, C, 3A). The smaller,
anteriormost section of the ink sac is oriented toward the ventral
margin of the body.

Luminous organs. Two uniformly spherical structures (c. 1 mm
in diameter) are nestled inside the specimen, in a posterior cav-
ity positioned just anterior to the fins (Fig. 3A—C). One sphere
is anterior to the other and they both lie along the axial plane.
The density of the structures is consistent with the variation
seen in the rest of the preserved anatomy, and no other struc-
tures are located in the same cavity. We interpret these spheres
as luminous organs rather than as other internal organs such as
oocytes, which form clusters, or oviductal organs, which are lat-
erally symmetrical. By their size and density they do not appear
to be pyritic framboids, which have been described from La
Voulte-sur-Rhone as  being often >1 cm (Briggs &
Crowther 2008).

Gladius. The PPC-SR-uCT data did not allow for concise visual-
ization or full reconstruction of the gladius. However, the RTI
data showed an external topographic relief that is consistent with
the placement and shape of a gladius and is herein interpreted
as such (Fig. 2). This external topography is supported by the
preservation of internal mineralized sections visible anteriorly in

the PPC-SR-UCT slices. Due to the lamellar composition and
location (Fig. 1D), we conclude that these areas are preserved
sections of the gladius.

The interpreted outline and parameters of the gladius remains
formed the basis for a number of diagnostic measurements out-
lined in Fuchs (2020), and enabled a hypothesized reconstruc-
tion (Fig. 2). The length of the gladius (c. 50 mm) corresponds
with that of the mantle and its width ratio (gladius
width,, @ gladius length) is moderate (0.4). The median field
ratio (median field widthy,,, : hyperbolar zone length) is slender
(0.26) with an opening angle (between the inner asymptotes) of
c. 17°. Tt features two very long hyperbolar zones (hyperbolar
zone length :median field length ratio, 0.84) that extend into
moderate lateral fields (lateral fields width,,,, : median field
width,,,, ratio, 1.8).

Given that it was not possible to make observations and mea-
surements directly on the gladius, these interpretations should
be viewed with caution.

DISCUSSION

Konservat-Lagerstitten, such as La Voulte-sur-Rhone,
play a key role in the preservation of soft tissue, identifi-
cation of behaviours and tracking of the timing of evolu-
tionary innovations (Fuchs et al. 2010; Kruta et al. 2016;
Klug et al. 2021). Despite the considerable amounts of
morphological information retained, interpreting the
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Cirri  Sucker

FIG. 5. 3D renderings and PPC-SR-puCT slices showing arm crown elements of MNHN.F.A32491 (binned dataset, voxel size: 7 um).
A, rendering of the arm crown in dorsal and ventral view showing eight arms in the undifferentiated arm crown. B, PPC-SR-uCT slice
of the arm crown showing the radially symmetrical suckers, internal musculature and ovoid cavities in the soft tissues. C, 3D rendering
of an arm showing the uniserial sucker row and biserial cirri configuration. D, PPC-SR-puCT slice in cross-section showing the eight
arms. E, rendering of the cross-section in D; each arm is rendered in a different colour. F, semi-transparent rendering of the arm
crown showing the location of the cross-section. Rendered in Mimics software (v. 21.0). Scale bars represent: 5 mm (A); 2 mm (C);

1 mm (D-E); 3 mm (F).

taxonomic and ecological implications of these characters Gladius. The gladius is the key diagnostic element used
can still be challenging. This is reflected in the new spe- in fossil coleoid systematics; indeed, it forms the basis for
cies described here. the current taxonomy of Mesozoic coleoids (Young &
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Oblique
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FIG. 6. A-C, slices (PPC-SR-UCT, binned dataset, voxel size: 7 pm) of an arm of MNHN.F.A32491 in: A, cross-section; B, coronal;
C, longitudinal view. D, on the left, an illustration by No6dl (2015) outlines musculature regions and indicates the colours used in
A—C; these bundled muscle groups reflect the different orientations and gross musculature seen in the cross-section of the extant
octopus arm shown on the right (from Feinstein ef al. 2011). In MNHN.F.A32491 the bundles of longitudinal muscle seem to be the

best preserved. All scale bars represent 500 pm.

Vecchione 1996; Lindgren et al. 2004; Kruta et al. 2016;
Sutton et al. 2016; Fuchs 2020). However, there are many
inherent, widely recognized uncertainties in the present
framework. These unknowns are a consequence of the
limited sample size, which is constrained by the specific
taphonomic conditions required for exceptional preserva-
tion (Marroquin et al. 2018). Additionally, the samples
are preserved only in varying degrees and often show
compaction or loss of taxonomic characters (Marroquin
et al. 2018). These conservation parameters contribute to
the limited understanding of the diagnostic characteristics
and intraspecies-level variation and, as yet, it has not yet
been possible to reconstruct a supported phylogeny
(Lindgren et al. 2004; Kroger et al. 2011; Kruta et al. 2016;
Sutton et al. 2016, Kostdk et al. 2021).

One established diagnostic feature is the configuration
of growth lines present on the gladius (Fuchs 2006; Fuchs

& Weis 2008; Marroquin et al. 2018). Those located in
the hyperbolic zone vary in levels of concavity and have
been shown to be sufficient markers for the positive clas-
sification of fossil coleoids (Fuchs & Weis 2008). How-
ever, the mantle tissue preserved in MNHN.F.A32491
conceals the gladius and, therefore, any growth lines that
could be used for diagnostic purposes.

The use of RTI uncovered details that were not seen on
either pCT or visual observation. These enabled us to
interpret the overall outline of the gladius (Fig. 2). Based
on the interpreted morphology (apical angle, distinct
hyperbolic zone, lack of lateral keels, and the width of
median field) it is possible to rule this specimen out as a
member of the Prototeuthid suborder (Fuchs 2016, 2020).
In the Teudopseina suborder, the genera described in
the corresponding biostratigraphic age range are the
Teudopseidae, Teudopsis and Teudopseina, and the
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FIG. 7. 3D renderings (top) and PPC-SR-uCT, and pCT slices (bottom) of sucker profiles: A, Vampyrofugiens atramentum. PPC-
SR-UCT slice (binned dataset, voxel size: 7 pm); B—C, dorsal (B) and non-dorsal (C) arms of Vampyronassa rhodanica
(MNHN.F.B74244) (PPC-SR-puCT, binned dataset, voxel size: 25 pm); D, Vampyroteuthis infernalis (AMNH 1ZC 361496; uCT, voxel
size 38.40 um) (Vampyromorpha); E, commercial Loligo (Decabrachia) sample (LCT, AST-RX platform, MNHN); F, Grimpoteuthis
(ZMB 240160) (Octobrachia) CT data reconstructed from (Ziegler et al. 2018); E-F, extant material was stained prior to scanning.
Rendered in Mimics software (v.21.0). Scale bars represent (top row renderings): 500 pm (A-D); 2 mm (E); 5 mm (F); (bottom row
PPC-SR-pCT and pCT slices) 400 pm (A); 1 mm (B—C); 500 pm (D); 5 mm (E); 10 mm (F).

FIG. 8. PPC-SR-uCT slices (ESRF, binned dataset, voxel size: 7 um) and 3D renderings of the ovoid cavities in the sucker (A-C, E,
F) and arm tissue (D) of MNHN.F.A32491. A, coronal view showing a rendering of the cavities encircling the outer perimeter of the
sucker. B, E, longitudinal and coronal view, respectively, of the sucker in the PPC-SR-puCT slice. C, F, rendering in longitudinal and

coronal view, respectively, of the same sucker. D, PPC-SR-UCT slice of the ovoid cavities in the arm tissue, with an inset rendering of
the cavities. Rendered in Mimics software (v.21.0). Scale bars represent: 400 pm (A-B, E); 200 pm (C, F); 2 mm (D); 500 pm (inset
in D).
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10 PAPERS IN PALAEONTOLOGY

Trachyteuthidae, Trachyteuthis (Fuchs 2020). The gladius
morphology of MNHN.F.A32491 is not consistent with
any of these genera, nor indeed with members of the
more derived cirrata or incirrata suborders. The gladius is
also very different from the two specimens known from
the Vampyromorphina suborder, extant Vampyroteuthis
and the Oligocene-aged Necroteuthis. By process of elimi-
nation, the gladius belongs to a vampyromorph coleoid,
probably in the Loligosepiina suborder.

The measurements of MNHN.F.A32491 do not fit
exactly within the parameters listed for any of the genera
in the four families of this suborder (Fuchs 2020),
although they are most dissimilar to the families of Lep-
totheuthidae (Leptotheuthis, Donovaniteuthis) and Masti-
gophoridae (Mastigophora, Doryanthes). The genera of the
Loligosepiidae family (Loligosepia and Jeletzkyteuthis) have
longer hyperbolar zones than MNHN.F.A32491 and have
anteriorly pointed lateral fields, which have not been seen
in the new specimen (Fig. 9).

Of all of the members of Loligosepiina, the gladius
reconstruction is closest to the geopeltid Parabelopeltis. It
conforms to the diagnostic widths of both the gladius
and median field, and is constrained by the upper limit
of the hyperbolar zone length (Fig. 2). However, even
here the measurements are not an exact match, given that
the width of the lateral fields exceeds that of
Parabelopeltis.

Additionally, the ‘small’ size of MNHN.F.A32491, as
designated by the parameters outlined in Fuchs (2020), is
not consistent with its placement in the ‘medium-sized’
Geopeltidae family. It is possible, however, that this speci-
men could be a sub-adult member.

Excluding the lateral field width and overall body size,
all other known measurements are consistent with those
of the genus Parabelopeltis. This genus is represented by
only one Jurassic species, P. flexuosa (Fuchs 2020), from
localities in Germany, Luxembourg, UK, Switzerland,
Russia and Canada (Alberta) (Marroquin ef al. 2018;
Fuchs 2020).

Without direct observation of the gladius, the recon-
structed shape (Fig. 2) was not sufficient to assign
MNHN.F.A32491 to an already described species. Our
hypothesized reconstruction indicates that although it
could be close to Parabelopeltis (Fig. 9) there are some
differences in its size and proportions, which justify a
new species. As such, we suggest that MNHN.F.A32491
represents a new genera in the geopeltid family. Further
discoveries will ideally provide additional information on
the soft tissues of Parabelopeltis, or a better understanding
of the gladius morphology in the newly assigned genus.

Ink sac. Like the gladius, the ink sac is included in the
character matrix of fossil systematics (Young & Vec-
chione 1996; Lindgren et al. 2004; Kruta et al. 2016;

Whalen & Landman 2022). However, the exceptional
taphonomic conditions required for coleoid fossilization
constrain our understanding of the extent of this feature
in fossil taxa (Nishiguchi & Mapes 2008). Therefore, the
presence of this character remains uncertain in many of
the genera included in the morphology-based phylogenies
(Young & Vecchione 1996; Lindgren et al. 2004; Kruta
et al. 2016; Whalen & Landman 2022). However,
Strugnell et al. (2014) have argued the volatility of this
character and its suitability for determining high-level
phylogenetic relationships, given that it has been lost in
numerous lineages. As such, we refrain from attempting
to contextualize the ink sac of the new species in a taxo-
nomic framework, and instead we use it as an indicator
of behaviour and of the implications for ecologic niche
occupation.

Luminous organs. Although common and varied in fami-
lies of extant Decabrachia, (Herring 1994; Herring et al.
1994) there are very few luminous genera in the extant
Octobrachia (Herring 1988). Those known include two
incirrate octopoda (Japetella and Eledone), as well as
Vampyroteuthis infernalis, the only extant vampyromorph.
This latter taxon has three sources of bioluminescence
(Pickford 1949; Herring et al. 1994; Robison et al. 2003)
including two photophores on the surface margin of the
mantle, which are positioned dorsolaterally at the base of
the pair of posterior fins (Herring 1988).

Photophores vary in structure and complexity, and
there may be several types in one species. Their placement
and variety differs between and within species, and can
also be linked with sexual dimorphism (Herring 1988;
Herring et al. 1992, 1994; Cavallaro et al. 2017). They can
be distributed across the body (Cavallaro et al. 2017),
where they potentially emit light from the arm crown, the
eye and head region and mantle, or internally, where they
are observed in brachial, anal and abdominal positions
(Butcher et al. 1982; Nixon & Young 2003).

Unlike Vampyroteuthis infernalis, the luminous organs
observed in MNHN.F.A32491 are internal and positioned
with anterior—posterior symmetry. We interpret this to be
the original orientation. Although the specimen does
show evidence of some rotation prior to fossilization, the
amount needed to reorient the symmetry of these struc-
tures seems inconsistent with what is observed.

Instead, the internal luminous organs  of
MNHN.F.A32491 are similar to the intestinal photo-
phores specific only to a few species in extant Decabra-
chia (Nixon & Young 2003; Nixon 2011; Lindgren
et al. 2019), although the medial anterior—posterior sym-
metry and visceral placement is not common (Jereb &
Roper 2010). This alignment is found in some oegopsiids,
specifically certain members of the enoploteuthid families,
Lycoteuthidae and Pyroteuthidae (Jereb & Roper 2010).
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FIG. 9. Genus-level gladius illustrations from the Suborder Loligosepiina Jeletzky, 1965, adapted from Fuchs (2020), with the addi-
tion of the new species. A, Vampyrofugiens atramentum gen. et sp. nov. B-C, Family Loligosepiidae Regteren Altena, 1949:

B, Loligosepia Quenstedt, 1839; C, Jeletzkyteuthis Doyle, 1990. D—E, Family Geopeltidae Regteren Altena, 1949: D, Geopeltis Regteren
Altena, 1949; E, Parabelopeltis Naef, 1921. F-G, Family Leptotheuthidae Naef, 1921: F, Leptotheuthis Meyer, 1834; G, Donovaniteuthis
Engeser & Keupp, 1997. H-I, Family Mastigoporidae Engeser & Reitner, 1985: H, Mastigophora Owen, 1856; I, Doryanthes

Miinster, 1846. Gladius illustrations are for morphological comparison and not to scale.

Species in these genera typically have multiple photo-
phores on the body, although the position and axial sym-
metry of the two photophores seen in MNHN.F.A32491
(Fig. 3A—C) most closely resemble those of the abdominal

light organs in the oegopsiid P. microlampas (Pyroteuthi-
dae) (Lindgren et al. 2019). These are of a similar size
and are positioned along the median line with one poste-
rior to the other.
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This symmetry is also seen in the onychoteuthid Ony-
choteuthis banksii, a species that is used in the phylogenies
combining extant and fossil morphological characters
(Lindgren et al. 2004; Kruta et al. 2016; Sutton et al. 2016;
Rowe et al. 2022; Whalen & Landman 2022). However, in
O. banksii the two photophores show a variation in size,
with the anterior photophore being smaller than the pos-
terior one by c. 75%, and they are more widely spaced
along the intestine (Bolstad 2008; Jereb & Roper 2010;
Bolstad et al. 2019).

Although luminous organs have been proposed in taxa
from La Voulte-sur-Rhone (Fischer & Riou 2002), none
has so far been positively identified using pCT (Kruta
et al. 2016; Rowe et al. 2022). Furthermore, to our
knowledge, this configuration of photophores is the only
example of this arrangement observed in fossil coleoids.
In extant forms, when the two internal anterior—posterior
photophores are present they are accompanied by addi-
tional photophores elsewhere on the body (Jereb &
Roper 2010).

Despite this uncommon symmetry, it is not possible to
use this character for phylogenetic assertions because the
high diversity of bioluminescence observed in extant
cephalopods indicates that this feature has multiple inde-
pendent evolutionary origins (Haddock et al. 2010).
Within Octobrachia, bioluminescence has been identified
as evolving independently in three lineages: in one incir-
rate family Bolitaenidae, the cirrates, and also in the
Vampyroteuthis clade (Lindgren et al. 2012).

Lifestyle implications

Ink sac. The oldest confirmed record of the ink sac is
linked with fossils from Upper Carboniferous Lagerstatte
sediments (Nishiguchi & Mapes 2008; Doguzhaeva &
Mapes 2017), indicating that inking behaviours have long
been used in coleoid lineages. The use of ink is a distinc-
tive part of extant coleoid behaviour, with taxa using con-
cealment and confusion as a means to avoid predators
(Bush & Robison 2007; Nixon 2011; Derby 2014). The
use of ink has also been proposed as a chemical deterrent
or disruptor (Bush & Robison 2007) or as a conspecific
alarm cue (Derby 2014). The various forms of the ejected
ink (including clouds, pseudomorphs and ropes), are
associated with different defence strategies that include
either direct escape or crypsis (Bush & Robison 2007).
Many taxa in extant lineages have lost their ink sac
(Strugnell et al. 2014), including deep-water species, and
a potential correlation between loss of ink sac and habitat
depth has been explored (Allcock & Piertney 2002; Bush
& Robison 2007). However, ink has been observed to be
used by many coleoid species that inhabit dark, deep-sea
conditions in addition to bright-light and low-light

environments (10.6-1842.1 m) (Bush & Robison 2007;
Derby 2014; Strugnell et al. 2014). Most occurrences are
in the mesopelagic zone (200-1000 m), where c. 99% of
the surface light is attenuated (Bush & Robison 2007).
The use of ink in these aphotic conditions indicates that
ink is not only a visual cue, but supports the hypothesis
that its chemical composition also plays a role in predator
evasion (Bush & Robison 2007; Miller et al. 2014;
Strugnell et al. 2014). The loss of ink sac is also observed
in some shallow-water forms. Rather than rely on this
character for crypsis, these photic species use alternate
methods of obfuscation such as aposematic colours, or
other decoy behaviours (Strugnell et al. 2014).

Luminous organs. Extant coleoids also use biolumines-
cence as a form of crypsis, and as an effective visual cue
and method of communication. It is common in groups
that inhabit meso- and bathypelagic depths (Bush &
Robison 2007), and shapes ecologic and social interac-
tions (Young & Roper 1977; Young 1983; Herring 1988,
1994; McFall-Ngai 1990; Haddock et al. 2010). Unlike
acoustic forms of signalling, bioluminescence can be
directed (e.g. it is commonly ventrally located for coun-
tershading), and can be detected across great distances
(Young & Roper 1977; Young 1983; Herring 1994).

The combination of ink and luminescence in the same
animal is observed in some extant taxa. For example,
some cranchids fill their transparent mantle cavities with
ink and then use their photophores to counter-illuminate
shadows from their eyes, digestive gland and ink sac to
avoid predators below (Bush & Robison 2007). The pres-
ence of luminous organs and an ink sac in
MNHN.F.A32491 indicates that these types of anti-
predation behaviours were also used in the Jurassic
(Fig. 10).

Sucker cavities. The peripheral location of the ovoid-
shaped sucker cavities suggests that they are not likely to
be remnants of sucker rings, which are known from the
internal perimeter of some decabrachians (Young & Vec-
chione 1996; Young et al. 1998; Fuchs et al. 2021).
Indeed, no residual evidence of sucker rings is observed.
Furthermore, the size and configuration seem inconsistent
with the cavities being the remainder of infundibular pegs
such as those seen on the oral sucker surface in some
extant forms (Nixon & Young 2003). They have also been
observed in the suckers of other fossil specimens from the
La Voulte-sur-Rhone locality (Rowe et al. 2022). The cav-
ities are not restricted only to the suckers in
MNHN.F.A32491, but are also present in soft tissues of
the arm crown (Figs 5B, 8).

These somewhat resemble Kolliker’s organs seen in
some extant octopod juveniles, however, in the extant
forms the Kolliker’s organs are present in both the arm
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FIG. 10. Hypothesized reconstruction of Vampyrofugiens atramentum gen. et sp. nov. based on the data from this study (A. Lethiers,

CR2P).

and mantle tissues, and disappear by the sub-adult stage
(Brocco et al. 1974; Nixon & Young 2003; Villanueva
et al. 2021). In MNHN.F.A32491 these are preserved only
on the arm crown. Without further diagnostic informa-
tion, we interpret the cavities on the suckers and the arms
as a manifestation of degraded epithelial tissue.

Lifestyle implications for Vampyrofugiens atramentum. The
mosaic of characters in MNHN.F.A32491 provide insight
into the palacoenvironment and complex ecological net-
works at La Voulte-sur-Rhone during the Middle Jurassic.

A synthesis of the geology and fossil fauna from the
locality (Charbonnier 2009) indicated that it probably
represented a deep, bathyal environment, probably situ-
ated around the slope-basin transition of the Ardeche
margin to the Rhone basins. However, the diverse ecology
of selected taxa from the site has raised questions regard-
ing the palacoenvironmental interpretation. These include
work on Dollocaris, a thylacocephalan arthropod (Vannier
et al. 2016), and Voulteryon parvulus (Audo et al. 2019),
a polychelid lobster, both common to the locality. Specifi-
cally, Dollocaris has a combination of characters that indi-
cate that it was a nektobenthic visual hunter, and
therefore inhabited an illuminated setting. Similarly, a
shallow-water palaecoenvironment is assumed for Voulter-
yon parvulus. However, the presence of episymbiotic the-
cideoid brachiopods, which are associated with dimly lit
environments, on the carapace of the species suggests that
La Voulte-sur-Rhone records a combination of settings

that is consistent with its complex geology (Audo
et al. 2019). Fossil assemblages from the site may reflect
the various environments inhabited by the local fauna,
while also recording temporal shifts in ecological affinities
for some of the associated taxa. As an example, today
stalked crinoids are restricted to deep marine environ-
ments, although during the Mesozoic they were living
also in shallow marine settings (Charbonnier et al. 2014;
Whittle et al. 2018).

A reappraisal of the soft tissues of three coleoid speci-
mens (Vampyronassa rhodanica) identified a combination
of morphological characters that indicate that the species
had a pelagic lifestyle in the La Voulte-sur-Rhone setting,
and occupied a predatory niche (Rowe et al. 2022). The
mosaic of characters in V. atramentum highlight that it
used both predatory and defensive strategies, with a com-
bination of defence mechanisms so far unknown from the
fossil record.

The presence of an ink sac (Figs 1B, C, 3A, 10) indicates
that V. atramentum was likely to be prey to contemporane-
ous taxa and used concealment as a tool for evasion. Its pho-
tophores (Figs 3, 10) suggest that it used bioluminescence as
a form of obfuscation and communication (Young &
Roper 1977; Young 1983; Herring 1988, 1994; McFall-
Ngai 1990; Bush & Robison 2007; Haddock et al. 2010). The
anterior—posterior symmetry of these internal light organs
has not previously been described from the fossil record and
is limited today to only a few extant oegopsiid Decabrachia.
These extant forms include Omnychoteuthis banksii and
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Pterygioteuthis microlampas, which are both known to inhabit
epi-mesopelagic waters (Jereb & Roper 2010). Given the mul-
tiple evolutionary origins of bioluminescence and the conver-
gent link with a pelagic lifestyle (Lindgren et al. 2012), it is
possible that the photophores in these three species arose due
to similar selective pressures.

The configuration of the arms and suckers in
V. atramentum in conjunction with the sensory function-
ality of the cirri (Fig. 5A, C), suggests that it used both to
detect and capture prey. The absence of a differentiated
arm crown, like those seen in other genera (Gramadella
piveteaui, Proteroctopus ribeti and Vampyronassa rhoda-
nica) from the locality, however, indicates a less special-
ized usage (Fischer & Riou 1982, 2002; Kruta et al. 2016;
Rowe et al. 2022). It is likely that the manipulation strate-
gies used by V. atramentum were similar to those seen in
extant Octobrachia given that the internal arm muscula-
ture mirrors that present in the extant eight-armed group
(Fig. 6). This is the first evidence of this type of arm
musculature preserved in Jurassic forms.

Not only does the description of this new taxon
increase the known coleoid diversity at La Voulte-sur-
Rhone, but the different co-occurring lifestyles seen in the
coleoid fauna from the locality suggest a high diversity of
ecological niches occupied by cephalopods. Of the octo-
brachiate coleoids from La Voulte-sur-Rhone, three of the
seven genera have previously been described with an ink
sac. As discussed by Kruta et al. (2016), taphonomy could
play a role in whether or not this feature is preserved, but
given the exceptional preservation at the site, it is
likely that this reflects the original anatomy. The La
Voulte-sur-Rhone genera described with an ink sac
include two prototeuthids, Romaniteuthis and Rhombo-
teuthis (Family: Plesioteuthidae) (Fischer & Riou 1982;
Fischer 2003) and the loligosepiid Mastigophora (Family:
Mastigophoridae) (Fuchs 2014). The addition of this new
loligosepiid, V. atramentum, indicates this character was
more prevalent in this locality than previously under-
stood. Furthermore, of the two diagnostic sucker attach-
ments, those that are clearly attached to the arm
musculature and those that are not (Young & Vecchione
1996; Lindgren et al. 2004; Whalen & Landman 2022),
V. atramentum possessed the latter (Fig. 7A-D). Today, this
is known in only one species, Vampyroteuthis infernalis, but
the latter attachment type was also present in Vampyronassa
rhodanica (Rowe et al. 2022). The presence of this character
in two species from La Voulte-sur-Rhone shows that it was
more widespread in Jurassic vampyromorphs than it is
today.

If all of the coleoids described from La Voulte-sur-Rh-
one inhabited the same area, then the ecological network
was highly structured, with well demarcated niches. Some
species were more specialized to predatory behaviours,
and others to defensive behaviours; those with high

swimming abilities probably occupied pelagic settings,
while others were more nektobenthic. The co-occurrence
of forms with traits reflecting adaptation to varied light
conditions emphasizes the complexity of the palaeoenvir-
onments.

CONCLUSION

The use of high-resolution imaging techniques, PPC-
SR-pCT and RTI, provides new observational data on the
soft tissues, internal organs and gladius of an unpublished
vampyromorph specimen (MNHN.F.A32491) from La
Voulte-sur-Rhone.

The imaging shows that the individual had an
Octobrachia-type arm configuration and musculature,
Vampyroteuthis-like sucker attachments, an ink sac, and two
internal light organs with anterior—posterior symmetry. The
combination of the ink sac and internal luminous organs is
known from the Recent, although not from fossil coleoids.
Additionally, the observed gladius morphology in
MNHN.F.A32491 differs from previously described coleoids
and therefore justifies the assignment of this individual to a
new taxon, Vampyrofugiens atramentum gen. et sp. nov.
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DISCUSSION

3.6 ~ LIMITATION OF THE LAGERSTATTE FOSSILS AND THE IMAGING

TOOLS

The work completed on Vampyronassa and Vampyrofugiens clearly shows the benefits
of these 3D tomographic methods and the level of resolution they can uncover; however, these
techniques also bring with them some limitations. In the studied specimens, the exact
boundaries of internal structures were often difficult to determine. Larger and denser organs,
such as the digestive gland, ink sac, luminous organs, and eyes, typically provided the clearest
contrast boundaries for rendering, though some of the more detailed anatomy, the characters
states of which are utilized in existing morphological matrices (e.g., gill lamellae attachment,
or posterior salivary glands) (Kruta et al. 2016; Sutton et al. 2016; Whalen & Landman 2022),
or habitat determination (e. g., Voss & Sweeney 1998; Nixon & Young 2003; Boyle &
Rodhouse 2008; Hanlon & Messenger 2018), lacked the contrast for clear identification. This
difficulty can be attributed to lack of preservation of the specimen, taphonomic processes
(specimens are rarely preserved in an ideal lateral or dorsal anatomical position and are

frequently compacted or twisted prior to fossilization), and the scan resolution on the sample.

In the most recent morphological matrix of Whalen & Landman (2022) 75 of the 153 characters
are represented by the gladius (49%), and the remaining 78 (51%) relate to the soft tissues. In
this matrix, the gladius of V. rhodanica is coded for 23 characters, and 22 are coded with a “?”;
twenty soft tissues have coded character states, while 49 remain unknown (“?”). The work
completed for Rowe ef al. 2022 was able to add distinct states to 4 characters in the previous
matrix (Sutton ef al. 2016), that were all related to the suckers and sucker attachments. A new
character (#95, the presence or absence of sucker hooks) in the matrix (Whalen & Landman
2022) can also be coded with the V. rhodanica data. The data gathered for the new taxon, V.

atramentum provides information on 32 of the soft tissue character states.

It was not possible to contribute to character states of the gladius in V. rhodanica as the structure
was not clearly visible in any of the individuals studied. Indeed, a limitation associated with
gladius-bearing coleoids from La Voulte-sur-Rhone is the general poor visibility of gladius
material. The combination of X-ray tomography and RTI imaging on V. atramentum was able

to give enough gladius detail to contribute to the assignment of a new taxon (Rowe et al. 2023).
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The tomography was able to identify internal remnants of the gladius structure, and the RTI
enabled us to interpret the external topography. As discussed in Chapter 1, the absence of clear
gladius morphology from the La Voulte-sur-Rhone contributes to the amount of incertae sedis

taxa from the locality.

The morphology and tissues we identified in these two vampyromorph species were better
suited to palacoecological and behavioral interpretation. This work provided evidence that soft
tissue characters were already morphologically diverse in the Jurassic and indicates a structured
ecological network in the La Voulte-sur-Rhone environment. While the coleoid faunal
assemblage constitutes considerate Mesozoic diversity, little is known about intraspecific
variation. Except for Vampyronassa, all the coleoid taxa at La Voulte are represented by very

few specimens.

3.7 NEW INSIGHT ON ECOLOGY

The general anatomical disparity reflected in the La Voulte coleoids, and morphological
comparisons with modern analogues, supports the hypothesis that ecological niches varied
between the co-occurring species (Fischer & Riou 1982a, 2002; Fischer 2003, Charbonnier
2009; Fuchs 2014; Kruta et al. 2016; Rowe et al. 2022, 2023). For example, the two
prototeuthids, Romaniteuthis and Rhomboteuthis, have a narrow fusiform body and well-
developed posterior fins (Sayn & Roman 1928, Fischer & Riou 19826; Charbonnier 2009;
Fuchs 2020), and superficially resembled modern day squids (Decabrachia); indeed, both
genera have been referred to as squid in the literature (e.g., Fischer 2003; Charbonnier 2009)
though their eight arms dictate they are Octobrachia (Bandel & Leich 1986; Fuchs 2020). Their
streamlined shape and posterior fins are typical today in epipelagic squid, which are fast
swimmers (Fischer 2003) and active predators that prey mainly on fish and crustaceans (Fischer
2003; Boyle & Rodhouse 2008; Charbonnier 2009). Both species have also preserved an ink
sac (Fischer & Riou 1982a; Fischer 2003) suggesting they also needed to employ crypsis to
avoid prey. Proteroctopus ribeti has a more ovoid body shape with posterior fins, a
differentiated arm crown with a longer dorsal pair, biserial suckers and cirri. Kruta ez al. (2016)
identified P. ribeti as an ancestral Octobrachia, which are described as somewhat
morphologically similar to modern cirrates (Young & Vecchione 1996; Collins & Villanueva

2006). With the exception of two shallow water species, extant cirrates typically inhabit deeper
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waters (> 300 m) living close to the sea floor (Collins & Villanueva 2006). They prey on small,
slow swimming organisms including amphipods, polychaetes, and small bivalves (Boyle &
Rodhouse 2008; Villanueva et al. 2017) and are predated on by sharks and teleost fishes
(Collins & Villanueva 2006; Boyle & Rodhouse 2008).

As discussed by Rowe et al. (2022, 2023) Vampyronassa and Vampyrofugiens were also pelagic
predatory species. The differentiated arm crown configuration in Vampyronassa indicates
specialized function between the arms, and the lack of luminous organs and ink sac suggest it
relied less on crypsis than Vampyrofugiens, which possessed both these features. Ink sacs are
also described from Mastigophora (Fuchs 2014), the fusiform-shaped Romaniteuthis and
Rhomboteuthis (Fischer & Riou 1982a), and Gramadella (Fischer & Riou 1982a) which also

has differentiated arm crown (Fischer & Riou 1982a).

The abundance and exceptional preservation of the coleoid fauna at La Voulte suggests that the
group was indigenous to the site and living in the water column (Fischer 2003, Charbonnier
2009). Multiple feeding strategies have been identified from the site based on the overall fauna,
including filter feeders (bivalves), microphagy (brachiopods and ammonoid cephalopods);
detritus feeders (e.g., annelids, crustaceans, echinoderms); sediment feeders (e.g., annelids,
crustaceans) and predatory carnivores (e.g., coleoids, crustaceans, fish, and reptiles) (Fischer
2003; Charbonnier 2009). As part of the La Voulte-sur-Rhone palaeocosystem, gladius-bearing
coleoids were likely predatory carnivores, preying upon the abundant crustacean fauna, small
fish and other smaller coleoids. In turn the younger cephalopods were probably prey for the

larger crustaceans, fish, and reptiles.

3.8. PERSPECTIVES

Only three of the coleoid taxa from La Voulte-sur-Rhone, Proteroctopus ribeti, Vampyronassa
rhodanica, and Vampyrofugiens atramentum, have been reappraised using high-resolution
imaging techniques (Kruta ef al. 2016; Rowe et al. 2022, 2023). Given the large amounts of
data preserved in these genera, it seems logical that future work should focus on reassessing the
remaining coleoid taxa (Romaniteuthis, Rhomboteuthis, Mastigophora, Gramadella, and the
undetermined Teudopsid forms) from the locality. Indeed, preliminary observations on existing

tomographic scans reveal that the individuals would enhance the known diversity and contribute
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to ecological interpretations. This has been the case with fossil arthropods from the locality,
and tomographic work continues to reveal increasing novelties (e.g., Audo et al. 2014, 2019;
Jauvion et al. 2016; Jauvion 2020). Descriptions of the unassigned Teudopsid gladii also

indicate that we don’t yet know the full extent of coleoid diversity at La Voulte-sur-Rhone.

The inherent issues with the current morphological matrix and lack of gladius information
obtained from the locality, contributed to the decision to move away from phylogenetic
assessment, and focus more on ecological and lifestyle questions. Further, the availability of
specimens from the Lebanese limestones enabled the comparison of Mesozoic coleoids from a
very different depositional environment. The large number of Dorateuthis syriaca Woodward
1883 individuals presented the opportunity to study not just the anatomy and behaviors of

another species, but also allow for a robust study of intraspecific morphological variation.
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SUPPLEMENTARY INFORMATION:

EXCEPTIONAL SOFT-TISSUE PRESERVATION OF JURASSIC VAMPYRONASSA RHODANICA PROVIDES

NEW INSIGHTS ON THE EVOLUTION AND PALAEOECOLOGY OF VAMPYROTEUTHIDS

I) REDESCRIPTION OF V. RHODANICA SPECIMENS

Holotype: MNHN.B.74247

The holotype of V. rhodanica, MNHN.B.74247 (Fig.1) is fossilized in lateral view. It
has an oviform, tapered mantle, and measures ~43 mm from the central line of the eye to the

posterior tip.

Two small posterior fins are evident at the posterior of the mantle. One is displayed as
a small projection extending outwards from the body. It is not possible to determine an exact
shape, though given the positioning of the anterior-most part, it appears to have been attached
only at the posterior section. The other fin is less apparent and seems to have been folded against
the body prior to mineralization of the specimen. The associated fin cartilage is observed as two
distorted ovoid shapes, with internal striated, curved strips that are denser than the surrounding
tissue. The posterior section of the body has clearly been twisted as the two areas of fin cartilage

are no longer on the original plane.

With the benefit of tomographic imaging, it is possible to identify a sinuous strip of soft
tissue projecting along the margin that has been preserved in a dorsal position. This is denser
than the surrounding matrix and has a somewhat mottled appearance. There is a distinct
boundary on the outer edge of the tissue. It appears just in front of the right eye, extends almost
all the way to the posterior, and tapers at both ends. There is no obvious corresponding
counterpart splayed out on the other margin to indicate. Without further evidence it is not
possible to determine the exact nature of this tissue, though here, we suggest it is splayed mantle

tissue.

Elements of the digestive, respiratory, and reproductive systems are preserved, though
the considerable compression and missing parts of the body makes it challenging to identify
them with certainty. Additionally, despite topographic changes in the mantle indicative of a
gladius, the X-ray imaging does not allow us to provide details on its presence or state. The

holotype shows no evidence of an ink sac.
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As in each of the specimens redescribed here, the head is short and represents the widest
part of the body (~23 mm in the holotype). This appears to be fused to the mantle as no neck is
evident. The eyes (~5-6 mm in diameter) are offset and preserved on different planes, reflecting

some rotation of the head prior to mineralization.

MNHN.B.74247 retains 8 non-retractile (sessile) arms preserved in lateral view, the
flesh of which tapers slightly toward the tip. Arm pair I are most dorsally situated in the arm
crown and, as with the two other specimens, are the longest. Arm pair I (~49-51 mm) has
armature only on the distal section of the arm. This is comprised of laterally paired cirri (no
more than 2 mm in diameter as the base) and two, uniserial suckers (~2 mm in diameter) with
radial symmetry. These have Vampyroteuthis-like attachments though are slightly more

elongate that those on arms pairs III-V. There is no evidence of sucker rings.

Four, or perhaps five pairs of cirri precede the most proximal sucker, and an additional
pair are positioned laterally between the proximal and distal sucker. No penultimate anterior
pair of cirri are evident on the holotype, though a comparison of all three specimens
(MNHN.B.74247; MNHN.B.74244; MNHN.B.74243) indicates that cirri are present in this

location.

Arm pairs III to V range in size from approximately ~31 — 34 mm in composite length.
They feature a single row of suckers on the oral surface which are present from the base to the
tips of the arms. These taper distally and range in diameter from ~2 mm proximally to ~1 mm
at the tip. Paired cirri are arranged on either side of the suckers (~13) along each arm. They
have a maximum diameter of 2mm and taper in size toward the tip of the arms. Axial nerves

can be identified in the arms and measure approximately 0.4 mm in diameter.

The suckers show a developed infundibulum and a Vampyroteuthis-like attachment that
extends into the acetabular cavity. Additionally, some suckers are encircled by what appear to
be small, ovoid holes in the soft tissue. There is no direct evidence to suggest that these are
related morphologically with remnants of sucker lining seen in some decabrachians, rather we

conclude that these are a result of degraded epithelial tissue.
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MNHN.B.74244

This specimen is fossilized in dorsal view (Supplementary Fig. 1), heavily compacted,
and the body is not as well preserved as the holotype. The mantle is posteriorly rounded, and
measures ~46 mm in composite length. As with the holotype, the CT scan indicates the presence
of tissue laterally surrounding the body. Two dense, ovoid structures are located at the posterior-
most area of the body and appear to be enveloped by soft tissue. These measure ~5 mm at their
longest transects. These are situated in a similar location to the luminous organs in the extant
V. infernalis, though are much larger in size. This is the only specimen in which these structures
are observed. It is not possible to say if they are luminous organs, though it is likely that they
represent portions of displaced cartilage or tissue. There is no evidence of an ink sac, and it is

not possible to observe a gladius.

The massive head is short and the two spherical eyes (~6 - 7 mm in diameter) are

compacted and preserved on offset lateral planes. No neck is evident.

The arms have undergone rotation prior to fossilization and are positioned in a lateral
view. As with each of the specimens, arm pair I, the longest of all the arms (~43 — 51 mm), are
situated in the dorsal position, and their axial nerves are clearly visible in CT imagery (Fig. 2).
The cirri and suckers display the same configuration as the other two specimens. On the dorsal
arms, the cirri diameter tapers distally (~2 — 1 mm) and the two distal suckers (~2 mm diameter)
have an elongated attachment like that of the holotype. In profile view it is possible to see that

the distal end of the attachment extends into the acetabular chamber. No sucker lining is visible.

The other three arm pairs (III-V) are shorter in length (~24-36 mm) and lie more
ventrally. Of the redescribed specimens, MNHN.B.74244 has the best-preserved armature.
Each arm has a single row of suckers (up to 10 are visible per row) that run the length of the
arm. These suckers also have a Vampyroteuthis-like attachment that extends into the
acetabulum (Fig. 2). The suckers are framed by paired cirri, the diameter of which (suckers and
cirri) is < 2mm. These both taper towards the tips of the arms. There is no evidence of a pair of

retractable filaments (arm pair I1) like those seen in V. infernalis.
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MNHN.B.74243:

This specimen is the most poorly preserved of the three and considerable portions of the
body and arm crown are missing. Fossilized in lateral view (Supplementary Fig. 1) it exhibits a

tapered, fusiform shape and has a mantle length of ~46 mm.

As in the other two specimens, there is no internal organ that suggests that an ink sac
was present, nor evidence of luminous organs. The extent of fins is particularly difficult to
determine in this specimen. Posterior bulges, representative of internal fin cartilage, are present,
though the CT scan shows these structures are distorted. Fin soft tissue is either not well retained
or fossilized in such a way that it does not extend from the body. Soft tissue is present under
the eye and terminates just in front of it. Fischer & Riou' suggested this was a long, muscular

funnel, though we cannot confirm if this is funnel or mantle tissue.

It is apparent that the head has undergone considerable oblique twisting and compaction

as the eyes are located almost on top of each other. They range in diameter from ~5 - 6 mm.

The dorsal arm pair (~53-57 mm) on MNHN.B.74243 are the longest of the three and
have the same sucker and cirri configuration as the other two specimens. Some of the arm
ornamentation is lost, though it is possible to make out a repetitive slight thickening pattern on

the distal arm that corresponds with the basal parts of the cirri on the other two specimens.

Arm pairs III-V are shorter than the dorsal pair and are ~31-32 mm in length. As with
the other two specimens, there is nothing to suggest there are any retractable filaments (arm
pair Il in V. infernalis). As it is not possible to identify the tips of the intermediate arms, they
could possibly be longer. Many of the cirri and suckers on these arms are not preserved are not
clearly able to be segmented. The exception to this is the most ventral arm pair, where the distal
section displays a well-preserved sucker row flanked by cirri. The diameter of the few suckers
that are measurable range between ~1 and ~2 mm. The smaller suckers are most distal. As with

the holotype, there appear to be small holes surrounding some of the suckers.
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II) MEASUREMENTS AND RATIOS

All measurements below are composite (following the contour of the element measured if
possible) and based on what is preserved. Each element has potentially undergone compaction

and/or distortion prior to fossilization. Measurements are listed in mm unless otherwise noted.

FOSSIL MATERIAL:

Supplementary Table S1: Overall measurements for the 3 V. rhodanica specimens
(MNHN.B.74247; MNHN.B.74244; MNHN.B.74243)

MNHN.B.74247 MNHN.B.74244 MNHN.B.74243

Dorsal arm length (longest) 51.2 50.5 57.2
Dorsal arm length (Shortest) 48.5 42.8 53.4
Sessile arm length (Longest) 33.5 359 32
Sessile arm length (Shortest) 30.7 23.6 30.5
E/([)Z?i?orgbody) length (mid eye to 43 46 456
Egﬁ:}lﬂ :r(;;lz) length (body + longest 949 965 102.6
;Feost;lle ‘t;;)rcrll};) length (body + longest 76.3 22 774
Head width (widest part) 24.6 24 23.3
Sucker Diameter - dorsal (largest) 2.4 2.2 1.8
Sucker Diameter — dorsal (smallest) 1.9 2.1 1.5
Sucker Diameter — Sessile (largest) 1.7 1.6 1.7
Sucker Diameter — sessile (smallest) 0.8 0.8 0.7
Infundibulum width (max) 0.49

Acetabular cavity width (max)
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Cirri height - sessile (longest)
Cirri height - sessile (Shortest)
Cirri diameter - sessile (largest)
Cirri diameter - sessile (smallest)
Cirri height - dorsal (longest)
Cirri height - dorsal (Shortest)
Cirri diameter - dorsal (largest)

Cirri diameter - dorsal (smallest)

1.6

0.5

1.8

0.8

3.2

0.8

1.7
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1.8

0.9

1.8

2.2

N/A

1.6

0.7

N/A

N/A

0.8

1.1

0.8

0.8

0.4

Supplementary Table S2: Sample Arm (Arm pair V) measurements: V. rhodanica

(MNHN.B.74244)
Sessile Arm Proximal Distal
Sucker Diameter | 1.5 1.5 N/A 1.4 1.5 1.2 1.0 1.0 0.7 0.6
Distance btwn suckers 0.9 N/A | N/A 0.7 0.6 0.6 0.7 0.5 0.5
Cirri diameter 1.4 1.7 1.4 1.6 1.2 1.4 0.9 0.9 0.8 0.6
Distance btwn cirri 0.2 0.3 0.5 0.7 0.7 0.7 0.9 0.7 0.6
Infundibulum = , 05 |N/A [04 |05 |04 |03 |03 |NA |NA
width
Acctabular 0.7 10 |NA |05 |oa |os |os |NA | NA | NA
cavity width
Sphincter N/A NA |NA (05 |04 |os |05 |NA |[NA | NA
distance
sucker  height |, 5 07 [N/A |08 |07 |05 |05 |NA [NA | NA
(external)
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Supplementary Table S3a: Sample Arm (Arm Pair I) sucker measurements: V. rhodanica

(MNHN.B.74244)
Dorsal Arms (Sucker Measurements) Arm A Arm A ArmB |Arm B
Proximal |Distal Proximal |Distal
Attachment diameter (base) 0.7 0.5 0.6 0.5
Attachment diameter (top) 0.6 0.6 0.6 0.5
Attachment diameter (below acetabulum) |0.5 0.4 0.5 0.4
Attachment length 0.9 0.7 0.7 0.7
Amount of attachment in acetabulum 0.5 0.5 0.4 0.4
Infundibulum diameter 0.9 0.5 0.7 0.7
Acetabular cavity diameter 1.0 0.8 0.8 0.9
Distance btwn sphincter 0.4 0.5 0.6 0.6
Sucker height (external) 0.9 0.9 0.8 0.9
Sucker height (internal) 0.7 0.7 0.6 0.6
Acetabular cavity base to sphincter 0.4 0.2 0.4 0.3
Sucker diameter 2.4 23 2.1 1.9
Distance btwn suckers (attachment base) 1.1 1.5
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Supplementary Table S3b: Sample Arm (Arm Pair I) cirri measurements: V. rhodanica

(MNHN.B.74244)
Dorsal Arm Cirri: . .
Diameter at base Proximal Distal
A 1.8 1.7 1.2 1.1 1.0 N/A
B 1.1 1.2 1.1 1.5 N/A N/A
EXTANT MATERIAL:

Supplementary Table S4a: Sample arm (Arm Pair IV) sucker measurements: V. infernalis

(AMNH IZC 361496)
Sample Arm (Suckers): (Sl;l:(l){;:nal)l gucker Sucker 3 | Sucker 4 (Sl;llcsl:::f) S
Infundibulum width 0.19 0.17 0.19 0.17 0.21
Acetabular cavity width 0.35 0.20 0.22 0.27 0.25
Sphincter distance 0.18 0.20 0.25 0.12 0.14
Sucker diameter 0.67 0.66 0.54 0.61 0.57

**Highlighted sucker measurements used in the comparison

Supplementary Table S4b: Sample arm (Arm Pair IV) cirri measurements: V. infernalis

(AMNH IZC 361496)
Sample Arm .
(Cirri): Prox. Dist.
Cirri  diameter

04 |05[05]/06[07]07[07]06[07]06[05]04 [05 |06
at base
Distance btwn |y o |1 211 4111111 008]07]04]06]06|05]|NA|NA|NA

cirri
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Supplementary Table S4c: Sample arm (Arm Pair IV) sucker measurements: V. infernalis

(YPM IZ 18279.GP)

Samople Arm: Sucker 1 | Sucker | Sucker | Sucker | Sucker 5
P : (Proximal) 2 3 4 (Distal)

Infundibulum width 0.10 0.96 0.07 0.13 0.14

Acetabular —— cavity | 5 020 |025  |054  |026

width

Sphincter distance 0.13 0.05 0.13 0.26 0.19

Sucker diameter 0.46 0.37 0.4 0.78 0.53

**Highlighted sucker measurements used in the comparison

Supplementary Table S5a: Ratios based on the composite measurements of V. rhodanica

(this study), and mean values of V. infernalis from Pickford 1949,

V. rhodanica | V. rhodanica | V. rhodanica g;ickf;:g;;nahs
MNHN.B.74247 | MNHN.B.74244 | MNHN.B.74243 Mean
49.2 (male);
Absolute Size 43 46 46
59.5 (female)

Head Width Index | 0.56 0.49 0.51 0.94
Length of Longest
Arm (Dorsal) 54.4 523 55.6
Length of Longest
Arm (Sessile) 43.9 43.8 41.3 63
Longest:shortest 599 46.7 533
arm (Dorsal)
Longest:shortest | o) ¢ 65.7 953 7
arm (Sessile)
Sucker diameter
index (Dorsal) 36 4.8 3.9
Sucker diameter
index (Sessile) 39 33 37 37
Cirri length index
(Dorsal) 2.3 5.2 2.4
Cll‘l‘l. length index 37 39 N/A 85
(Sessile)
Arm:Mantle ratio
(Dorsal) 0.8 0.9 0.8
Arm:Mantle ratio
(Sessile) 0.8 0.8 0.7
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The mean ratios for V. infernalis were taken directly from Pickford?. This table indicates that
the head width of V. rhodanica is ~50% the length of the body, whereas the head width of V.
infernalis is ~94%. See below for the ratio equations used. As V. infernalis does not have an
elongated Arm Pair 1, the ratios were compared with the sessile arms in V. rhodanica. Ratios
for the infundibulum diameter and cirri diameter were not listed in Pickford?, so the ratio

equations shown in Table 5b were utilized:

Supplementary Table S5b: Ratios based on the composite measurements of V. rhodanica
(MNHN.B.74244) and V. infernalis (YPM 1Z 18279.GP, and AMNH IZC 361496). Ratios
were adapted from Pickford (1949)*

. YPM 1Z AMNH . .
Sucker ratios: MNHN.B.74244 18279.GP 1ZC 361496 Ratio Equations
Infundibulum 31 17 13 Largest measurement X
size ratio 100/sucker diameter
Cirri diameter Largest measurement x
ratio 35 N/A 1.9 100/mantle length
RATIOS:

Absolute Size (Mantle Length):

V. infernalis sizes were taken from Pickford®. In that sample, the mean size was 49.2 (male),
59.5 (female). The range was 44 — 55 (male) (4 specimens) and 55 — 63 (female) (two
specimens). The 3 V. rhodanica specimens MNHN.B.74247 (~43), MNHN.B.74244 (~46), and
MNHN.B.74243 (~46) are consistent with the size range for individual male specimens of V.

infernalis.
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Head width index

V. rhodanica has a proportionally smaller head width than V. infernalis. This is expected as V.
infernalis was described as having a wider head and a shorter mantle than V. rhodanica by
Fischer & Riou!. The 3 MNHN specimens of V. rhodanica have a head width that is ~49 — 56%
the length of the body. The range of head width ratios of V. infernalis described in Pickford? is
76 — 112%. The average head width is ~94% the length of the mantle. The head width of V.
rhodanica is roughly half the mantle length.

Head Width X 100/Mantle Length

Length of longest arm

Pickford? noted two equations for this index, the arm length index, and the mantle length index.
This study followed Pickford and used the arm length index for the V. rhodanica specimens. V.
infernalis lacks the longer dorsal arm pair seen in V. rhodanica. While this index was calculated
for both the dorsal arms, and arm pairs I1I-V in V. rhodanica, the ratios listed in Supplementary

Table S5a utilized just arm pairs II1 - V.

When including the dorsal arms, the index for our V. rhodanica specimens range from ~52 —
56%. Using just the lengths of the sessile arms, the range is ~41 — 44%. Pickford” recorded that

in V. infernalis, the mean value of the index was 63%, and ranged from 51 — 77%.
Arm length index: Length of longest arm x 100/ total length

Mantle length X 100/longest arm

Difference between longest and shortest arms:

This index shows the limits of variability in the arm crown. As for the Arm Length Index,
calculations were performed on both the dorsal (Arm Pair I) and non-dorsal arms (arm pairs III

— V), though only the non-dorsal arms are included in Supplementary Table S5a.

In the arm crown of V. rhodanica, the shortest sessile arms were roughly half the size of the

longest dorsal arms (~47 — 60%). A comparison of just the non-dorsal arms showed less
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variability with both the MNHN.B.74247, and MNHN.B.74243 expressing a range in the 90s
(92, and 95% respectively). The index for specimen 74244 was 66%. This difference may
reflect loss of length in arm pairs III-V. The mean index for V. infernalis is 72%. This is
expected as the arm crown of V. infernalis shows less variability in dorsal arm length. The

range, however, is wide and falls between 54 — 92%.

Length of the shortest arm x 100/length of longest arm

Sucker diameter index

This index reflects allometry with size. Again, this index was calculated both including, and
excluding the dorsal arms. The range for V. infernalis is 2.0 — 4.8 % with a mean of 3.7%; this
is consistent with the index returned for the sessile arms only (3.4 — 3.9%). Suckers on the

dorsal arms of V. rhodanica have a slightly higher index and range from 3.9 — 5.6%.

Diameter of largest sucker x 100/ mantle-length

[II) MICROTOMOGRAPHY

The three V. rhodanica fossils were initially imaged using X-ray Computed Tomography
(LCT) at the AST-RX platform at the Muséum National d’Histoire Naturelle, Paris (MNHN,
Paris, France), and then at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). Acquisition at the AST-RX platform generated data with a voxel size of 88.60 um. At
the ESRF, the experiment was done at the ID19 beamline using propagation phase-contrast X-
ray synchrotron microtomography (PPC-SRuCT). The experimental setup consisted of a
filtered pink beam (Wiggler W150B gap: 55 mm; see Table S6 for filters) with detected total
integrated energy ranging from 112 keV to 136.3 keV depending on the filter used; a sample-
detector propagation distance of 16 m; and an indirect detector comprising a 500 mm LuAG:Ce
crystal scintillator, a set of Hasselblad photographic lenses (Victor Hasselblad AB, Gothenburg,
Sweden) providing a 1x magnification and a FReLoN-2k camera, generating data with an
isotropic voxel size of 12.64 um. Given the limited size of the X-ray beam with this setup (7.58

mm vertically and 25.89 mm horizontally), several acquisitions were necessary to cover the
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specimens on the vertical axis with the motorised sample manipulator, keeping a 50% overlap
between consecutive acquisitions. To overcome the limitation horizontally, the centre of
rotation of the sample stage was set near the edge of the recorded projections, allowing to almost
double the field of view in reconstructed data (i.e., so called half-acquisition®). For all
specimens, each acquisition consisted of 4998 projections of 0.1 second exposure each, over a
360° rotation. The tomographic reconstruction was done with the PyHST2 software* using the
single distance phase retrieval approach® generating stack of 32-bits files. Follow up post-
processing included: ring corrections®; change of the dynamic range from 32-bit to 16-bit;
vertical concatenation of the dataset using a weighted averaging; export of the concatenated

dataset as stack of 16-bit tiff files.

Supplementary Table S6: List of parameters used for propagation phase-contrast X-ray

synchrotron microtomography at the ID19 beamline of the ESRF.

voxel

Specimen ID gap | Filters energy | ODD | size exposure | projection
MNHN.B.74247 | W150B | 55 W:0.5mm Cu: 6 | 1363 16m | 12.64 0.1s 4998

mm mm Al: 2.8 mm | keV um
MNHN.B.74243 | W150B | 55 W:0.5mmCu: 6 | 1363 16m | 12.64 0.1s 4998

mm mm Al: 2.8 mm | keV um
MNHN.B.74244 | W150B | 55 Cu:8mmAI2.8 | 112keV | 16m | 12.64 0.1s 4998

mm mm pm

Imaging of extant V. infernalis were done using pCT at the Microscopy and Imaging
Facility of the American Museum of Natural History (New York, USA). The resulting voxel
size were 38.40 um (AMNH IZC 361496) and 18.25 um (YPM 1Z218279.GP). Both specimens

were stained in a 1% PTA solution prior to scanning.
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Final CT data were reduced in size using ImagelJ software (cropping and binning 2x2x2),
and then segmented using Mimics software (Materialise NV, Belgium, Version 21.0). The
contrasting densities of the mineralized soft tissues were utilized to identify anatomical features
for segmentation. Morphological reconstructions were carried out for the three V. rhodanica
specimens incorporating all possible internal and external soft tissues. A full reconstruction of
V. infernalis was carried out on AMNH IZC 361496. Some sucker tissues in YPM 1Z218279.GP
had more clearly defined boundaries and these were integrated into the analysis to augment the

data gathered from AMNH IZC 361496.
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Supplementary Fig. 1. Photographs (left) by P. Loubry (CR2P), and 3D reconstructions (right) of the 3 V.
rhodanica specimens. (a) MNHN.B.74244 (AST-RX). (b) MNHN.B.74243 (PPC-SR-uCT, ESRF). (c)
MNHN.B.74247 (PPC-SR-uCT, ESRF). All reconstructions were created using Mimics software (Materialise NV,

Belgium, Version 21.0).

Supplementary Fig. 2. 3D reconstruction of a sessile arm (from arm pair V) of V. rhodanica MNHN.B.74244
showing the uniserial sucker row flanked by paired cirri. (PPC-SR-uCT, ESRF).
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200 um

Supplementary Fig. 3. 3D Reconstruction of a sucker of MNHN.B.74243 showing the oval-shaped depressions.
(a) Oral view showing the depressions encircling the outer perimeter of the sucker. (b) Profile view. (¢) Slice
(PPC-SR-uCT, ESRF) of the same sucker.

i - b | c
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A —P

Supplementary Fig. 4. Simplified illustrations of the sucker and attachment types (in profile) of (a) Decabrachia,
(b) Octobrachia, (¢) Vampyromorpha. (a,b) adapted from Fuchs, Hoffmann, & Klug’. (¢) adapted from Young &
Vecchione®, (i) infundibulum, (a) acetabulum, (sr) sucker ring, (p) muscular, piston-like attachment.
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Proteroctopus ribeti*

— Parabelopeltis flexuosa*
L Geopeltis sinplex™
Loligosepia buckiandi*
L B =
L Jeletzkteuthis coriaceus*
Leptoteuthis gigas *

Prototeuthidina

Octopoda (Crown- group)

Octobrachia

Vampyronassa rhodanica*
— Vampyroteuthis infernalis

Teudopseina

Pohlsepia mazonensis™
Nautilus pompilius

Order Vampyromorpha

Supplementary Fig.5: Consensus tree obtained from 34 most parsimonious trees showing the relationship between
Vampyroteuthis infernalis and Vampyronassa rhodanica. The matrix was modified from Kruta et al. °, which was
based on the matrix and parameters of Sutton et al.!® (2016). Data were analysed using TNT!!. The state of
character 90 (sucker stalks that are present but not clearly attached to the arm muscles) at node 134 were previously
autapomorphic in V. infernalis. This study shows that this state is present in V. rhodanica and therefore

synapomorphic.
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Supplementary Fig.6: (a) Axial slice (PPC-SR-uCT, ESRF) (b) 3D reconstruction and (c¢) sagittal slice (PPC-SR-
puCT, ESRF) of MNHN.B.74244 showing the presumed displaced cartilage.
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INTRODUCTION

The fossil-rich deposits of Lebanon have been famous for centuries and were written
about by Herodotus as far back as 450 BCE. (Davis 1887; Woodward 1896, Fuchs & Larson
2011a; Audo & Charbonnier 2012; EI Hossny & Cavin 2023). As noted in chapter one, the four
Lagerstitten date from the Upper Cretaceous and are separated by around 9 to 10 million years:
the Hagel, Hjoula and Nammoura deposits are from the Cenomanian and Sahel Aalma is
Santonian in age. These localities are most well-known for the accumulation of fossil fishes —
indeed, Chondrichthyes and Osteichthyes are found in large numbers on bedding planes (Forey
et al. 2003; Audo & Charbonnier 2012; El Hossny & Cavin 2023) — but the assemblages also
preserve numerous Crustaceans (Audo & Charbonnier 2012; Audo et al. 2017; Charbonnier et
al. 2017) and exceptionally preserved soft-bodied organisms, including coleoids (Fuchs et al.

2009, 2016; Fuchs & Weis 2009, Fuchs & Larson 2011a, b; Jattiot ef al. 2015).

Unlike the three-dimensional preservation seen at La Voulte-sur-Rhone — typically a result of
precipitation of a concretion around the fossil - preservation in the Lebanese limestones
(commonly known by the German word “Plattenkalks”) is two-dimensional (Jauvion 2020). In
both localities, initial microbial activity on the organism produces a locally acidic environment
and a rapid precipitation of calcium phosphate. As this acidity dissipates, there is a subsequent
reversion to a more alkaline environment and calcium carbonate precipitates. At La Voulte-sur-
Rhoéne, the carbonates commonly formed a concretion around the organism, whereas in
Lebanon, the carbonates cemented the limestone sediments. In both settings, different minerals
formed in parts of the same organism (Jauvion 2020). These processes are discussed in detail

in Allison (1988), Briggs & Wilby (1996), and Jauvion (2020) and so not explored further here.

The Lebanese fossils are inherently highly suited to the investigation of the chemical
composition of various tissues and organs. Unlike fossils preserved in 3D, their internal organs
are exposed. This presents the opportunity to determine the composition of tissues (e.g., muscle,
cartilage, and chitin) using multiple imaging techniques. These techniques are also powerful
for identifying remnants of anatomical structures that are invisible through conventional
observations (Gueriau et al. 2018). In Lebanon, such studies have already successfully been
carried out on fish, crustaceans and coleoids (Gueriau ef al. 2018; Jauvion 2020; Klug et al.

2021).
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A great benefit of working on samples from these Lebanese deposits is the abundance of
specimens from a single species. This is true for coleoids and has also been noted for other
groups in the fossil assemblage (e.g., crustaceans). For example, Paradollocaris vannieri
Charbonnier et al. (2017) is represented by 16 paratypes, and Audo & Charbonnier (2012)
described 54 specimens of Palaeobenthesicymus libanensis (Brocchi 1875) in a single study.
As highlighted in Chapter 1, deposits of exceptional preservation provide just a fragmented
history of coleoid evolution, but the abundance of specimens in the Lebanese Lagerstitten make
them important localities for obtaining key diagnostic data at the species scale. This species-
level abundance enables detailed systematic work to be carried out that incorporates data on
ontogenetic and intraspecific character variability. It also allows us to analyse the preservational
potential of various anatomical characters from relatively similar depositional conditions. The
Hagel, Hjoula and Sahel Aalma deposits therefore provide a textbook setting for this

quantitative analysis.

The preservation of gladii and soft tissues varies in these Lebanese localities, but many elements
of the fossils can be exploited for quantitative studies. The commonly preserved soft tissues are
arm crowns, mantle tissues, ink sacs and gills, which are known for their high-quality. Stomach
contents and buccal elements are also often retained (Lukeneder & Harzhauser 2004; Fuchs
2007; Fuchs et al. 2009, 2016; Fuchs & Weis 2009, Fuchs & Larson 2011a, b; Donovan &
Fuchs 2016). The variability in soft tissue preservation is not yet fully known, though the
increasing number of coleoid specimens from Lebanon enable the production of a core dataset

that can be exploited for this purpose.

This chapter illustrates how an array of imaging techniques can be used to document the organ
variability in an abundant coleoid taxon. After a brief overview of Octobrachian diversity in the
Lebanese Lagerstitten, the core of the chapter is a reappraisal of Dorateuthis syriaca, revealing
newly described intraspecific variation for the species, as well as implications for systematics

and paleoecology. This is presented in Rowe et al. (in prep), which is included in this chapter.

Rowe A., Kruta I, Villier L., Gueriau P., Jattiot R., Fuchs D., Clements T., Charbonnier S.,
Rouget I. (in prep). Multimodal imaging reveals unknown intraspecific variation in the coleoid
Dorateuthis syriaca Woodward, 1883 from the Lower Cretaceous of Lebanon. For submission

to the Journal of Systematic Palaeontology
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Two undescribed specimens of Keuppia were also studied as part of a co-supervised student
project to begin exploring the variation of preservation within this early Incirrate genus. A brief

description of these specimens is provided at the end of the chapter.

4.1 OVERVIEW OF COLEOID DIVERSITY

The fossil coleoid diversity from Lebanon comprises ten genera from the Octobrachia
suborders, Prototeuthina, Teudopseina, and Incirrata (Fig. 4.1) (Fuchs 2020). No members of

Loligosepiina are currently known from these localities.
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Figure 4.1 Overview of the genera present in the Lebanese sediments, and their stratigraphic distribution.
Modified from Fuchs (2020). The gladius illustrations are not to scale and are for morphological comparison only.

A recent systematic review of fossil gladius-bearing coleoids (Fuchs 2020) classifies

the taxa accordingly:

Superorder OCTOBRACHIA Haeckel, 1866
Suborder PROTOTEUTHINA Naef, 1921
Family PLESIOTEUTHIDAE Naef, 1921
Boreopeltis Engeser & Reitner, 1985
Dorateuthis Woodward, 1883
Order OCTOPODA Leach, 1817
Suborder TEUDOPSEINA Starobogatov, 1983
Family TEUDOPSEIDAE Regteren Altena, 1949
Teudopsis Eudes-Deslongchamps, 1835
Family TRACHYTEUTHIDAE Naef, 1921
Trachyteuthis Meyer, 1846
Glyphidopsis Fuchs & Larson, 2011b
Glyphiteuthis Reuss, 1854
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Family PALAEOLOLIGINIDAE Naef, 1921

Rachiteuthis Fuchs, 2006b
Suborder INCIRRATA Grimpe, 1916

Family PALAEOCTOPODIDAE Dollo, 1912
Palaeoctopus Woodward, 1896a
Keuppia Fuchs, Bracchi, & Weis, 2009

Family OCTOPODIDAE d’Orbigny, 1840
Styletoctopus Fuchs, Bracchi, & Weis, 2009

Fifteen species (ten genera) have been described in the four Lebanon Lagerstitten (Table 4.1).
Two species belong to the Prototeuthina, eight species are assigned to the Teudopseina, and
four species are members of the Incirrata, which represent the oldest known fossil Incirrates.
Fuchs et al. (2009), described a specimen of Keuppia sp. that could not unambiguously be
assigned to a new species due to the preservation of the bipartite gladius. Jattiot et al. (2015)
described a Glyphiteuthis sp. specimen from Nammoura with a singular combination of
characters but did not establish it as a new species as the one specimen is not completely
preserved. Two species have the provisional assignment of ‘cf.’, indicating that most of the

diagnostic characters correspond to a given species, but some characters are unclear.

GENERA SPECIES LOCALITY
Boreopeltis Engeser & Reitner, 1985 Boreopeltis smithi Fuchs & Larson, 2011a 4 Late Cenomanian-?Santonian
Dorateuthis Woodward, 1883 Dorateuthis syriaca Woodward, 1883 1. 4.6 Hagel, Hjoula, Sahel Aalma
Dorateuthis cf syriaca Woodward, 1883 ! Sahel Aalma
Teudopsinia Fuchs, 2010 Teudopsinia haasi Fuchs, 2010 3.7 Hagel
Trachyteuthis Meyer, 1846 Trachyteuthis bacchiai Fuchs & Larson, 2011b 3 Hjoula, Hagel
Glyphidopsis Fuchs & Larson, 2011b Glyphidopsis waagei Fuchs & Larson, 2011b * Haqel
Glvphiteuthis Reuss, 1854 Glyphiteuthis libanotica (Fraas, 1878) -3¢ Hjoula, Haqel, 7 Sahel Aalma
Glyphiteuthis abisaadiorum Fuchs and Weis, 2009 2. 5 Hjoula, Hagel
Glyphiteuthis freijii Fuchs & Larson, 2011b § Hjoula, Haqel, En Nammoura
Glyphiteuthis sp. 56 Hjoula, Hagel, En Nammoura
Rachiteuthis Fuchs, 2006b Rachiteuthis donovani Fuchs, 2006b ! Hjoula, Haqel
Rachiteuthis acutali Jattiot et al. 2015, ¢ Hjoula
Palacoctopus Woodward, 1896a Palacoctopus newboldi (Woodward 1896) 8 Sahel Aalma
Keuppia Fuchs, Bracchi, & Weis, 2009 Keuppia levante Fuchs, Bracchi, & Weis, 2009 3 Hjoula
Keuppia hyperbolaris Fuchs, Bracchi, & Weis, 2009 3 Hjoula
Keuppia sp. 3 Hjoula
Stvietoctopus Fuchs, Bracchi, & Weis, 2009 Styletoctopus annae Fuchs, Bracchi, & Weis, 2009 3 Hagel

3

Stvletoctopus aff. Annae” Hjoula

Table 4.1 The 10 genera known from Lebanon comprise 14 species. Predominantly known from the Cenomanian
localities of Haqel and Hjoula, they are also represented in Sahel Aalma and Nammoura: 'Fuchs 2006, 2 Fuchs &
Weis 2009, 3 Fuchs, Bracchi & Weis 2009, * Fuchs & Larson 2011a, °> Fuchs & Larson 2011b, ¢ Jattiot ef al. 2015,
7Fuchs 2010, 8 Fuchs 2020.

Among all the taxa described, Dorateuthis syriaca is the only one of the fifteen Lebanese

species to be definitively known from both the Cenomanian and Santonian outcrops.
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Boreopeltis smithi Fuchs & Larson 2011, and one species of Glyphiteuthis libanotica (Fraas,
1878) are known with certainty from the Cenomanian, and are possibly from the Santonian
(Roger 1946, fig. 10; Fuchs 2011b). The remainder of the species are known from Haqel and
Hjoula. As discussed earlier in the chapter and mentioned in Rowe et al. (in prep), these
Cenomanian localities have been known for centuries and have provided the majority of the

fossil coleoid specimens. One genus has been found at Nammoura.

4.2 RE-STUDY OF A KEY CRETACEOUS OCTOBRACHIA SPECIES:
DORATEUTHIS SYRIACA

As outlined in the following manuscript, Dorateuthis syriaca is the most abundant
gladius-bearing coleoid species in the Lebanese Lagerstitten. Morphological descriptions have
varied in the literature and led to ambiguity regarding the diagnostic characters. However,
access to imaging techniques particularly suited to the study of 2D fossil material offers a higher
resolution picture of the anatomy. Applying these methods to a large sample of D. syriaca, we
are able to offer the most comprehensive description of the species to date. This work provides
the basis for Rowe ef al. (in prep). Supplementary information for this work is included at the

end of the chapter to facilitate reading.
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Multimodal imaging reveals unknown intraspecific variation in the
coleoid Dorateuthis syriaca Woodward, 1883 from the Lower

Cretaceous of Lebanon

Alison J. Rowe !, Isabelle Kruta !, Loic Villier !, Pierre Gueriau % °, Marie Radepont ¢, Oulfa
Belhadj 4, Katharina Miiller °, Romain Jattiot > ®, Dirk Fuchs 7, Thomas Clements *, Sylvain

Charbonnier °, & Isabelle Rouget !

! Sorbonne Université-MNHN-CNRS-CR2P, 4 PI. Jussieu, 75005 Paris, France. ? Institute of
Earth Sciences, University of Lausanne, Géopolis, CH-1015 Lausanne, Switzerland. °
Université Paris-Saclay, CNRS, ministére de la Culture, UVSQ, MNHN, UAR 3461 Institut
photonique d’analyse non-destructive européen des matériaux anciens (IPANEMA), 91192,
Saint-Aubin, France. # Centre de Recherche sur la Conservation — Paris (CRC), UAR 3224,
MNHN, 36 rue Geoffroy St Hilaire, CP21, 75005 PARIS — France. °> Centre de Recherche en
Paléontologie — Paris (CR2P), UMR 7207, MNHN, CNRS, Sorbonne Université, 8 rue Buffon,
CP 38, F-75005, Paris, France. ® Biogéosciences, UMR6282, CNRS, Université Bourgogne, 6
Boulevard Gabriel, 21000 Dijon, France. 7 SNSB-Bayerische Staatssammlung fiir
Paliontologie und Geologie, Richard-Wagner-Str. 10, 80333 Munich, Germany. 8 Friedrich-
Alexander-Universitit Erlangen-Niirnberg, SchloBplatz 4, 91054 Erlangen, Germany. °
Muséum national d’Histoire naturelle de Paris, Centre de Recherche en Paléontologie —Paris,

UMR CNRS 7207 CR2P, 57, rue Cuvier, 75005 Paris, France.
ABSTRACT

The Cretaceous Lebanese outcrops of Haqel, Hjoula (Cenomanian) and Sahel Aalma
(Santonian) are renowned for their exceptional preservation of coleoid soft tissue and provide
an unmatched opportunity to study a single species, Dorateuthis syriaca, across coeval shallow
carbonate mud deposits. Despite being the most abundant coleoid from these deposits, the taxon
lacks clear, unambiguous diagnostic characteristics of both the gladius, and soft tissue anatomy.
The absence of a defined character complex for the species has led to inconsistencies in the

literature and the need for a reappraisal.

This investigation represents the largest sample of D. syriaca studied with high-resolution,

multi-imaging techniques, and has obtained a comprehensive morphological dataset of
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measurements on this key taxon. This has allowed us to refine some of the character states used
to understand the phylogeny of coleoids. Furthermore, we have identified morphological
characters that were previously undescribed for the genus, including suckers, axial nerves, and
possible retractor muscles, as well as provided confirmation of the circulatory and excretory
systems, as well as an Octobrachia-type digestive system. We also discount the presence of
tentacles, tentacular pockets, and onychites within the arm crown, and show that the species
definition of D. syriaca is more complex than expected as our sample strongly suggests
intraspecific variability is present in the gladius. We strongly support the hypothesis that it was

an 8-armed coleoid that was likely an active visual predator.
INTRODUCTION

In the Mesozoic fossil record, coleoid soft tissues are known from just a few key
Lagerstitten (Donovan & Fuchs 2016). In the Jurassic, these include the Pliensbachian—
Toarcian Ya Ha Tinda Lagerstitte (Alberta, Canada), the Toarcian Posidonia shales of
Holzmaden (Germany), the Callovian deposits of La Voulte-sur-Rhone (France), the Oxfordian
Clay Formation at Christian Malford (England), and the Tithonian lithographic limestones of
Solnhofen (Germany) (e.g., Wilby et al. 2004; Klug et al. 2005, 2015, 2021a,b; Fuchs 2007,
Fuchs et al. 2007a,b, 2009, 2013, 2016; Charbonnier 2009; Charbonnier et al. 2014; Martindale
et al. 2017; Marroquin et al. 2018; Hart et al. 2019; Muscente et al. 2019). Coleoid soft tissues
in Cretaceous are famously known from the celebrated lithographic limestones of Lebanon
(Fuchs et al. 2009; Fuchs & Weis 2009; Jattiot et al. 2015). In this Lebanese Lagerstitte,
coleoids are most abundant in three outcrops: Haqel, Hjoula (Cenomanian) - also referred to in
the literature as Hadjoula, Héakel - and the Santonian-aged Sahel Aalma (Woodward 1883,
1896; Roger 1946; Fuchs 2006a,b; Fuchs et al. 2009; Fuchs & Weis 2009; Fuchs & Larson
2011a,b). The coleoid assemblage is comprised of ten genera from the Octobrachia suborders,
Prototeuthina, Teudopseiina, and Incirrata (Fuchs 2020); two of these genera, Keuppia and
Styletoctopus, are positioned as the oldest known representatives of the Incirrata (Fuchs et al.
2009; Fuchs 2020). From a taphonomic perspective, the soft tissue preservation surpasses that
of the celebrated Solnhofen Limestones (Fuchs 2006a, b; Fuchs et al. 2007; Fuchs & Weis
2009).

The prototeuthid Dorateuthis syriaca Woodward, 1883 is the most abundant coleoid in these
Cretaceous-aged deposits (Fuchs & Larson, 2011a). Despite this, the species lacks

unambiguous diagnostic characteristics (Fuchs & Larson 2011a; Jattiot et al. 2015). The
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holotype has been noted to be poorly preserved (Fuchs 2006b), and many of its morphological
characters are unclear and have been difficult to confirm using classical optical and UV
photographic methods (Fuchs & Larson 2011a; Jattiot et al. 2015). The original species
description by Woodward (1883) included some erroneous descriptions regarding the arm
crown, fins, and gladius elements which has contributed to ambiguity regarding the exact
diagnosis (Roger 1946; Fuchs 2006b, 2007; Fuchs & Larson 2011a; Jattiot et al. 2015), and
systematic placement (Naef 1922; Roger 1946; Bandel & Leich 1986; Fuchs 2006b, 2007,
Jattiot et al. 2015). The current genus-level taxonomic description is outlined in Fuchs (2020);

Fuchs & Larson (2011a) provide the species-level description.

D. syriaca is known from three Lebanese localities Hjoula, Hagel (Cenomanian) and Sahel
Aalma (Santonian), making the range of the species occurrence ca. 9—10 Ma. Multiple
individuals have been figured (Woodward 1883; Naef 1922; Roger 1946; Fuchs 2006a,b, 2007,
2020; Fuchs & Larson 2011a; Jattiot et al. 2015; Donovan & Fuchs 2016; Klug et al. 2021b)
as D. syriaca, or identified as such in international collections (e.g., MNHN, NHMUK, BHI).
As D. syriaca is represented by a greater number of individuals than any other coleoid species
from the Lebanese localities, it provides an unprecedented opportunity to study the intraspecific

variation, and possible anatomical variance related to post mortem taphonomic processes.

This study represents the largest analysis on a single fossil species that combines precise
morphological measurements complemented by an array of non-destructive and multimodal
imaging techniques. In light of new imaging methods, the holotype of D. syriaca and 53
additional figured and previously undescribed individuals were examined. The new data reveal
previous anatomical misinterpretations, resolve a number of novel character states for
phylogenetic reconstructions (Whalen & Landman 2022), identify undescribed intraspecific
variation, and provide insight into the lifestyle of the species. The resulting qualitative and
quantitative dataset provides the most comprehensive understanding to date of the morphology

of D. syriaca.
GEOLOGIC SETTING

During the Cretaceous, modern-day Lebanon (Fig. 1) was part of a large system of
shallow carbonate platforms that were positioned on the Arabian craton (northeastern section
of Gondwana) in the southern Tethys (Ferry et al. 2007; Fuchs et al. 2009; Fuchs & Weis 2009;
Charbonnier & Audo 2012). Within these warm waters, oscillations in relative sea-level

deposited fine grained, laminated, organic-rich lithographic limestones in restricted, intra-shelf
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depressions (Fuchs 2006b; Ferry et al. 2007; Fuchs et al. 2009), and formed the renowned

Lagerstitte deposits of Hjoula, Hagel, and Sahel Aalma. Each deposit shows some variation in

the depositional environment and fossil assemblage.
Hagel
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Hagel Sahel
Hjoula Aalma

Figure 1: (A) Geographic location and stratigraphic position of the main coleoid-bearing localities of Haqel, Hjoula,
and Sahel Aalma. Modified from Jattiot ef al. (2015). (B) Simplified paleogeographic map of the Central Tethys
during the Santonian, the time of deposition for Sahel Aalma. Created and modified from Scotese, C.R (2016).
PALEOMAP PaleoAtlas for GPlates and the PaleoData Plotter Program, PALEOMAP Project.

Biostratigraphic data indicates that the older of the three sites, Haqel and Hjoula, formed
somewhat contemporaneously in the late Cenomanian (George et al. in press; Wippich &
Lehmann 2004; Fuchs et al. 2009). Though they are located geographically close to one another
and share faunal similarities, they represent separate intra-shelf depressions (George ef al. in
press). Both outcrops are composed of highly fossiliferous lithographic limestones, though the
sediments at Hjoula are more bituminous, have higher quantities of pyrite, and contain flint
nodules (George et al. in press, Fuchs et al. 2009, Swinburne & Hemelben 1994). Each deposit
has a high diversity of fossil organisms, though Hjoula is dominated by crustaceans while Hagel
is renowned for the abundance of small teleost fish (El Hossny et al. 2023, Forey et al. 2003;

George et al. in press).

The chalky laminated limestones of Sahel Aalma are constrained to the late Senonian
(Santonian) (Ejel & Dubertret 1966; Fuchs 2006b), positioning it as ~10 My younger than the
Cenomanian outcrops. In addition to the difference in lithology, Audo & Charbonnier (2012)
identified deep water taxa in the faunal assemblage consistent with a deeper paleodepositional

environment (Ferry et al. 2007; Fuchs et al. 2009; Fuchs & Larson 2011a; Audo & Charbonnier
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2012), with a water depth most probably exceeding 150 m (Audo & Charbonnier 2012, George

et al. in press).

Today, these three outcrops are located within a belt of Cretaceous sediments (NE-SW) in
northwest Lebanon and each bear the name of the corresponding neighbouring town.
Combined, these three deposits preserve exceptional faunal assemblages, including Upper
Cretaceous fishes (Forey et al. 2003), arthropods (Roger 1946; Audo & Charbonnier 2012),
annelids (Bracchi & Alessandrello 2005), echinoderms (Reich 2004), as well as coleoid,
ammonoid, and nautilid cephalopods (Wippich & Lehmann 2004; Klug et al. 2021b). The Sahel
Aalma outcrop is no longer accessible due to urban development (George et al. in press);

therefore, most samples in this study are from the two Cenomanian sites.

INSTITUTIONAL ABBREVIATIONS

Muséum national d'Histoire naturelle, Paris, France (MNHN); Natural History Museum,
London, England (NHMUK); Black Hills Institute of Geological Research, Hill City, USA
(BHI); The University of Texas at Austin, Jackson School Museum of Earth History, Austin,
USA (NPL); Naturhistorisches Museum Vienna, Austria (NHMW); Musée national d'histoire
naturelle, Luxembourg City (MNHNL); Museo Civico di Storia Naturale di Milano, Italy
(MSNM).

MATERIALS

The sample of D. syriaca used in this study includes 54 individuals selected from a
larger group of 90 individuals, chosen as they preserved a generally complete gladius upon
which diagnostic observations could be made. The individuals included are reposited in the
collections of the Muséum national d'Histoire naturelle (MNHN), Paris (» = 11); Natural
History Museum (NHMUK), London (n = 2); Black Hills Institute of Geological Research
(BHI), Hill City (n = 29); The University of Texas at Austin, Jackson School Museum of Earth
History (NPL), Austin (n = 1); Naturhistorisches Museum Vienna (NHMW), Vienna (n = 1);
Musée national d'histoire naturelle (MNHNL), Luxembourg City (n = 1); Museo Civico di
Storia Naturale di Milano (MSNM), Milan (n = 4), as well as 5 individuals from private
collections. These were made available through photographs from co-author, DF. The
provenance of the individuals is recorded as Haqel (n = 3), Hjoula (n = 36), and Sahel Aalma

(n=238). The remaining 7 individuals are also from the Lebanese Lagerstitten, though the precise
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providence is not recorded. Supplementary Table 1 contains the locality and repository
information for each individual considered and used for this study, and the analyses performed.

This includes previously described and undescribed individuals.
METHODS

Multiple non-destructive, high-resolution imaging techniques were utilized to gather

data, including:

¢ uXRF major-to-trace elemental mapping:
= PUMA Beamline, SOLEIL Synchrotron, Saint-Aubin, France (6
individuals). Spectral interpretation on these data was carried out using
PyMCA data-analysis freeware (Solé et al., 2007).
= M6 Jetstream Bruker XRF, UAR 3224, Centre de Recherche sur la
Conservation, MNHN, CNRS (2 individuals).
= ATLAS M benchtop microEDXRF (micro XRF) spectrometer, iXRF,
Austin, TX, USA (1 individual).
e Reflectance Transformation Imaging (RTI), MNHN, Paris, France (10 specimens).
e UV light photography (MNHN), (5 specimens).
e UV-visible-near infrared multi-spectral imaging (MSI), IPANEMA Platform,
SOLEIL Synchrotron, Saint-Aubin, France (3 specimens).
e X-ray absorption spectroscopy (XAS), PUMA Beamline, SOLEIL Synchrotron,

Saint-Aubin, France (1 specimen).

See Table 1 for the acquisition parameters of the figured specimens.

As a basis for the systematic revision, we used the diagnostic characteristics for Dorateuthis
from Fuchs (2020) which provides a range of measurements for the genus, and the indices used
to describe the various characters used in this reassessment. All measurements in this study
were obtained using FIJI ImageJ software (Schindelin et al. 2012). Following common
terminology, body length refers to the cumulative measurements of the mantle, head, and arms
(posterior-most tip of the mantle to anterior-most tip of the longest preserved arms), while

mantle length reflects the length of the mantle only.
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Equipment/ | Hlumination/ | DA™ | Acquisitio
Specimen Imaging Type quip . e size/Full n/ Dwell Fig
Beamline Excitation .
field time
BMNH
M6 Jetstream Rhodium 3A,B;
3017 HXRE Bruker XRF | anode, 50 kV 100pm 2000 ms 13A
(Holotype)
RTI - - - - 3C-E
Photograph (uv i i i i 3F.G
light)
Photogra}ph (Natural i ) i ) AE,F
light)
BHI 2201 Photogrgph (Natural i ) i ) 4A.B
light)
MNHN.F.A | Photograph (Natural i ) i ) 4C.D
88588 light) ’
PUMA monochrome 13 B; 14
uXRF Beamline 182 KeV - - B
SOLEIL ’
BHI 2205 Photogra}ph (Natural i ) i ) 4G.H
light)
uXRF iXRF - - - 13D
Photograph (uv i ) i ) 14 F
light)
private Photograph (Natural
. . - - - - 41,1
collection light)
BHI 2229 | Fhotograph (UV - - - - 8 A
light)
BHIs779 | Fhotograph (UV ; - ; - 8 C
light)
BHI 2203 | Thotograph (UV ] - ] ; 8 E
light)
NHMW199 Lukeneder &
8z0105/000 Photograph Harzhauser - - - 8F
0 2004
Lukeneder &
Photograph Harzhauser - - - OF
2004
MNHN.F.A M6 Jetstream Rhodium 9B; 13
88589 HXRE Bruker XRF | anode, 50ky | 150 Hm | 300ms C
UV-visible-near 385 nm, green
infrared multispectral IPANEMA luminosity - 30000 ms 9C
. . Platform
imaging (514
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Photogra}ph (Natural i ) i ) 1A
light)
11 B-D,
RTI - - - - K-M; 12
A
Photograph (uv i ) i ) 14E
light)
MNHN.F.5
0396 RTI - - - 6 seconds 9D
Jattiot et al.
Photograph 2015 - - - 9E
BHI 2222 Photogrgph (Natural i ) i ) 9F
light)
MNHN.F.A F-stop:
50400 RTI - - 10 25 seconds 91
MNHN.F.R
06746 RTI - - F-stop: 8 | 8 seconds 11 F, H
Photograph (uv i ) i ) 116G
light)
BHI 2213 Photogra}ph (Natural i ) i ) L)
light)
MNHN.F.A
88590 RTI - - F-stop: 7 | 6 seconds 12B
BHI 2219 | Fhotograph (UV - - - - 12E
light)
NPL52121 Photogra.tph (Natural i ) i ) 14 A
light)
BHI 2212 Photogra.tph (Natural i ) i ) 14C
light)
BHI 2227 Photogra.lph (Natural i ) i ) 14C
light)

Table 1. Summary of the acquisition parameters for the each of the specimens figured. Note, this does not reflect all
the individuals in the study sample (see supplementary material).

Initially, each individual was evaluated to determine if the gladius was complete or preserved
in such a way that diagnostic measurements could be obtained. This was carried out either on
the fossil, or by analyzing photographs of the individual (UV or natural light) in FIJI ImageJ
software (Schindelin et al. 2012). Two key diagnostic measurements include the width and
length of the gladius (Fig. 2, Supplementary Table 3). Additional measurements and

observations on other gladius elements (e.g., apical angle and reinforcements) were then
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obtained (Fig. 2 and Supplementary Table 3 for measurements, and Supplementary Table 4,
and 5 for indices and characters respectively). Arm measurements were gathered for 22
individuals. Where the arms were visible, and the position of the eye could be determined, arms
were measured from the central line of the eye, tracing the curve, to the anterior-most arm tip
(Supplementary Table 3). This method follows the parameters for Octobrachia outlined in
Nixon (2011, fig. 3). The arm pairs of Dorateuthis vary in length (Fuchs 2020) so where arm
lengths have been used as indices, the maximum lengths have been utilized. The entire sample
was evaluated for the presence and configuration of suckers, cirri, and the arrangement of the

arm crown.
Gladius (median field) width .,

Median field

Central median field

Central median line/ridge;
unipartite/bipartite

Lateral field (Anterior)

Gladius (median field) length

Conus width

Lateral field (posterior)

Apical (opening)
angle

Figure 2: Illustration of hypothesized D. Syriaca gladius adapted from Fuchs (2006b, 2007, 2016, 2020) and Fuchs
& Larson (2011a). The gladius has the triangular-shaped median field and funnel-like conus characteristic of the
Suborder Prototeuthina. Pronounced lateral keels and a bipartite median ridge extend from the anterior to posterior
margins; a median keel is not present in Dorateuthis (Fuchs 2020). The anterior margin is slightly convex. The
apical angle is <12°. Both the observed anterior and posterior, lateral fields are indicated in this illustration.

Eyes were not visible in the holotype, so the length of the cephalic cartilage was used as a proxy
for their diameter. Where the eyes and lenses were preserved, their maximum and minimum
diameters were measured. Soft tissues and organs visible in the various imaging methods were

recorded.
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SYSTEMATIC PALAEONTOLOGY

Subclass COLEOIDEA Bather, 1888
Superorder OCTOBRACHIA Haeckel, 1866
Suborder PROTOTEUTHINA Naef, 1921
Family PLESIOTEUTHIDAE Naef, 1921
Genus DORATEUTHIS Woodward, 1883

Type species.—Dorateuthis syriaca Woodward, 1883 from the Cretaceous (Cenomanian-

Santonian) lithographic limestones of Lebanon.

Included species.—Dorateuthis syriaca Woodward, 1883 is the only species that can be
assigned with certainty. ‘‘Neololigosepia’’ stahleckeri Reitner & Engeser, 1982 and
“Maioteuthis’’ morroensis Reitner and Engeser, 1982 (Barremian, Cape Verde Islands);
“Plesioteuthis’’ sp. Engeser & Reitner, 1985 and “‘Maioteuthis’’ damesi Engeser and Reitner,
1985 (Aptian, Heliogoland Germany); ‘‘Plesioteuthis’’ arcuata von der Marck, 1873
(Campanian, Germany), and ‘‘Plesioteuthis’’ maestrichtensis Binkhorst van den Binkhorst,
1861 (Maastrichtian, Netherlands) are all assigned to this genus based on their narrow gladius

and continuous lateral keels, though they are represented by poorly preserved individuals.
Diagnosis.— Modified from Fuchs (2020)

Very small to medium-sized (mantle length <50—400 mm), gladius very slender to slender
(gladius widthmax to gladius length 0.05-0.19). Central reinforcements variable; median line or
ridge but no keel; uni-or bipartite. Median field very slender (opening angle <12°), median field
area very large (median field area to gladius area >0.8). Anterior margin slightly convex. Lateral
keels (reinforcements) pronounced, present from anterior to posterior margins; Lateral fields
variable: absent, anterior (field length to gladius length max ratio 0.8—0.9), posterior (field length
to gladius length max ratio ~0.3); narrow when present. Conus ventrally closed (conus length max
to gladius length max ratio 0.03—0.05). Arm length moderate (arm length to mantle length ratio
~0.5); elongated dorsal pair. Cephalic cartilage ring shaped in lateral view. Fins anteriorly

rounded; oar shaped.

Occurrence. Lower Cretaceous (Barremian)-Upper Cretaceous (Maastrichtian): Lebanon,

northern Germany, Cape Verde Islands, the Netherlands.
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DORATEUTHIS SYRIACA Woodward, 1883

1878 Sepialites Fraas: p. 346.

1883  Dorateuthis syriaca n. sp. Woodward: p. 1-5, pl. 1.

1888  Curculionites senonicus Kolbe: p. 135, pl. 11, fig. 8.

1896 Sepialites; Woodward, p. 231.

1922  Dorateuthis syriaca; Naef: p. 118.

1922  “Plesioteuthis fraasi” Naef: p. 133, fig. 50.

1922  “Sepialites sahil-almae” O. Fraas, 1878; Naef, p. 134, fig. 49c.
1943  Sepialites sahil almae; Klinghardt, p. 12, fig. 8.

1946 Leptoteuthis syriaca; Roger, pl. 4, figs. 5, 6, pl. 9, figs. 1, 2.

1952  Sepialites Sahel-almae; Roger, p. 738.

1952  Leptoteuthis syriaca; Roger, p. 739.

1986 Dorateuthis sahilalmae; Engeser & Reitner, p. 3, fig. 1, pl. 1, fig. 1.
1986 ?Dorateuthis sp.; Engeser and Reitner, p. 4, pl. 1, fig. 2.

1987 Sepialites sahilalmae (O. Fraas) Naef, 1922; Riegraf, p. 97.

1988  Dorateuthis sahilalmae; Engeser, p. 43.

2006a Dorateuthis cf. syriaca; Fuchs, p. 7, fig. 4, pl. 1-3.

2006b Dorateuthis sahilalmae; Fuchs, pl. 17H, pl. 22F.

2007  Dorateuthis syriaca; Fuchs, Klinghammer and Keupp, p. 246.
2007 Dorateuthis sahilalmae; Fuchs, Klinghammer and Keupp, p. 246.
2007 Dorateuthis syriaca; Fuchs, p. 64, fig. 4.

2007  ?Dorateuthis sahilalmae; Fuchs, p. 64.

2011a Dorateuthis syriaca; Fuchs and Larson, p. 237, figs. 2-8, fig. 7.5.
2015 Dorateuthis syriaca; Nixon, p. 8, fig. 6a, ¢, d.

2015 Dorateuthis syriaca; Jattiot et al., p.152, figs.4-6, 10, 11, fig.12.1-3, fig.13.2-3, fig. 14.
2016 Dorateuthis syriaca; Donovan and Fuchs, p. 20, figs. 12-15.
2016 Dorateuthis syriaca; Fuchs et al., p. 438, figs. 1, 9.

2018 Dorateuthis syriaca; Gueriau et al., p. 985, fig. 5.

2020 Dorateuthis syriaca; Fuchs, p. 11, fig. 3.

2021  Dorateuthis syriaca; Klug et al. 2021c, P. 7, Fig.5.
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Holotype. —BMNH C5017, original of Woodward (1883, pl. 1)
Type locality.— Sahel Aalma, Lebanon

Occurrence.— late Cenomanian—late Santonian of Lebanon

Redescription of the holotype: The holotype of D. syriaca (Fig. 3) is preserved in ventral view.
The entire length (the posterior mantle margin to the anterior tip of the arms) is ~68 mm. The
length of the gladius is ~40 mm and corresponds with the length of the mantle. It has a triangular
median field and convex (Fig. 3F, H) anterior margin (~4 mm wide). The gladius has well
defined lateral reinforcements (keels) and a central bipartite ridge. All are continuous from the
anterior to the posterior margin (Fig. 3 F, H). The lateral keels diverge at an angle of 6.3°. There
is no evidence of a central median field encompassing the individual’s bipartite ridge. There is

no evidence of lateral fields, hyperbolar zones or conus.

uXRF mapping and UV photography enables the most precise assessment of arm length to date.
The holotype has eight tapered arms (Fig. 3A, G, H). Six appear complete and range from 18
to 21 mm in length. Two lack their distal sections and have a preserved length of 15 and 17 mm.
Using the index (arm length max to gladius length) outlined in Fuchs (2020) the arms are
‘moderate’ in size (a ratio of 0.53). The preserved diameter of seven of the arm bases varied
between 0.5 and 1.4 mm. The arm with the smallest diameter (0.5 mm) is partially obscured by
another arm, and therefore the original diameter was likely larger. There is no evidence of an
additional tentacular pair, or any associated hooks that were noted in the original description

by Woodward (1883). No suckers or cirri were observed.

uXRF elemental mapping reveals the cephalic cartilage (Fig. 3A), which is enriched in
phosphorus and observed as two concave, semi-circular traces that flank the oesophagus in an
anterior-posterior orientation. The cartilage is about 9 mm in length and is positioned between
the posterior margin of the arm crown and the anterior lateral keels. The structures have a larger
medial separation than is normally observed in dorsal view, and do not have the “pear” shape
associated with ventral view (Fuchs & Larson 2011a, fig. 4), therefore we interpret what is
preserved to be a central slice (Fig. 3A). The length of the cephalic cartilage was used as a
proxy for eye diameter for the holotype. Relative to the length of the gladius (diameter max to
gladius length), the eyes were ~0.23 the length. The cephalic cartilage flanks a mass of soft

tissue that corresponds with the oesophagus and possibly the brain or optic lobes.
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D

Figure 3: The holotype (BMNH C5017) of D. syriaca as illustrated by multiple non-destructive imaging techniques.
(A) uXRF overlay of copper (blue), yttrium (green) and phosphorous (pink) distributions over the entire individual.
Data collected with M6 Jetstream Bruker XRF (UAR 3224 CRC, MNHN); (B) Rotated close-up of the posterior
section with the fin outline visible on the right (same acquisition); (C—E) Individual images from the Reflectance
Transformation Imaging (RTI) stack showing (C) the anterior part of the body, head, and arm crown, (D) the
posterior part of the body, and (E) the central part of the body; (F, G) UV photographs (L. Cazes, MNHN) of (F) the
entire individual, and (G) the anterior part of the body, head, and arm crown; (H) Hypothesized illustration of the
holotype (J. Gardner). The Y-enriched elongate feature in (A) is not considered part of the individual, but from a
contemporaneous organism. Scale bars 10 mm. Abbreviations: ac — arm crown, am — anterior margin (gladius), b —
brain, bm — buccal mass, bmr — bipartite median ridge, cc — cephalic cartilage, dc — digestive contents, f — fin, g —
gill, is — ink sac, lk — lateral keel, ms — muscular striations, mt — mantle tissue, o — oesophagus, ps — paired structures,
rt — rostrum tip.
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The position of the cephalic cartilage is inconsistent with the eye position supposed by
Woodward (1883). Indeed, imaging reveals their interpretation reflects degraded tissue at the
base of the arm crown (Fig. 3A, G). Small protrusions, visible in the UV photographs and
elemental maps, are positioned anteriorly to the lateral keels and represent cartilage or soft
tissue (Fig. 3A, C, F- H). It is possible that these represent posterior salivary glands or are the
remnants of retractor musculature. Two areas of digestive contents are visible (Fig. 3D, F, H).
The anterior-most area was originally described as an ink sac (Woodward, 1883, pl. 1),
however, our multimodal imaging reveals these structures are in fact digestive remnants. A
random sampling of fragment sizes in these two digestive assemblages shows that the anterior
remains are roughly 0.2—-0.4 mm in length, while those in the posterior section have larger
components (approximately 0.2—1.2 mm). A small ink sac is more posteriorly located (Fig
3D, H). RTT and uXRF mapping also reveal faint imprints of what we interpret to be elongate
gill lamellae and a posterior fin (Fig. 3A, B, E, F). The contours of the fin revealed by
elemental mapping (Fig. 3B) resemble the oar shape characteristic described for Dorateuthis
(Fuchs 2020). As fins are otherwise unknown in individuals from Sahel Aalma (Fuchs &

Larson 201 1a), this represents the only known coleoid fin tissue preserved from this locality.

REDESCRIPTION OF D. SYRIACA
Size

The diagnostic mantle length for Dorateuthis is 201 - 400 mm (Fuchs 2020), which is
categorised as “medium” in size. The mean mantle length in this study is smaller (~112mm,
with a standard deviation of 35 mm), however, one of our measured samples did fall within the
range for the medium sized mantle length. The rest are either small (n = 50, ~93%), or very
small (n = 3, 6%). The body length (anterior tip of longest preserved arm to the posterior tip of
the mantle) was able to be measured for 43% of the individuals in the whole sample. Of these,
the majority, ~32%, had a body length that measured between 50 to 200 mm (mean length of
~141 mm and standard deviation of 43 mm). Five (9%) ranged between 201 to 400 mm in
length (mean of 223 mm, and a standard deviation of 20 mm). One individual (not figured) had

a body length of 241 mm.
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Gladius size and shape

All the measured individuals have a triangular-shaped median field (Figs. 2 and 4A-F)
with the widest section located at the anterior-most margin of the gladius. The shape of the
anterior margin is slightly convex. This varies from the current diagnosis (Fuchs 2020), though
it supports a previous, tentative interpretation (Fuchs 2006b, fig. 4). An anteriorly rounded
imprint or contour on the ventro-medial section of the gladius is observed in four individuals
(Fig. 4E-H). It is located just posterior to the anterior margin and bears a resemblance to the
medial component of the head retractors seen in Vampyroteuthis (Bizikov & Toll 2016, fig. 12).

As such, we suggest this feature corresponds with an attachment site for muscle tissue.

R ma?
Figure 4: Photographs (natural light) and interpretative line drawings of gladius morphologies observed in D.
Syriaca. (A-F). (A, B) BHI 2201, (C, D) MNHN.F.A88588, and (E, F) holotype BMNH C5017 showing the
characteristic triangular-shaped median field, slightly convex anterior margin, and median reinforcement types.
These median reinforcements take the form of a central median field that may have longitudinal striations (A, B). A
central median line (C, D) or ridge (E, F) is also observable in the sample; these can be unipartite (C, D) or bipartite
(E, F), and are observed with a central median field (C, D), and without (E, F). (G, H) BHI 2205 showing a semi-
circular imprint that possibly reflects a muscle attachment site. (I, J) A ventrally closed conus, characteristic of
Prototeuthina, observed in an individual from a private collection. Scale bars (A, C, E, G) 10 mm, (I) 5 mm.
Abbreviations am — anterior margin of the gladius, bmr - bipartite median ridge, ¢ - conus, cml - central median line,
ma? - muscle attachment site?, s — striation.
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87% of the individuals have the slender (gladius widthmax to gladius length) gladius proportions
of Dorateuthis (Supplementary Table 4), though 13 % show a very slender gladius. All the
individuals exhibit the requisite apical (opening) angle (<12°, mean of 6.9°). As not all the
individuals measured are preserved in an ideal dorso-ventral position, this mean angle
inherently incorporates some uncertainty. We found no significant correlation to link gladius
size, shape, or total body size to any of the three specific localities (Fig. SA, B). However, Sahel
Aalma shows the most size disparity as the smallest (the holotype, with a mantle size of 40 mm)

and largest (MNHN.F.A50402, 241 mm) individuals are from this outcrop.
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Figure 5: Size ranges were determined using (A) a gladius index and (B) gladius length. The gladius index is based
on the ratio between gladius length and median field width, and then qualified by locality. n = 8 (15%) of the sample
were noted to be from the Santonian-aged site of Sahel Aalma, and the older Cenomanian localities of Hagel (n =
3, ~6%), and Hjoula (n = 36, ~67%). As a small number of the individuals from these Lebanese outcrops lack their
specific locality information (n = 7, ~13%), a more general grouping of ‘Lebanon’ was also included.

Gladius reinforcements, lateral fields, and median field area

Each of the 54 studied individuals has characteristic lateral reinforcements (keels) that
are pronounced, and continuous from the anterior to the posterior margins of the gladius (Figs.
2, 4A—F). More than half of the sample (63%) exhibited some form of median reinforcements
(Fig. 4A—F; Supplementary Table 5), longitudinally bisecting the gladius. These median
reinforcements vary and take the form of either a central medial line (Figs. 2, 4C, D) or ridge
(Figs. 2, 4E, F) which may be uni- or bi-partite. A central median field, an elongate area in the
central section of the median field (Figs. 2, 4A, B) may also be visible and span the line or
ridge; they are also observed without a line or ridge. Whether this variation is related solely to

orientation is not clear. Longitudinal striations (Fig. 4A, B) were commonly observed in the
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central median field in both dorsal and ventral view. These have previously been described in

plesioteuthids, such as Plesioteuthis prisca (Naef, 1922, fig. 42b).

The gladius has three observed morphological variations (Fig. 6A—C) with two lateral field
configurations. These include anterior (Fig. 6A) or posterior (Fig. 6B) lateral fields, though
the most common type (78% of the sample) has a complete absence of lateral fields (Fig. 6C).
Seven individuals have anteriorly positioned lateral fields (Fig. 6A) which represent 80% to
90% of the length of the gladius. They have no visible posterior lateral fields. Four have
elongated posterior lateral fields (30% of the gladius length) with no evidence of anterior
lateral fields (Fig. 6B). These gladius morphotypes could not be associated with other soft
tissue characters (e.g. arm length, total body size, or locality) in the study sample. It is
possible that the variation observed is due to post mortem processes (e.g. inconsistent mineral
replacement across the gladii, disarticulation, or non-uniform compression), ontogenetic

stage, or dimorphism (e.g. Toll 1998; Bizikov & Toll 2016).

A B C

, | |

Figure 6: The morphological variation observed in the lateral fields (in blue) of D. syriaca: (A) anteriorly positioned,
(B) posteriorly positioned, and (C) not visible. Modified from Fuchs (2006b, 2020).
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Where lateral fields were observed, the area of the median field was calculated following the
formula given in Fuchs (2020) (median field area to gladius area a1, who notes this is “very
large” (> 0.8) in Dorateuthis. All the individuals measured had a median field area >0.8

consistent with the diagnosis (Supplementary Table 4).
Conus

The conus is preserved in only two individuals, one in ventral view (Fig. 41, J), the other
in lateral. The length represents 3—5% of the gladius (Conus length max to Gladius length max),
and 80% of the width (Conus widthmax to Gladius widthmax). No diagnostic indices currently

exist for this character.
Arms

Twenty-two individuals (41%) provided the basis for arm measurements in this sample
(see Methods). Each of these individuals preserve at least one arm; nineteen preserve two or
more, and only two show a complete arm crown (Supplementary Table 5). Both the latter
individuals show the diagnostic differentiation in arm length noted for the species: a more
elongated dorsal arm pair, a relatively short ventral pair, and two intermediate-sized pairs in
lateral position (Fuchs & Larson 201 1a, fig. 3). The three smallest individuals (gladius <50 mm)
in the sample, including the holotype, show very little variation in arm length (Supplementary

Table 3; Fig. 3).

Comparisons between arm and gladius lengths were conducted (Fig. 7). These results indicated
a general relative increase in relative arm length to mantle length as would be expected,
supporting previous analyses that linked differentiation in the arm crown with allometry (Fuchs

2006b; Fuchs & Larson 2011a; Jattiot et al. 2015).

Chemical investigation reveals that the muscular mantle tissue reveals a diagenetic signature of
strontium (Fig. 8) and yttrium. The presence of these elements is indicative of tissues preserved
via authigenic replacement via calcium phosphate (apatite). Additionally, yttrium commonly
substitutes for calcium during diagenesis (Gueriau et al. 2018), a mode of preservation common
in Cretaceous Lebanese coleoid fossil soft tissues (Clements et al. 2020). Donovan & Fuchs
(2016) supposed that arms were also preserved in apatite though they lacked analyses to confirm
this. XRF data from the specimens showed that yttrium is present in both the arms and the (Fig.
8). The substitution of yttrium in varying soft tissues within a specimen has not been fully

investigated, and this variation could be a diagenetic artifact, or could possibly reflect a bias of
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phosphatization, which is known to be highly selective of particular tissues (as outlined in

Clements et al. 2022).

Arm length (Min and Max)
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Figure 7: Arm length (Y-axis) vs. gladius median field length (X-axis) for the seventeen individuals that preserve at
least two measurable arms, so maximum and minimum values could be obtained. These upper and lower values are
represented by two longitudinally paired points; the colour of each pair marks one individual. The results here
support a relative increase in arm length with mantle length, as well as increased differentiation in the arm crown
with mantle length.

Armature

Eight individuals (15%) have retained evidence of suckers (Fig. 9A, B) ranging in
diameter from ~1-2 mm. These appear uniserial and radially symmetrical when observed under
UV light. Although no individual has an entire row observable, we infer they were present along
the entire length since they are visible on proximal, medial, and distal portions of the arms in
the separate specimens. There is no indication of attachment types, and no evidence of sucker
linings, onychites, or cirri. Three individuals show remnants of the axial nervous system in the
arm crown (Fig. 9C-D). These axial nerve elements (Rowe et al. 2023, Klug et al. 2023) are
visible in UV light, and observed as delicate paired filaments, or dotted lines that follow the
contours of the arms. Though one of these individuals have preserved the structure along the

entire length of the arm, remnants are observed both proximally and medially (Fig 9C, D).
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Figure 8: pXRF major-to-trace elemental mapping of 4 individuals of D. syriaca with overlays of titanium (red),
iron (green) and strontium (blue) distributions (A) Holotype BMNH C5017; (B) MNHN.F.A88588 (C)
MNHN.F.A88589 (D) BHI 2205. (A, C) collected using the M6 Jetstream Bruker XRF, UAR 3224 CRC, MNHN;
(B) using the PUMA beamline, SOLEIL synchrotron, and (D) using Atlas X microXRF spectrometer equipped with
a 5 micron polycapillary source, iXRF Systems, Austin, TX. Scale bars 10 mm (A), 10 mm (B-D). Abbreviations:
ac — arm crown, an — axial nerve, bm — buccal mass, cc — cephalic cartilage, dt — degraded tissue, e — eye, f — fin, gi
— gill, is — ink sac, mt — mantle tissue, os — ovoid structures, psg — posteriorly salivary gland.
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Head

The cephalic cartilage (Fig. 9A-D) is evident in 31% of the individuals. Using the
methodology for determining orientation of the cephalic cartilage as outlined by Fuchs and
Larson (2011a), we determine that in our samples it is preserved both dorsoventrally and
laterally. It is most clearly visible in the UV photographs and elemental maps where the
phosphatized cartilage fluoresces (Fig. 9A, C). Structures interpreted as statocysts (Fig. 9C—E)
are present on 4 individuals, just posterior to the cephalic cartilage. Internal calcareous statoliths

(Boyle & Rodhouse 2008) are not observable.

Anterior

Anterior

Figure 9: Photographs (UV, natural light), and interpretative line drawings of the head and arm crown region of
Dorateuthis. (A-B) BHI 2229 and (C-D) BHI 5779 are oriented in ventral, and dorsal view respectively. Though not
well preserved, suckers (A-B) and axial nerves (C-D) are identifiable. (E) BHI 2203, dorso-lateral view preserving
eye capillaries, beak, and statocyst; (F, G) NHMW1998z0105/0000 retaining the entire arm crown and posterior
salivary glands. Illustrations: J. Gardner (B, D), adaptation from Lukeneder & Harzhauser 2004 (F). Scale bars 10
mm. Abbreviations: a — arms, an — axial nerves, bm — buccal mass, cc — cephalic cartilage, dc — digestive contents,
ec — eye capillaries, psg — posterior salivary glands, rt — rostrum tip, s — statocysts, su — suckers, o — oesophagus.

Eye measurements were obtained on 15 specimens (28% of the total individuals). As we had

more precise measurements for the gladius, the gladius length was used to identify a ratio for
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maximum eye diameter (0.13—0.25) rather than follow the index of Young & Vecchione (1996)
which compares the eye radius to head width. Five individuals also preserve evidence of a
central eye lens, which can be observed in Fig. 9E by the positioning of the capillary system in
the eye (Donovan & Fuchs 2016; Fuchs ef al. 2016a; Fuchs & Larson 2011a). This appears in
natural light as delicate filaments of yellow staining in a reticulated pattern. This pattern appears

dark under UV light (Fig. 9E).

Preservation of the buccal area is common and observed in ~72% of the individuals. The rostral
tips, darker in colour than the rest of the beak chitin, are often visible under natural light. The
muscular tissues of the buccal bulbs fluoresce under UV light (Fig. 9). uXRF analysis
demonstrates that the muscular tissue has elevated yttrium traces compared with the matrix,
indicating replacement of the original organic material by calcium phosphate (phosphatization)
(as per Gueriau et al. 2018). The length of the buccal mass was measured in 31 individuals. The
ratio of buccal mass length/gladius length ranges from 0.08 to 0.19. More detailed
measurements of the buccal mass were taken on individuals NPL52121 (Fig. 10E-H) and BHI
2203 to capture the 2D shape, which were scaled to provide a reconstruction, the first of its kind

for D. syriaca (see Fig. 11).
Posterior salivary glands and other paired structures

Previous descriptive works on D. syriaca have identified a pair of posterior salivary
glands located next to the anterior-most parts of the lateral margins of the gladius (Lukeneder
& Harzhauser 2004, Plate 2.2; Jattiot et al. 2015, fig 12.1; 12.2). Our study includes the two
figured individuals of Lukeneder & Harzhauser (2004) and Jattiot ef al. (2015) (Fig. 10D, F),
which provides a comparator for this feature. The paired structures observed in the holotype

closely resemble these posterior salivary glands.

Four individuals show paired structures that differ visually from the previously described
posterior salivary glands (Fig. 10E-H, J-M). Two exhibit ovoid-shaped imprints in the region
of the anterior lateral keels (Fig. 10A—C, E-H). In natural light, one of these structures is visible
laterally to the anterior gladius margin in both individuals (shown here in NPL 52121, Fig. 10E-
H). The XRF and MRI imagers reveal a corresponding ovoid area enriched in is visible on the
opposing side of the gladius margin. But for the shape, there is no evidence to suggest that this
is anything other than mantle tissue. As such, it is possible that this ovoid structure reflects the
anterior section of a funnel. The other two individuals possess paired structures with a rope-like

morphology (Fig. 10J-M). These are either visible as hemispherical projections anteriorly
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angled towards the lateral keels (Fig. 10J, K), or medially angled inwards from the lateral keels
(Fig. 10L, M), and are interpreted here as remnants of retractor muscles (Bizikov & Toll 2016;
Fuchs et al. 2016b).

Anterior

; ( :'
il C

Figure 10: Variation in paired structures associated with the anterior part of the gladius of D. syriaca. (A—C)
Individual MNHN.F.A88589: (A) interpretative line drawing, (B) uXRF overlay of titanium (red), yttrium (green)
and iron (blue) distributions M6 Jetstream Bruker XRF, UAR 3224 CRC, MNHN) , and (C) luminescence emission
at 385 nm under 514 nm illumination; UV-visible-near infrared multispectral imaging, UAR3461 IPANEMA; (D)
MNHN.F.50396, individual image from the Reflectance Transformation Imaging (RTI) stack (also shown in fig.
12.1 of Jattiot et al. 2015); (E — H) NPL 52121 (part, and counterpart) illustrations and photographs in natural light
showing the ovoid structure and beak. (I) Individual NHMW1998z0105/0000 from Lukeneder & Harzhauser
(2004); (J, K) BHI 2222, (J) photograph in natural light and (K) interpretative line drawing; (L, M) Individual
MNHN.F.A50400. (L) individual image from the Reflectance Transformation Imaging (RTI) stack and (M)
interpretative line drawing. Note the two, pointed ovoid structures in A—C, and one pointed ovoid structure in E - H
that are positioned adjacent to the external margins of the lateral keels. They appear different from the posterior
salivary glands in MNHN.F.50396 (D, E) and NHMW1998z0105/0000 (F). BHI 2222 and MNHN.F.A50400 (G—
J) possess rope-like structures positioned more posteriorly on the gladius visible in natural light. Scale bars 10 mm.
Abbreviations: b — beak, os — ovoid structures, ps — paired structures, psg — posterior salivary glands.

136



Chapter 4: Rowe et al. (in prep)

Figure 11: Hypothesized beak reconstruction for D. sy;'aca ‘E)ased on measurements from BHI 2203 and NPL52121
(see also Fig 9E-H). Illustration by A. Lethiers, CR2P.

Digestive system

Preserved digestive contents are observed in 19 individuals. Typically, the remains are
ingested, and their relative position in the body enables comparison with the digestive organs
in extant coleoids (Mangold & Young 1998; Wells 2011). One individual (MNHN.F.A88589)
preserves remains in 3 areas (Fig. 12A—D): two are positioned in the posterior section of the
mantle (Fig. 12A, C, D) and likely reflect the stomach and caecum. The composition of these
remains varies which supports the different functions of these two digestive organs. The mass
of digestive remains interpreted here to be stomach contents (Fig. 12C), contains an articulated
ray fin and a pelvic girdle, likely from a teleost fish; the posterior-most mass (Fig. 12D) has a
collection of less distinct, individual bones surrounded by a soft mass (Dr. Donald Davesne,
pers. Com.) and likely represents caecal contents. The third mass of digestive remains (Fig.
12B) is positioned more anteriorly in the mantle, is tubular in shape, and also retains evidence

of fish bones. The position and contents are consistent with the presence of a crop.

The individuals examined in the study enabled observation of almost all elements of the
digestive system of D. syriaca. While the preservation of ingested food matter is not uncommon
in organisms that are phosphatically preserved (see Clements et al. 2022), phosphatization
appears to be highly selective in terms of which tissues are replaced by apatite — and while
ingested organics do seem to preferentially phosphatise, internal digestive integument is
comparatively rare in the fossil record (Clements et al. 2022). This seems to be the case in D.
syriaca, however, the relative positions of the ingested organics within the organism allows the
determination of an Octobrachia-like gut configuration. One key character identified by this
study is the crop of D. syriaca; the presence of a crop is known in Recent Vampyromorpha
(Fig. 12E) and most Octopoda, but it is absent in modern Decabrachia (Mangold & Young
1998, fig. 1). As such, this configuration of the digestive system supports the assignment of

Dorateuthis to Octobrachia.
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Figure 12: (A-D) Components of the digestive system, (G, I, J) funnel, and (K—M) possible reproductive elements
of D. syriaca. (A-D) Individual MNHN.F.A88589 (A) in natural light, showing three separate areas preserving
digestive contents, which indicates the presence of a crop, stomach, and caccum; (B-D) Close ups of the digestive
contents from individual images of the Reflectance Transformation Imaging (RTI) stack. An illustration of the
Vampyromorph digestive system is modified from Mangold & Young (1998) and provided here for reference (E).
The vampyromorph, Vampyroteuthis is described with one posterior salivary gland, here, we observe two for
Dorateuthis. (F-J) Funnel inferred in dorso-laterally preserved individuals MNHN.F.R06746 (F-H); (F, H) part,
individual image from the RTI stack and (G) counterpart under UV light (UV photograph by L. Cazes, MNHN); (I,
J) Photographs of BHI 2213 in natural light showing (I) a close up of the anterior-most part of the funnel, and (J)
the entire mantle with the funnel in situ; (H) A coprolite is preserved at the anterior aperture of the funnel of
MNHN.F.R06746. Individual image from the RTI stack; (K-M) individual MNHN.F A88589 in natural light
showing the region of a possible oviduct and oviductal gland, and (L, M), close ups showing the impression (L) and
overlay (M) of the same. Scale bars 10 mm. Abbreviations: bm — buccal mass, ¢ — coprolite, cr — crop, cs — caecal
sac, ¢ — eye, dc — digestive contents, dg — digestive gland, fu — funnel, i — intestine, ov — oviduct, ovg — oviductal
gland, psg — posterior salivary glands, rt — rostrum tip, s - stomach.

Funnel

A funnel can be inferred in two individuals (MNHN.F.R06746 and BHI 2213) that are
both preserved in dorso-lateral view (Fig. 12F, G, I, J). The feature was not observed directly,
though its presence was determined by a stained elongated mass within the boundaries of the
mantle (Fig. 12F, G, J). The staining is interpreted here to delineate the internal part of the
funnel. The anterior margin of this is located just posteriorly and ventrally to the head (Fig.

12G, J), consistent with the placement of the funnel in both fossil and modern coleoids.
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Under natural and UV lights, this stained impression shows evidence of diagenetic circular
structures (Fig. 12H-J) associated with the presence of ink (Klug et al. 2021b). These circular
patterns are also present in individual MNHN.F.R06746 on an unresolved structure (Fig. 12G,
H). Roger (1946) suggested it was a rectal bulb (translated from French), and Jattiot et al.
(2015) indicated it may be a buccal mass. Given its location (Fig. 12F—H) and the presence of
the diagenetic circular patterns, we interpret this structure to represent an accumulation of the
long strings of pigmented faeces (coprolite) released from the mantle via the funnel (Boyle &
Rodhouse 2008). As in BHI 2213 (Fig. 121, J), the location of this indicates that the aperture

of the funnel was positioned just posterior to the head in D. syriaca.

g

Figure 13: Gill preservation in D. syriaca. (A) Individual RTI image of MNHN.F.A88589 showing impressions of
at least 10 gill blades; (B, C) Individual RTI image (B) and simplified illustration (C) of MNHN.F.A88590, showing
preservation as orange pyritized stains; (D, E) BHI 2219 photographed in natural light. The gills appear black in
colour, possibly a result of ink-staining. The branchial heart (E) is observable in the posterior part of the gill structure.
Scale bars 10 mm. Abbreviations: bh — branchial heart, gb — gill blade, gi — gill.

Gills

Remains of gills are present in 12 individuals (22%). They are preserved either as

impressions (Fig. 13A), orange pyritized stains (Fig. 13B, C) (Donovan & Fuchs, 2016), or
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black ink-associated stains (Donovan & Fuchs, 2016) (Fig. 13D, E). The most complete gills
(Fig. 13D, E) show the branchial heart (~2 mm length max), the main efferent vessel (~14 mm),
and a minimum of 17 gill blades. Combined, this represents ~21% of the gladius length. The
associated lamellae are not preserved, though the filamentous, ink-stained gill blades taper
distally (~4 mm to 1.3 mm). Lamellae (# = minimum of 9) and gill blades are present in
MNHN.F. A88589 (Fig. 13A). Under natural light the blades are visible as orange filaments,

and the lamellae are preserved as contoured relief. No main efferent vessel is observed.
Fins

The “oar shaped” fin described for Dorateuthis (Fuchs 2020, fig. 3,1¢) is observed in
the holotype from Sahel Aalma (Fig. 3A, B, H), as well as six (~11%) other individuals (Fig.
14) from the Cenomanian outcrops. It is preserved as a mineralized structure (Fig. 14A), an

impression (Fig. 14C) or an orange-coloured stain (Fig. 14D), making it generally

distinguishable from the matrix under natural light. Its visualization can be enhanced using

uXFR elemental mapping (Figs. 8B, C and 14B) and/or UV photography (Fig. 14E, F).

Figure 14: Oar-shaped fins of D. syriaéa. (A) NPL52121, natural light; (B) MNHN.F.A88588, uXRF overlay of
titanium (red), yttrium (green) and iron (blue) distributions; (C) BHI 2212, natural light; (D) BHI 2227, natural light;
(E) MNHN.F.A88589, UV photograph (L. Cazes, MNHN); (F) BHI 2205, UV photograph. Scale bars 10 mm.
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Reproductive system

Reproductive organs were tentatively included in a summary of known soft tissues in
D. syriaca (Donovan & Fuchs 2016). This was based on a description by Roger (1946, fig. 7)
of spermatophores in individual MNHN.F.R06746 (Fig. 12F). Observations on this individual
show that what were interpreted to be spermatophores are, instead, stomach contents. However,
there are impressions present in MNHN.F.A88588, corresponding with a larger, titanium-
enriched area observable using uXRF mapping, which could possibly represent oviductal

glands (Figs. 12K-M, §B).
Novel anatomic characters of D. syriaca

The multimodal imaging approach and quantitative analyses performed in this work has
enabled a revision of the summary of known soft tissues in D. syriaca (Supplementary Table
6) that were previously synthesized in Donovan & Fuchs (2016). Furthermore, we have
identified morphological characters which are not previously described for the genus including
paired retractor muscles, axial nerves in the arms, and an Octobrachia-type digestive system.
For the first time we also provide clear evidence of a funnel, circulatory system, and excretory
system. Lastly, we discount the presence of tentacles, tentacular pockets, and onychites within

the arm crown, and confirm that D. syriaca possessed suckers.

DISCUSSION

Morphological variation in the gladius

Despite the exceptional preservation of coleoids from the Lebanese localities, it is vital
to acknowledge that all fossils have undergone decay prior to fossilization, and therefore, do
not represent an anatomically complete organism (e.g. Purnell ez al. 2018; Clements et al. 2022
etc.). However, to elucidate the evolutionary history of coleoids, it is necessary to analyse fossil
forms. Currently, especially in taxa found in the Lebanese Lagerstitten, the depositional
environments and diagenetic processes are poorly understood (Geroge et al. in press). It is,
therefore, difficult to establish an accurate taphonomic model that constrains the amount of
decay that these organisms underwent prior to diagenesis, and while many of the soft tissues
appear to be phosphatically preserved in D. syriaca (as per other Lebanese coleoid fossils), no

comprehensive taphonomic model for coleoid fossils has yet been undertaken.
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To further complicate our understanding of morphological variation, there are many
uncertainties regarding the existing diagnostic characters of Dorateuthis and more specifically
D. syriaca (Roger 1946; Woodward 1883; Fuchs 2006b, 2007; Fuchs & Larson 2011a; Jattiot
et al. 2015). For example, previous observations on the posterior lateral fields have been
conflicting, and both elongate (Fuchs 2006b, Pl. 1, fig. B) and rounded lateral fields (Fuchs &
Larson 2011a, fig. 2.7) have been described. As such, there is no definitive diagnosis on the
lateral fields in Dorateuthis (Fuchs 2020). Our observations of the elongated posterior lateral

fields are consistent with the interpretation of Fuchs (2006b).

For the first time, this study describes long anterior lateral fields in D. syriaca, which resemble
those seen in Plesioteuthis (Tithonian, Solnhofen) and the contemporaneous Boreopeltis (Fuchs
& Larson 2011a; Fuchs 2020). A genus-level analysis of other prototeuthids, and taxa
contemporaneous to Dorateuthis (Fuchs 2020), shows no evidence that this variation can be
attributed to mistaken identity (Supplementary Table 7). As such, the polymorphism observed
- the variation in the presence and location of the lateral fields, as well as the differences in the
median reinforcements - adds to the complexity of what is known about this structure in D.
syriaca. There are no clear links to local effects or the time difference between localities (Fig.
5). We interpret the observed morphological variation to be associated with either dimorphism
or ontogenetic stage, as these are known to contribute to interspecific variation in extant gladii

(e.g. Toll 1998; Bizikov & Toll 2016).

Size

The measurements obtained on the individuals in the sample enabled a hypothesized
reconstruction for the holotype (likely a juvenile; see below), and an ‘average-sized’ individual
of D. syriaca (Fig. 15). The two reconstructions show a large variation between the smallest
and largest individual. The smaller size is not interpreted to be related to sexual dimorphism as
our analyses show no distinctions indicative of more than one grouping (Supplementary Fig.
1A, B). Additionally, no correlation is observed between size and locality (Fig. 5A, B). Overall,
the size of D. syriaca seems to be conservative despite the ~10 Ma age difference between the
Cenomanian and Santonian sites. Despite having only eight individuals (15% of the total
studied sample) from Sahel Aalma, the locality shows the most disparity as the smallest and
largest outliers are from the site (Supplementary Fig. 1A, B). More individuals from this

outcrop would need to be studied to determine if this was a real signal, or just a sampling bias.
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The body size (including head and arms) was determined for 23 individuals. Even in the best-
preserved individuals, precise measurements are difficult to obtain as boundaries in the 2D
phosphatized individuals are not always clear. However, the characteristic configuration for D.
syriaca — an elongate dorsal pair, a shorter ventral pair, and two intermediately sized lateral
pairs (Fuchs & Larson 2011a) — is clearly present. This pattern was not observed in the three
smallest individuals (mantle size <50 mm). Instead, they showed minimal length variation in

the arm crown giving the appearance of arms that are all similar in length.

Adult reconstruction

Holotype reconstruction

Figure 15: Hypothesized reconstructions of D. syriaca. (A) D. syriaca in inferred life positions, and (B) lateral view.
(B) The larger individual (top) reflects an average, medium-sized D. syriaca. The smaller (bottom) is a reconstruction
of the holotype, which is considered to be a juvenile. The reconstruction of the holotype was based on direct
measurements of visible structures revealed by the pXRF, RTI, and UV imagery. As it was not possible to obtain
measurements of all the preserved soft tissue on one individual, measurements from four individuals were used and
scaled to the correct size. BHI 2232 provided the basis for the reconstruction. Scaled elements were obtained from
BHI 2203 (eye and lens diameter), NHMW1998z01050000 (arm lengths), and BHI 2227 (fins). Reconstructions A.
Lethiers, CR2P.
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Seventeen individuals preserve two or more arms. Plotting the maximum and minimum arm
lengths from these individuals shows a correlative increase in arm length to mantle length (Fig.
7). This supports the hypothesis that the relative arm length is linked with the ontogenetic stage
(Fuchs, 2006b; Fuchs & Larson, 2011a; Jattiot et al., 2015). Here, we suggest that the most
parsimonious explanation of the smaller sizes observed in the entire study sample is that it is
comprised mostly of juveniles, and the genera-level description in Fuchs (2020) included more
mature individuals. Additionally, we hypothesize that the three smallest individuals, with

minimal differentiation in the arm crown, represent young juveniles.

SYSTEMATIC AND PHYLOGENETIC IMPLICATIONS

D. syriaca is included in several published morphological matrices that contain both
fossil and extant taxa. Initially published by Sutton et al. (2016), the matrix was minimally
modified for Proteroctopus (Kruta et al. 2016) and Vampyronassa (Rowe et al. 2022) and
underwent a more extensive revision by Whalen & Landman (2022). Our study provides new
character state information on 20 of the 153-character states for D. syriaca, 5 of which are
specific to the gladius. This increases our current understanding about this key coleoid species

(Supplementary Table 8.)

Although the gladius of coleoids is a relatively simple structure, it contributes approximately
half of the character states to the systematics of fossil and extant coleoids (Sutton et al. 2016;
Whalen & Landman 2022). However, ambiguity regarding certain terminology introduces
inherent issues, for example, when determining median reinforcements and fin shape.
Currently, D. syriaca is coded as possessing a convex median keel (#55, Sutton ef al. 2016;
Whalen & Landman 2022). However, this is in contrast with descriptions in the literature for
both the genus, which specifically notes the absence of a keel (Fuchs 2020, p. 10), and the
species (Fuchs & Larson 2011, p. 238). Following these authors, the terms “line” or “ridge”
were used here to reflect the level of robustness. Uncertainty around this definition can be seen
in the original description of D. syriaca, in which Woodward (1883) uses both ridge and line

seemingly interchangeably.

There is a similar vagueness around the classification of fin shapes; inconsistencies which
have already been acknowledged (Sutton et al. 2016). The diagnostic shape for Dorateuthis is
“oar-shaped” (Fuchs 2020), which is visually like the “rhomboid” shaped fin illustrated by
Hanlon et al. (2018). Citing this issue, Sutton ef al. (2016) coded only for two shapes, lobate
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and rhomboidal. Currently Dorateuthis is coded as lobate. Determining the states for fin shape
will continue to be limiting without a more concise terminology (Young ef al. 2001). As the
current systematic framework for Mesozoic coleoids has many inherent, widely recognized
uncertainties (Young & Vecchione 1996; Lindgren et al. 2004; Kruta ef al. 2016; Sutton et al.
2016; Fuchs 2020; Whalen & Landman 2022), a phylogenetic analysis was not conducted

here.

LIFESTYLE IMPLICATIONS

The slender gladius morphology of D. syriaca was originally compared with that of
modern Ommastrephes by Woodward (1883) and has subsequently been explored by Bizikov
& Toll (2016) and Fuchs & Iba (2015). The data presented here supports those comparisons
and offers insight into the lifestyle of D. syriaca. Ommastrephes are powerful pelagic swimmers
that are found in continental shelf environments and in nutrient-rich upwelling zones, preying
on fish and crustaceans (Jereb & Roper 2010). Ommastrephidae is a group of active visual hunters at all
stages of ontogeny, generally fast growing, and vary in adult size based on relative growth rate

in larval and juvenile stages (Jereb & Roper 2010).

The common muscular striations and elongated mantle indicate that D. syriaca also had the
potential for active swimming. This would further be supported if the paired structures observed
on the fossil individuals could be conclusively identified as head or funnel retractor musculature
(Bizikov & Toll, 2016; Fuchs et al. 2016). The presence of prominent eyes suggest D. syriaca
was also an active visual predator, and the volume and type of meal remains preserved in the
digestive system indicates they were avid feeders with a diet consisting largely of fish. The
arms, differentiated in size, likely facilitating the manipulation of their relatively large prey,
which would have needed to be disarticulated with their sharp rostrum and buccal complex
before being ingested (Lukeneder & Harzhauser 2004; Nixon 2015); this feeding strategy is
adopted by Recent coleoids (Roscian et al. 2022). The expulsion of ink to conceal or confuse
is a distinctive behavior in modern forms (Bush & Robison 2007; Nixon 2011; Derby 2014)
and is observed in almost all the individuals in the fossil sample. The size of the ink sac varies,
though this is not interpreted here as having a diagnostic value, rather reflects the amount of
ink preserved in the organ (Fuchs 2006b). The presence of this character indicates they also

utilized obfuscation techniques, likely to avoid predation.
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4.3 EXPLORING THE CHARACTERS OF EARLY INCIRRATA: KEUPPIA

Three previously undescribed individuals on loan from the American Museum of
Natural History (AMNH, NY) were investigated during two short-term student internships I
co-supervised in 2022 (undergraduate students SU M. Kandil, J. Dufour, and R. Piguet-Ruinet).
The specimens are 135058 and 135059 (part and counterpart); 135060, and 117083 (part and
counterpart) and from the Haqel deposit. The imaging acquisition methods are the same as those

used for D. syriaca. Table 4.2 shows the type of imaging performed on each specimen.

UV light RTI MSI pXRF
135058 X X
135059 X X X
135060 X
117083a X X
117083b X X

Table 4.2: The Keuppia specimens from the AMNH were imaged using the same techniques used in Rowe et al.
(in prep) and outlined here. These include UV-visible-near infrared multi-spectral imaging (MSI) at the SOLEIL
Synchrotron, Saint-Aubin, France, Reflectance Transformation Imaging, and X-ray fluorescence spectroscopy
(uLXRF) (Centre de Recherche sur la Conservation, MNHN, CNRS). Optical microscopy and UV light methods
were also used.

Two individuals, represented by AMNH 135058 and AMNH 135059 (part and counterpart),
and AMNH 135060, have a well-preserved gladius, which enables identification to a species
level. Each represents one of the two known species of the Keuppia genus, K. levante, and K.
hyperbolaris. The other individual (AMNH 117083a, b) does not preserve the gladius vestige

and an identification to genus or species level was not possible.

AMNH 135058 (Fig. 4.3) and AMNH 135059 (Fig. 4.4) can be identified as K. levante. In
addition to the gladius, the specimen retains fin cartilage (Fig. 4.4C; 4.5B), which was also
described for the holotype (Fuchs ef al. 2009). The paired gladius vestige has a slightly semi-
circular shape (Fig. 4.5A-C) and is located at the posterior-most section of the mantle. Growth
lines (Fig. 4.3C; 4.5B) appear as transverse ridges on the dorsal surface of the gladius (AMNH
135059) and imprints on the ventral counterpart (AMNH 135058). Sucker impressions are
clearly preserved on the arms and are best observed under UV light (Fig. 4.3D; 4.4D). Given
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their concentration and their proximity to one another the suckers are interpreted to be biserial.
No cirri are evident. These observations concur with those of Donovan & Fuchs (2016, fig. 8C)
who describe a specimen of K. /evante from Hagel with alternating circular suckers. The pXRF
major-to-trace elemental mapping, show that the muscular tissue on the arms and mantle
fluoresces in yttrium which denotes a composition of calcium phosphates. Trace metals such as
iron and copper are initially involved in biomolecules with specific biological functions
(Gueriau et al. 2018). Melanin from the ink sac reveals traces of copper, and the gills have an

iron signature, which is common to blood vessels and capillaries (Donovan & Fuchs 2016).
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Figure 4.3: Images of AMNH 135058 (ventral view) showing the elemental map (A) resulting from pXRF major-
to-trace elemental mapping, M6 Jetstream Bruker XRF, UAR 3224 CRC, MNHN, Fe (red) Y (green) and Cu
(blue). Photograph of the posterior part of the specimen showing the ink sac, gill, and gladius vestige (B). Close
up of the gladius vestige (C), and UV photograph of the sucker impressions (D) and phosphatized arm tissue. UV
photograph by R. Piguet-Ruinet (SU Intern).

AMNH 135060 has the gladius vestige of K. hyperbolaris (Fig. 4.5A, B). The specimen shows
the same biserial sucker row seen in the individual represented by AMNH 135058 and AMNH
135059. An axial nerve is clearly visible in natural light (Fig. 4.5C), though less visible in UV
light (Fig. 4.5D).
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Figure 4.4: Photographs of AMNH 135059 (dorsal view) showing the extent of the preserved fossil in natural light
(A). The area surrounded by pencil, with an X in the center is not exposed. Close up of the paired gladius vestige
in natural light (B) and UV light (C). The transverse growth lines are clearly preserved. UV photograph of the
suckers (D). UV photograph by R. Piguet-Ruinet (SU Intern).
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Consistent with the species description for K. hyperbolaris (Fuchs et al. 2009), the two blades
of the gladius vestige have a more subtriangular shape than those of K. levante. Additionally,
there is a hyperbolar-like zone running longitudinally along each blade (Fig. 4.6A, E). In the
description of the holotype, Fuchs ef al. (2009) could not discern if the blades of the gladius
vestige were weakly articulated or connected, or whether the vestige was paired as in K. levante.

In AMNH 135060, the blades do appear to be connected (Fig. 4.5B).
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Figure 4.5: Photographs of AMNH 135060 showing the fossil in natural light (A). Close up of the gladius vestige
(B) and arm showing the preserved axial nerve (C). The same arm in UV light (D) which shows phosphatized
traces of the suckers and arm musculature. UV photograph by R. Piguet-Ruinet (SU Intern).
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The gladius in AMNH 117083a, b (part, and counterpart) is not visible within the mantle outline
(approximately 2.5cm in length). The mantle tissue appears as a pale white impression in the
matrix that surrounds the internal organs (Fig. 4.7). The arm crown has the same preservation,
which is most clearly viewed in UV light (Fig. 4.7C). The ink sac and duct are clearly visible,
and a slightly heterogeneous mass (outlined in Fig. 4.7B in grey) is present in the posterior-
most and lateral region. It is possible that this represents organs of the digestive system. The
phosphatized remains of the buccal mass are best observed in UV, while the multi-spectral
imaging (Fig. 4.7D) picks up on two overlapping circular structures in the head region. We
interpret these to be the remains of compressed cephalic cartilage. Additionally, two circular
shapes are positioned within the boundaries of the cephalic cartilage and possibly represent
statocysts. Without the gladius, it is not possible to identify with certainty if this individual

represents Keuppia, or a different taxon (e.g. Styletoctopus).

Figure 4.6: Photographs, drawings, and illustrations of AMNH 135058 (A — D), and AMNH 135060 (E — H). The
illustrations (C, G) are from Fuchs (2020), and black and white photographs (D, H) are from Fuchs ez al. (2009).
The yellow stars indicate the position of fin attachments at the anterior-most parts of the gladius vestiges.

A better understanding of the soft tissues in Keuppia is desirable as the genus is among the first
representatives of the suborder Incirrata. As shown in Fig. 4.4, and 4.5, structures such as axial
nerves and suckers can be identified, which can provide insight into the evolution of the
cephalopod nervous system. This is the subject of a recent paper by Klug et al. (2023) for which
I was a co-author. Control of the suckers requires ganglia which are not yet known from the
fossil record. An expanded study of these first Incirrata from Lebanon could provide insights

on the evolutive history of the nervous system, as well as other soft tissues characters.
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Figure 4.7: Photographs of AMNH 117083a, b in natural light (A, B), UV (C), and UV-visible-near infrared multi-
spectral imaging (MSI), SOLEIL Synchrotron, Saint-Aubin, France (D). The close-up (B) is taken from a slice of
an RTI image stack. The ink sac is clearly visible in natural light. The UV images reveal other structures including
the buccal mass, cephalic cartilage, and possible statocysts. UV photograph by L. Cazes, MNHN.
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4.6 PERSPECTIVES

Rowe et al. (in prep) in this chapter, and the preliminary study of the Keuppia
specimens, clearly show the benefits of a complimentary array of 2D imaging techniques, and
the structures they make visible. These methods enabled us to rectify previous anatomical
misinterpretations, identify intraspecific variation, and resolve a number of phylogenetic
character states of a key Mesozoic coleoid, leading to a redescription of the species, as well as
the holotype. However, like much of the existing work on Lebanese fossil coleoids, it focused
mainly on fossil systematics. Ultimately the study raised further questions about the taphonomic
processes in the Lebanese Lagerstitten, and how they contribute to what preserves. The
selectivity for preservation — what organs or soft tissues are more likely to fossilize, and how —
is poorly explored, making it difficult to determine the amount of information that is potentially
lost during fossilization, or how the same tissues may preserve, or not, under slightly different
settings. This lack of information has implications for a variety of paleontological analysis,
including systematics, the coding of phylogenetic characters, or palacoecological interpretation.
Assessing the anatomical and elemental variation expressed in fossilized soft tissue, would
highlight the taphonomic biases in the Lebanese lithographic limestones.

As the most abundant species of gladius-bearing coleoid in the Lebanese Lagerstitte sediments,
D. syriaca would be an ideal group to test the taphonomic signatures of multiple organs/tissues.
The use of just one species removes the potential for interspecific bias and, as it is present in
each of the outcrops, it can be studied over a 10 My period from slightly varied depositional
environments.

The array of 2D imaging including uXRF and XAS utilized in the Rowe et al. (in prep) provides
an optimal framework for this line of study. The panel of techniques have already been
successfully applied to a selection of individuals in the existing sample. The methods can be
extended to include more of the individuals as well as additional specimens from fieldwork and
collection loans.

The creation of a dataset that contains the elemental traces of all the preserved soft tissues would
form the basis for quantitative and qualitative statistical analyses and enable inquiry into
taphonomic and preservational differences between the localities. In doing so, it would
highlight implications for using just one Lagerstétte outcrop for paleontological studies. This
would provide a reference not just for coleoids in the Lebanese Lagerstitte deposits but could

be extrapolated as a framework on the variation of soft tissue preservation in other taxa.
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Supplementary Table 1: The three pages included in this table show the specimens available for the study. The

tables provide the collection numbers, repository information, the genus/species-level assignment, the locality
information, if, and where, the specimens have been previously figured, and the type of imaging utilized. uXRF

major-to-trace elemental mapping (XRF) was acquired at SOLEIL Synchrotron (PUMA Beamline), Saint-Aubin,
France, Centre de Recherche sur la Conservation, MNHN, CNRS (M6 Jetstream Bruker XRF, UAR 3224) Paris,
France, and the iXRF facility (ATLAS M benchtop microEDXRF (micro XRF) spectrometer), Austin, TX, USA.

Reflectance Transformation Imaging (RTI) and UV light photography was completed at the MNHN, Paris, France;

UV-visible-near infrared multi-spectral imaging (MSI) was acquired at SOLEIL Synchrotron (IPANEMA
Platform), Saint-Aubin, France. X-ray absorption spectroscopy (XAS) was acquired at SOLEIL Synchrotron

(PUMA Beamline), Saint-Aubin, France. The specimens shown in blue were not utilized for this study as the

gladius was not preserved in such a way where measurements could be obtained.

165



rmation

info

Chapter 4: Rowe et al. (in prep), Supplementary

. . . L
S8 768 el Wa OO INHNI
8¢ 901 €L N ED) 19°A

S€l 9t SL 9'6€1 6L Wa [ERIN
S [ L6 N @) €€ A
. E . 0000S
vy L6 vi na 01028661 MINHN
ST 91 I'e L 919 '8 Wa FPIST HANS
69 9€rl €L N PEIST IANSIN
99 €5 14 6801 6L N 008+T ANSIW
6 95zl 861 S 8T1ST TANSIN
L's 8'€Tl €Tl Wa (4@ wrusny
J - . (1) 93ewy
6L 9€€l L81 N N BION 1100
'L 818 I N 6LLS THE
ove [ats 89 '8 LL 601 Wa €627 IHE
SL 6'8€1 L81 N T€TT IHE
88 T6el ST Wa 62 IHY
<9 6'stl $91 N 872 IHE
'8 4] 911 N LTze IHY
yIzl 9z 6 9L LTl LLl S 97z IHd
143 7'0€ s SL 6'89 6 N STTT IHE
8L 956 el N €20C 1HY
618 ST L'S6 96 (448 L81 Wa Teze IHd
6'S €Lyl 961 N 17z HY
L8 €8 8Tl S 0zze Hd
9 vEL 9L Wa 612 IHd
€501 LsLl 66 L9y Sipl 891 N L17¢ IHY
$'8L8 gELl 6701 S8 Syl TLl N 912 IHd
¥'8 Lzl 881 N S1T¢ IHE
L9 ov1 991 N 12T HE
'L (441 91 N €127 IHE
8L €69 96 Wa TITe IHY
€9 I'sL 881 N 012z HY
e €0€l '8 N 602 IHY
'S S6rl TSl o] 802¢ IHE
$9¢€8 ERad! 866 99 9vTl Sl WNa L0TT THE
9 7091 L8l N 90¢¢ IHE
LL Lol €51 Wa S0tz IHE
€I1LL T8y v'€6 99 gEll vl N €0°C IHE
69 Tsrl 9Ll S 202 HA
086 8LET S0l L8 [241 981 N 102 IHE
'L 6 g1l N 00z IHY
8L L8 611 N AWEITITS TN
¥'6 18 rel N 9PL90Y 4’ NHNIN
9T Lt T N 16¥89Y" I NHNIN
. ($010SV)
8 sot vel wa L6769V ' NHNIN
. . . (SLy89V 1eIunod)
L e e B T0v0SV 4’ NHNIN
. (61269V 1unod)
so ort g 2 0070SV"4'NHNIN
€ il 8 Wa 86505V A'NHNIN
9 6 86 Wa 96£0SV" 4’ NHNIN
911 L0T € 9'¢ TSt Sy Wa $6£0SV"A'NHNIN
6 L8 88 N 09588V’ NHNIA
L8 % [l Wa 68588V"'NHNIN
S0€ [43 99 Lt €8 69 Wa 88588V NHNIN
8L 961 61 Wa 199®] ON” WHNE
. . H4dALOTOH
€9 o e S “L10SO_HNINE
() Juosoxd L xoxdde (paewy Juasaxd juasaid (sjuduaINS LI ©
(wu~) (ww~) HIONAT - Splol [ERME(Jl  UI pomnseam) oy J1 (ww~) QSud] T (Ww~) PPIA  19911p) (HTONY (Wui~) (P[oy uerpow)  (wtu~)(P[oLy UrIpow) s /) > mquna q

HLIdIM SOINOD SOANOD

eale TAId NVIAIN :SATAId TVIILVT

VALY T

TVOIdV

JoLRuy :SATALS J0HIS0d :SATHId  (ONINAO) HIONAT SNIAVIO  HLAIM SNIAVIO
TVIALVT

1) JUSWINSEAW 101

166



Chapter 4: Rowe et al. (in prep), Supplementary information

L
POTAO INHNIN
¥'s [44 I'st 34 D 19°A
05-67 LS D ¥s"A
S€l ¥El 9°€l S€l 99 (4@ €€ A
. . . 00005010
9'€S I's 341 e 6€-8¢ Ly-9% 9 28661 ANEN
PPISTIANSIN
TIL 611 'Lt $EIST INNSIN
0087 HANSIN
8TIST IANSI
L'19 96 $91 (@) prusny
(4q) 28ewy
MON BIYON [[0D
L8 'L o1 43 v'9€ 0 6LLS THE
€€7C IHY
ST 6 1'€T 611 1°0S S'L vl 95-p§ €9 LL T€TT IHY
[t ¥yl e 6Tl Tl 9LL el 681 86-LS LL 67T IHE
[t ¥l e 6Tl +'T8 €11 314 87T IHA
$'1-6'0 9¢ LTeT HE
977 1HY
el L'L vel 8L L6 ¥'s 69 STTT IHE
€2CC HE
'St EXY1 6'8 L9 8L 11 ceee IHA
T ST yL 601 ¥91 Is 122 IHE
6¥l €51 €11 6 (431 02T HE
LSt 6'€9 T 9'¢ 6127 IHd
L1272 THE
LS 6 0T 9172 IHE
€1 I St ¥S-T§ 6 SITT IHY
Iy 4 LLl €01 181 601 TT-Y1 9 6 61 6L ¥1TT IHE
(47 ST 991 S€l €177 IHd
9I-€1 v'19 9 L0l 9 €€ |14 2ITe IHY
0122 IHE
L9l 81 91l @ LL 6077 IHY
80T IHd
L0TT THE
90T IHE
43 6 ! 6€ 0s S0z IHE
[ (43 8Ll T P1-60 €02C [HE
02T HE
4l 67 107 IHE
89 €1 61 [34 0022 THE
6 1 QPeITITSTAN
4 e 1'0T 9Ll L9 8’8 8¢l 9 68 89 9YL9OU A’ NHNI
s €l 8¢ 14 44 ¥ 16¥89V I NHNI
(&S0r0SV)
L6769V A'NHNIN
. . . . (SLp89V 10unod)
(&4 [%43 or 8'ST [} L1 [43 8yl 0S1-9%1 LL1 SIT L rosvd NHNI
(61269 1ounod)
601 L €1 8L-8S 001-€8 OTT-201  8T1 o s N HNI
9¢ 14 St €L $8  86£0SV' A NHNI
[t 9'8 €1z pe € vl 96£0SV" I NHNIN
1€ $6£0SV A'NHNIN
6 601 09588V" ' NHNI
8yl I's Lzl L 9L (4] 911 13 44 SS 68588V A NHNI
<3 14 8 88588V 4 NHNIN
1°9®] ON” WHNE
. . 4dALOTOH
6 818 [x4 a2 81 81 0T 1T~ ey HNNE
(ww~) (ww~) (ww~) (ww~) (ww~) (ww~)
(ww~) 7 (Ww~) | (Ww~) g (Wws) [ ede ESIUN 1o3ie] Jojews (ma-) - (o) ouop (eaq (ww~) M_H:zv g - Wew A,m::mv
0WeIp - 7 I0JOWeIp- 7 JOJoWeIp - [ Jjowelp- [ (ww) 7 (wu) | (ww) 7 (w) 1 HONVY leue P Surpnjour) - pSudp Wetel,e wec, J1 Jred, ore ‘ot Joquinu uowdadg
. . . . qzIs yed  SSVIN . peIpouLIdU] wie XN
SUT :SHAH SUST SHAH SUST :SHAH SUST :SHAH RIPWRI( - T JAJAUIRI( - T JORWEIP - | Idj3uweip - | SSYIN  NIN ‘SWYV . IpauLu]
OAT :SHAT OAH :SHAH AT ‘SHAH 9Ad :SHAH BT TVONE - yyong SNV oprgy STV

d in the study.

1mens use

Summary of the measurements collected for the spec

Supplementary Table 2

167



won

= I 1apuag S10 oTI> S8 PEl [ews 768 LYOTID INHNIN
m 1 JPUAS A L0°0 oC1> 8¢ €L Trews 901 D19 A
S I 1opuals €10 oTI> SL 6L [ews 9651 HD¥S A
W I 1opuals 1o oTI> S L'6 [ews 6 @) €€ A
.1/1. I HOPUIIS A 80°0 oTI> vy YL Iews L'S6 0000501028661 MWHN
o~ 91 r'e 1 1opuag Tro oTl> TL '8 [ews 9'L9 PPIST INNSIN
=, I 1puag zro oTl> 69 €L [ews 9erl PEIST TANSIN
1N 1 1pUdIS A L0°0 oTl> 4 6L [ews 6801 0087 INNSIN
S I 10pualg 910 oTl> 6 861 [ews 96zl 8TIST IANSIN
m I 1opualg 0ro oTl> Ls €Tl Jews €Tl (@) yrugny
w 1 1opuas oTI> 6L L8l [ews 9'¢El oBewy Emmw%z 100
W I 1opuag oTl> I'L it [ews 8L8 6LLS IHE
~ 91y 89 I 1opud[g oTl> '8 601 [ews LL €€7C1HE
QL I 1opualg oTl> SL L8l Iews 6'8€1 TeTTIHA
Sy I 19pudlg oTI> 88 [t Iews (4131 677T IHE
Quu I 19pudlg oTI> $9 S91 Iews 6'stl 87TT IHY
1 1apualg oTl> '8 o1l [ewg 43 LTTTIHE
—~ 97T 6 1 1opualg oTl> 9L LLy [ews LTl 97TT IHY
) ¥'0€ I's I 1opualg oTl> SL 1'6 Iews 689 Naadizt:l
) I 1opualg oTl> 8L el [ews 956 €277 1HE
N $ST L'S6 1 1opualg oTl> 96 L81 [ews TTIL TTTTIHA
Y 1 1apualg oTl> 6 91 [ews €Lyl 1222 IHE
= I 1opualg oTI> L8 8Tl [ews I'e8 0TTT IHE
Nl I 1opualg oTI> 9 9L [ews YEL 617T IHE
. L'SLL 66 1 1opualg oTI> L9 891 [ews SIvl L1TTIHE
.m 8ELL 6701 1 1opuag oTI> S8 Ll [ews SHIT 917T IHE
- 1 1apuag oTI> '8 881 [ews L2l S1zzIHE
Q 1 1opuag oTI> L9 991 [ews ol y1TT IHE
N 1 1opuag oTI> 'L 91 Trews 6Tl €172 1HE
Y 1 1opuag oTI> 8L 96 [ews £69 TITTIHg
1 1opuas oTI> €9 881 [ews I'sLl 012T IHE
S 1 19pUd[S A oTI> I'e '8 [ews €0€1 607T IHA
= 1 1opudly oTl> ¥'s TSl [ews S6bl 807 IHY
‘- ERadl 866 I 1opug oTl> 99 St Iews 9tel L0TT IHY
Ay I 1opug oTl> 9 L8l Iews 091 9072 IHY
~ I 1opualg oTI> LL €51 [ews L'T01 S0zTIHY
m T8y v'€6 I 1opuag oTI> 99 'l [ews Sl €077 IHY
Q, 1 1opug oTI> 69 9Ll [ews (454! 2077 IHY
N 8LET S101 1 1opug oTl> L8 981 [ews (341 1027 IHE
-~ I 1opualg oTl> 'L 811 [ews S6 0022 IHY
@) 1 1opualg oTl> 8L 611 [ews L8 QREITITS TN
1 1opug oTl> 76 yEl [ews 18 97L90Y A’ NHNIN
1 19pud[§ A oTI> 9T (44 [ews A Ly 16789V 4'NHN
. (5010SV)
1 1opualg oTI> 8 [ [ews S01 L6269V4 NEINI
I 1pudls €10 ol €L g€ wnipoy 1z Mwwmwwﬂmw:zom
. . ) (61269V 10)unoo)
I 1pualg L0 oTl> S6 T [[ews ol QOPOSY NEININ
I HOPUdIS A L0°0 oTI> 24 8 [fews vl 86£0SV ' NHNIN
I 1opudlg 01’0 oTl> 9 86 [fews 6 96€0SV I’ NHNI
L0T € I 1opudg 01’0 oTI> 9 St [[ews A (494 P6E0SY I NHNIN
1 1apudl§ 01’0 olI> 6S 8’8 Trews L8 09588V A'NHNI
1 1opuoly S1°0 oTI> L8 1 Tews [43 68588V A'NHNIA
43 99 1 1OPUS A 800 oCl> LY 69 [ews €8 88S88V I'NHNIA
1 1opudlg yI°0 oTI> 8L 61 Tews 9'6€1 19981 ON” WHNE
. . . 4dALOTOH
I 1opualg 1o oTl> €9 X4 [[ews A or L1065 HNNE
020z Syon)
Syon,
iz TR (0z0T Eo@ (0z0T ) (i) x___ﬁm mmwsu_aws (sprpnajorond ut Juasqe
L xoxdde (paSeury uasaxd J| juasaxd jp (pSuaT spe[n:pSud]  syong) a3re| A8 (pSua] stupepoy s .SNoN. parq ‘(e [eordy) 10 JounsIpur JomI (020T syond) (ww~) (pjoyy uerpour)
u panseow) ary (ww~) PFus] J0LUY  (W~) YPPIAY I0LANSOJ PIOY UBIPIN) B /WNIPIA/[[BWS/[[eWS [pIA SOUpEID) HLATA syony) (71> ‘ATONV QAL NVIGEIN a1e souoz 1ejoqiadAy  (a81e|pawyjiews) 471S HIONAT SNIAVIO Joquinu uswoadg
AW AvyaLy]  SATHE VALV SATEl TVHELVT  HIONST aTdld ‘A HLAIM SAIavIo ssaorang ONINEdO ‘EIVIS S 0 SN SE QINSEOW 1021P)  SNIAVID ‘ALV.LS
NVIQEW SEOIANT  SOIAVTO “dLVLS XYW HIAIM AT

DNINHJO ‘SHOIANIT NVIQII :SAOIANT

168



Chapter 4: Rowe et al. (in prep), Supplementary information

ERTSPTIRLO

LBOITRLYLO

£rn
o
£rn
o
oro 810
1o 910
sIo 1o
0ro 610
oro o
1o LTO
91’0 810
SO0
Lro
e
1o £ro
€10
ST
Lro £ro
o
91’0
610
€0
LT°0 ST0
8070
€ro Lro
6070
£ro
cIo £T0
€10
€10 91’0
0oro
1o £T0
(10T uoxiN) pBu3| (= (duay
smpeF ¥ yyFuaf PE[D ST aawmp
ssewl [e2ong]) SSVIN - A) WALAWYIA
V2004 S3OIANI dAH :SADIANL

[N

lrews

wnpapy

wnpagy
wnpapy

[rews

wintpapy

lrews

[ewg
ews
[ews
ade]

wnipagy
wnipay

liews

[Ews

Tews

67T

80T

9'€0T

STT

89

AeIEPO
AeIRpoy
ABIPO
AMBIPOIY

ANTIPOY

ARTAPOTY
ANLIAPOTY

ANRIAPO

wous

EHERA
AJeIApoy

ANRIPOTY

aquapopy

NLIAPOTN

[EI2POJN
Fuoy

QNLIPOTY

Fuog

Fuo

AP0

DNBIAPON

ATIPOI

RIAPOTN

10
10
Lo
65°0

LS0

]
£5°0

o

SE0

L]
950

6570

6570

670

80

150

6870

80

vLo

69°0

09°0

€570

afrer K124

aBm) K12 A

afre] aa
adie| Kaa

odmey

afie| 124
afiey 1o

aBe Ao p

afe K194

R Ao p

adie 1o p

adre K2 4

60

680

P80
60

9.0

980
¥8°0

P60

80

60

LT0

(whwruru) g

wo
(wnuwuna) z'g

)

0Lo
06°0

080

w0

€20

™o

080

RpuNg

12pualg

1opualy
1apualg

10puals

LE0

w0

[51]
950

L9°0

LP0UD INHNIW
A 197A
[CTORFN
Ha) €€ A

000050102866 TAMAWHN
FFIST TANSIN
FEIST TANSIW
008FT HANSIN
8T15T HANSN

(11 sy
(I
afimw ma N mION [0
6LLS IHH
£eTeld
ZETT I
62¢C THE
87TC IHE
LTTT IHE
9zeT IHE
€TTTIHE
£TTTTHE
ceee IHY
Izze IHE
07TT IHE
61TT IHE
LITE IHE
91T IHE
sl e
Flee IHd
£17ZIHE
TITTIHE
012Z IHE
607 IHY
8077 IHd
L0TT 11"
907 THE
S0TTIHE
£0TTIHE
20TT 1HE
1072 1HY
0022 IHY
AFEIZITSTIN
9PLI0Y I'NHNIW
16F89YV T NHNIW
((50t05V)
L6T69Y"I'NHNI
($2+39V 101un03)
TOPOSY 4 NHNA
(61769 121unod)
00F0SY I NHNIW
86L0SY A NHNW
96£08W A'NHNW

PHEOSW A NHNW

09588V I NIININ

68588V I NHNIN
88SEYV A'NHNIN
12971 0N WHNE
HdALOTOH
L10SD HNWE

(0z0T synd) HLONTT
WYY HLVIS

(0z0z syang)
(pFuay apueus™
13U W) HLONHT
Y SADIANT

(nzoT
SYIN) VAV THI
NVIQHW ‘HLVLS

(0z0z song) (eron
BAIR STIPR|F:E0IR a1
UBIpaw) VAEY ATAL
NVICHW STIIANT

(aSua) suped:pSua)
PIOY [BI0TR])
HLONAT aTar1
IYUHLYT -SAOIANT

(0z0g syond)
SATE TVHALYT
AONNE1S0d ‘HLVLS

(070T syond)
(EUPPIA, POk URIPI
P IpLAY SNIPRID)
SATdd VALV
MOINHLISOd “SHIIANT

Jaquinu usunsadg

from Fuchs (2020).

1CCS

Indices calculated for the specimens used in the study. Indi

Supplementary Table 3

169



Chapter 4: Rowe et al. (in prep), Supplementary information

170

ON ON SN EEIN SAA SAA ESN LPOTID INHNIN
aur] SOK SOK IS SOK SOK SOK SOA @19 A
oN SO& SOx SOR SOK & SOX DS A
oN oN SOA SOA LN SOA SOA [ETOXIN
a3pry SO ON X SOX X b X 000050102866 TMINHN
ON oN SOA SOA SO SN SOA PP1STUANSIN
ON ON SOA AN S9N S9N ESN FEIST TANSIN
ON oN SOK SOL SOx SOL SOA 008YT TANSIN
ON SO SOK SO SO SOX SOA 8T1ST IANSIN
ON ON SOX SAK SAK SO SOX (Ja) yrwsny
oN oN Sox SIA SIA SOA SOA (4Q1) dFew] MON BIYON [[0D
ON SOA SOA SOA SOA SOA SOA 6LLS THE
ON ON SN SOA SAA SOA SOA €ECTIHE
ON ON S9A SOA SOA SOA £ TETTIHE
ON ON ESN SaA LN LN £SO 6CCCIHY
Ellle | SIA SO SOA SAA SOA SAA ESIN 8TTTIHY
ON SOX SOK SOX SOX SOA EEIN LTTTIHA
aury SOA SAA SAA SOA SOA rra SAA 9777 IHG
ON ON SOA SOA SAA AN LN STTTIHY
ON ON S9N SO SO SO SOA €CCCIHE
a8pry S9N SOA SN SOA SO SOA SOA TTCTIHE
aury SOA ON ESN SAA SAA ol BN 1TCTIHY
ON S9X SOX SO A SO SOA 0CTTIHE
oury SN SOA SIX SOA SO SOA SOA 61CCIHA
ON SOA SOA SOA oA SOA SOA L1TTIHY
oury SOA SOX SOA SOA SOA SOA SOA glceIng
aury sax SOk S9X O LIS SOX SOR S1TTIHE
a8pry SN ON S9N S9N SO SOA SOA vicziHg
a3pry SOX SOA SOX SOX SOA SOA SOA €ICCIHYI
ury SOX SOL SOK SOX SOX SO SOA T1TTIHG
uwv_x SN SOA SOA SN SN SN SOA 01ZZIHY
ON ON SOA EEDN SOA EEDN SOA 60CC IHY
ON ON JqISIA JON SOA SOA SOA oK 80CC IHA
uwﬁ_x SOA SAA SAA SOA SOA SOA SAA LOTT IHY
ON ON Sox SOA SAA AR SoX 90T IHE
oury SO SOK £ 0K $OX SOX SOX (wpnow ur ysy) (S022) $0TT IHE
aury SOA SOA SOA SOA SOA SOA SOA €0TCIHY
a3pry AL ON EEIN SR SAA SAA ESN cocaHg
ON SOA SOX SOA SOA SOA RN rozaiHg
aury SN SIA SIX SO A SOA S9N 00ZZIHE
aury SOA SOA SOA SOA SOA SOA SOA (85 1PYPIUIA)/ QITIZS TN
a8pry SOA ON SOA SOX SOX SOX RSN 9YL90Y' A'NHNIN
ON ON SAX SO SO SIA SOA 16¥89V'A'NHNIN
oN ON BN oA oA S9N $9K (L6T69V) (SOYOSV I NHNIN
ON ON SOA SOA SOA SOA LN ($L¥89V 101un0d) Z0H0SY A'NHNIN
ON ON SN SOA SOA SOA SOA (61269V 123un0d) 00F0SY A'NHNIN
a3pry SAA ON BN SAA oA SAA ESN 86£0SV I'NHNIN
aury SOA SOK SOK SOA LN LN BN 96£0SV' I'NHNIN
a8pry SOA ON oK SOA SOA SOA oK Y6€0SV I'NHNIA
aury SOA SOA SOA SIX SIA SOX EEJN 09S88V I'NHNIN
ON ON SOX SOX SOX SOX SOX 68588V A'NHNIN
aury LN SOA LN LN LN SAA SOA 88688V I'NHNIN
oury SOA SOK SOR SOA SOA SOA SOX 1°qe[ON IWHNE
o8pry SOA ON SOA SO SOA SO SOA HdALOTOH L10SD HNWE
Kydwo ON/SOA :juesaxd (afpur (PrRy ON/SOA. -SORIURNXS ON/SOA :padsunouoid ON/SOA :juesaxd ON/SOA PPy

SI [90 Y} ON J] "98pry 10 9uI]) JUSUIOIIOJUIST

10 QUI © SIY) ST ‘S0 JT

UBIPIJA] © 910} ST

ueIpaw Ay Jo jred [BRuId

dU) Ul BAIE JBOUI]) P[OI{ WO} SNONUIUOD dIe (S[9y])

UBIPIA| [BIU)) © 2191 S|

Jo193s0d-I01I0)uE

SIUSTUAIIOJUIRN [BIA)E] Y],

(S[09Y]) SIUSWIAOIOJUII
[eI01E] oY) ATy

(S[09Y]) SHUSWAOIOJUIT
[e10)Ee] 91V

ueIpaw 9} Je ST snipe[3
Q) JO UOTIIS JSOPIA

ON/SOA :Je[nduern
POy UBIpa]

Joquinu uaunoadg



rmation

info

Chapter 4: Rowe et al. (in prep), Supplementary

Jpadeys-reQ,

upadeys-reQ,

Jpadeys-reg,

upadeys-req),

padeys-1e()
podeys-1e0y

Sax Saf san (RO A Tenua s sak LY0FUD TINHNIW
A §a% sap E=JN JESIO eaape] E=3 Y a1 A
SIA SaA A [BRUI A [BSIO(] |BIIUAA PUB [BSIOC] P ADFS A
saA San ES)Y [ A j[ESI0(] AW s A
Sax sax WA @ enuaA amuedruny 0000£0TO7866T MIWHN
Sax SR sap [Rnua A ouMsa g FFRIST INNSIH
SaA sapn £ Jese] FEIST INNSW
SaA sap |eiae 0085 NS
san 8T1ST INNSW
SN SN (4D prugmy
. (Gler)
SR A e afew] MaN BIYON [[0))
SN sag 5ax Sax sax 8SI0(T TUSIO(T sax 6LLS THE
son son jenua HoURS0] [Exeaizt:|
EET ) § ) (1HEeuas I
SN Sa L sa L E=3 8 Jou §a313) [rszaq TETTIHA
L SOA saL sapn A JLAERY LR san 6TTTIHE
sap sap saq |enuap [enuas sap [reeditt:|
sap Sap L [enuag [eIuap sap (72T IHd
A B80T JoLMsOq anaediug) 97¢C IHA
Sax Sax Sax [enua A JLALERY sax A0UNSO] STITIHA
son sax [erRP-onua [Sediet:|
sapn sad saA SOA JLULERY |Bguan SaA a0UAUY amedig 7TTT IHY
SIA s34 SIA [esIoq] Izzzing
SIL SaA sag TesIo] 0TTT IHA
I Sag sag sax DA [Pnuap [P A saL naedrupy 6127 1HA
saA [enua s Jouquy LITTIHE
Sax sax san LR |enuay sak Jouuy DHD._ML:._: QITT 1HE
Sa SN SIA A JLULILRY [RINEOHUI A SIA ayured n SIZTIHY
= ELYS SIA EEJN 1esare] [BIOIE[-0SIOP F [OUIA S8 suuedig] vlzTilg
-0SI0P % QUL A : o
EXTN SIA SIA SN [esioq] ayuediug) £1zT g
sop AL WA [enuap desioq S nnaediup) TITTIHG
s msioq aediuny 01z IHA
SaA Sak A LAY 10 [BINT-OSIOP 7P ONUIA E=3 8 60TT THE
=T JEACHARUIERY R0TTIHY
£ |enuapy [enuap N Jopuy auuediup) L0ZTIHY
WA [BIDVE[-0NUI A 902< IHA
Sk Sax Sax SN JLAILGTY [enuay SAxL .SS.EE_.—\H _HE._ZOE
) N ) - ! . . : : Ul ysy) (SOTE) POTT IHY
SaA Sax Sax SOR SON [RIUD A PUR [BSIO] JouMuy oppediun £0ZT 1H
sax sk Tenmap auwdrany Z0TITHE
SaA A [enuD A LA ERY =R JouAIy 10ZTIHE
N SaA E N [esioq |enua A SaA auuediuy ZTiHE
SN A A sa N [enu A [EsI0(] lesioq san uuz\_mr—:_._ Aww,l\a-—u:_;)f
‘ : ° GREITITETIN
A A A A [BRUAA/[EsIO]] lesiodd A auuedig] OPL90U I NHNIK
E Y Sa4 oL [enuap 16¥89V ' NHNIW
sox — - lzeow)
LSOPOSY A NHNIN
(54 P8OV 1ounaz)
2, 83 $3 ) [B11U2 A /| BS10 M
A A A A fraAEsed ZOPOSY A NN
(61769Y J2unod)
83, $3A 3 [BIIU A /[ BSIO]
A A A fenuaAEsIoa 00H0SY I NHNIW
SN SN [Bauap ayuediun BOLOSY A'NHNIW
EEYS EE3 Y A EIN [LULEYN ayuediun 96£08%" 1 NHNI
SIA SOA ESJN [Bnuap AOHNE04 sunedig POE0SV" I NHNIW
B8 Sax AR Sap [BSI0] [BIU A sah anediuny 09588V I'NHNIN
s sk sap SaK s2h s A [LSLERY sap 68588V AI'NHNW
SIA SOA BS10] TBsI0(] BN JoUNUY anaediug) [LCIRYY " A" NHNIN
A enuap [eauaA =Y auediup) PRl ON IWHINE
. . 4dALOTOH
20, 3 £ 82 9, B 31U 89 ouiedy - -
A s A LS4 A A [ A et L1080 HINIEL
o
& ON/I0 Adwa st (190 241
paszasazd p SI [[29 a1y Juasaxd jou Iy (ON/SAR) :
ERSEL] S0 JUEEEIN | - ON/SA uesoud guououy aouasod o J1 endedig
sIyong £ aatesard aes u[ TONENIIY)  [RIUSA JesIO([RIIRT /9]qIsia afe[nies - . - R Joquinu uourads
[eIXy yorwo)§ SOUNIONIS PAUE] : - - - U5 10 synediun
. yaeD ey sA : UM BIUATI0 arpeydas a1y s : .
. - . : SP[al [e59E] SIp SLSaA JL

ageqrued oreyda)y

in the study.

1mens

Characters observed in the speci

Supplementary Table 4

171



Chapter 4: Rowe et al. (in prep), Supplementary information

172

0€ ST L 9 97 8¢ =u
wnuy X jure] wnum A jure] - wnuy X Jure] winem A SSEIqISIA
I I I I Aaxn
Suneods argm Sururess jure ISEIqISIA
TINIA
Suneod oy Surure)s jure, auneod Suneoo oy ISe o[qIsT
it MU Tue)s jure] aNym jure 1y MM *SEI[qISIA
1 1 1 1 1 1 B AN
Suneoo
Jundun/ssejy Sururess - Funeoo apym AIYM Jure] ULl Suneoo SEIGRTR
umorg jureypuridurg : JUIRJ/A]qISIA JON du/ureys/o AIyM/UIRIS o
10N
I 1 1 1 1 1 Y3y [euLioN
%9 %9t~ Yotl~ Y%l I~ %81~ %0L~ a3eyuddg
I I I I I I ey pPyes
I I I I PYeH
I I I ! I I I e[nolpey
I 6’ I I 1 X X X X 1 X X 1 1 Apmps sty L,
9107 sydanyg
1 1 1 1 I 79 ueaouoq
Jdemaed
sseA [edang  Suppo-puny  dSemaed urg aBeInIE) sury Puung QM uLIy sSun 1o¥ong soBepuadde sayasuQ s1png sipod SIPRIUI ], suLry uotsny SpUEN
- d : aeyda)y i v MI-LLITD) : JTendar) R BISTIEY § Jpuew pedy Je[nISNIA!

pue-[yeany



Chapter 4: Rowe et al. (in prep), Supplementary information

I 1s 8 14 € 4 (44 (4 4 I 1 4t €1 (4 L1 81 9¢ =u
-adeys Q0BI) [BJUSWIR[D WMUELL - ioads Jaxr uduoads X1 doen | [0 d0en | [2 Joen wnrue)t |, —_—
Butpuodsaiio wnEmA anbrun o HnEmA wnEmA uort jo 1 poAIasqo 10 wnEmA WL 1 paasesqo 10 anbrun o anbrun o anbrun ony WA “wnuy, SEIASIA
umolg Rl un oN sooer] wnm g P; q0 10N 1P G0 10N un oN un oN un oN mA
I 1 1 I I 1 I I aaxn
adeys Suneoo
Suneoo Ay Surpuodsari0d uaunoads NN AYM Jurey dosatony oosalony Suneod anym. adeys ISEIqISIA
: : B U1 POAIDSqo JON . - j0u s20(q 10U $20(J N g memnuewn yoeg o
oe[q Ut : yum oefjowe] g
TN
-odeys
oduus Surpuodsaiioo Suneoo ayygm
Bur =oam§8 BupEod Sururers yoej Suneod Al Suneoo o AqISIA 10] ure; UAOIAIE oosaiony OS¢y ey oy I i o8 sosatonyy gosatonyy Buneod o adeys TSEIqIST,
:%E - Aym/Sururerg e yoerd " am : MM 1QISIAION ] ‘(pued 10U s20(J J0U $20(] 4 19 e [[We/SJUSWIR[ly  JOU S30( j0U s20(J i M senSuewn yoeyg 191STA
APREIE 2Ansadip) yoerg
Sureod anym
1 I I 1 1 1 1 I I 3N AN
Qunsaul ‘adeys
Jjo ,o%:m. -adeys a3uero a3uero Burpuodsaiiod adeys (3poe[q/e8ueIo)
Sutureys umolq/yor[g sjuawe|y *0)9 suy/sauoq [—
Surpuodsonios  Jurpuodsorod e pundu Sururers oFuerp Sutures ofuein pourers/syunidun paureys/syundu urelg «bueld siunduy Surpuodsariod sSues Je[owe] *019 sul/sauoq o ‘ase Sururerg SUIINO/ANOIUOY)  TSE I[qISIA
umoIqpPRlg  umoIqpR[g g Audu proao proao o>m_~uw0w_€v pauielg 0 paureys/sjutidup n
Aq poreatpuy w::mou u.ﬁ:}/
1 I 1 1 1 1 I I I 1 1 I I 1 1 3y [eurioN
%T~ %6~ %S 1~ Y%L~ %9~ Y%L~ %lv~ Yot~ Yot~ %T~ %T~ %TT~ %~ Yov~ %le~ %0T~ %L9~ adeyuddiag
1 1 I I I 1 L I 1 1 I ey pyes
I I I I I PeH
I 1 1 I I I I 1 1 I I I 1 1 I I e[nolpey
(%~
QUHSIIL IOMOL g pra ) anjoxdio)) (sko w 80 Anwmo.m Bl Apnys st
‘o7~ (pue[d (¢snprao) 1 (e D)1 S[ossaA poojq) | m U1 .n___ vp I I 1 1 PIs SIY L
SasoBia) 1 %TT~ SID) 1
. 910T sydny
¢ I I 1 1 I 2 ueAouoq
puun, Jus yuj mua“.”mw_.“w S syoje: s2a01 343 uy sud Saf. SIAIIU [BIX waysks wajsfs wajsfs wajsks wayshs dox deuo] sn3eydos: ©d:
L 4 1 —ua“.s.—. oIS mdQ/urerg Ll ! ey AAPSITIQ aaponpoaday  A1ojaadxy Aroyemoar)  Aiojeardsay o " ’S udosy el

imaging

the specimens, and how they appear in the different

d in

Soft tissues preserve

Supplementary Table 5

techniques.

173



rmation

fo

in

Chapter 4: Rowe et al. (in prep), Supplementary

(&DIN ‘Aueuwion) ‘Qouery

JISSEIN[-PIA

STO~
Hoys
62°0-0T°0
Joys

SO'1-56'0

QJEIOPOU - JPUIS

umouy AIoog

Auewwony

asseany soddn

01-L°0
Suo| - 9reI9pON
SP0-5€°0
QRIOPOIN

0T 1-00°1

Q)RIOPOIN

“JouR)s0d 0} JoLRjuER
WO SNONUNUOY) PAdUNOUOIJ

‘Aiououe
JUSWIADIOJUIDT PROIq

epeue)) ‘9ouel] ‘AueuLiony

DISSRIN[ 19MO]

umowy A[1004

umowy Aj100g

umouy A[100
umouy A[100g
SS0°S¥°0
Buoy - Aeropo

$6'0-58°0

FENIEIN

Juasaxd

JUSWADIOJUIDL
[e1o1E] pUE UBIPIWL
oy Jo uondsafoid Jouuy

douel] ‘AueuLon

drssean(

paeguole ared we [esioq

To~
Hoyg
SI0-S00
110U - 110Ys AIDA
SL'0-S90
FENTET

JoLRIUY

XOAU0D APyeam

SPUBIDYIAN ‘SpUrR[S|

douel ‘AueuLiony uoueqa| B A — SNI[BOO]
$N00OEIOL) N R
10ddp) - avsseang saddn snoaoeja1) 1oddp - emo] a3y
umowyun Jpadeys-ieo,, sury
ssowyoIy) pue ySud ur [enbs are
saied ULR [RIOJR[OSIOP PUE [EI3)R[OIUIA
umowyun) AU} PUE ‘[EXJUDA dJE SULIE dJedI[oP pareduofa aed wure [esioq A3ojoydiow wry
Jsou pue 1$a110ys oY |, ‘uonisod [esiop
ur 218 JSOYOIY) Uk JSOFUO AU [ “SULe §
umouyuny S0~ (seo1put) 3ud| Wy
umowyun (08°0 - 0%°0) A1e1PON (10100121 D)) (FUS| Wy
L0§0 umouyup) (sato1pur) auoz rejogqadAy
Suo umouyu (10pr18YD) U0Z Ie[0qIdAL]
SNUOD PAULO, umowy A[100, +19PURIS K124 pue 10gs K12 snuo
paod 1 AHood oq uayp Jussaxd Ji, ‘umouy A[100g o
3 . R \Jopuajs K104 pue 1oys K1oa
08°0-55°0 oq uay Jussald J,, ‘umowy K100 (201pur) Spjayy [eiore ]
. 1Opua[s K19A pue 1oys 1A
opuals y10q uay Judsaid Ji,, ‘umouy Aj10og (13081243) Spy [eso3e ]
opim “Jous0d 0) JoLjuR “Jous0d 0} “Toud)sod 0y

. (s]99]) SHUWOIOJUIDI [BIIR]
Apouesod ‘morreu ALIOLIGINY WO SNONUNUOY) "PIOUNOUOI JOLIIUE WOIJ SNONUNUOY) "PAIUNOUOIJ JOLIAIUE WOIJ SNONUNUO,) "PIIUNOUOIJ R

JUOUIDDIOJUIDT UBIPIW Y} JO uonadfoid
IOLIBIUE JIOYS [JIM JABIUOD A[qISSOJ

paroaford Apouarue
PIY UBIPIW [EUID PUE SO [e10)e]

XOAUOD XOAUOD) SNIpe[D) JO WSIew JOLdUY

PIoY ueIpaw

1093 UBIPSJA! “oiFo1 1100 11 190X JUISGE o8pur uerpaw ayrediq (Auo soeisod) 9oy 093 OU ‘U] UBIPAW peoIg [enua)) Io/pue ‘(amrediq (,e01[0p,,) 93pir ayredig 199 ON S)UOWIODIOJUIDT URIPIA!
10 9naediun) a8pry Jo dury
[0y uerpaur pasunouoid amediq 10 -1un pasunouoid R : :
‘Jews
. . . ) o 3 0S aIe SP[OY [EIAIE[ A SE 21O
S8°05L0 $8°0°5L°0 $8°0-5L°0 06°0< 08°0-0L°0 §6°0< pomsEow A[[Eoy10ads 10
(so01pur) BAIE PIOL] UBIPIN
o8] A10A - o31e] o8] A10A - 951e] o8] A10A - o818 ode A A ode] af1eT A1oA (191001RY D) BAIR PAL] UBIPIA
o (o) d3ue
oCl> oF1-6 o0T¥1 o61=T1 oL1-T1 096-9T o01-9 oCl> ([eode) uruado platy UBIPSN
61°0-01°0 ST0-ST0 €070 Y€0-5T0 0€°0-02°0 LT'0-S0°0 (soo1puy) plaLy UBIPIN
10pud[s A1 10pUI]S - 10pUI[S AIA QBIOPOW - IOPUDS 19pUdlS 10pUdIS SOOIpUL IPIM SNIPE|S SE dwes 10pudls AIOA (190rIRYD) PIAL] UBIPIIA
S1°0-50°0 S1'0-50°0 ST0-S1'0 S1°0-50°0 STO-ST0 LT0-5S0°0 61°0-01°0 (so01put) Yipim sipe[o
JOPUDS - IOPUS[S A1 A I0PUR[S - JOPU[S AIDA QeIopow - IDPUSS 10PUR[S - JOPUI[S KIDA QeIopo - IDPUIS I9PUBS - 19PUI[S AIDA 10pUR[S 19pURS (1910818 )) YIPIAM SNIPRID
o suipno padeys-leq wurpno
padeys-opodioy £q3ni pue ‘moxre ‘opadio], opuew padeys-opadio) 1o -jo[ng,, upno apuEN
vIT-0F () y3uay snipejn
(wwr) |Sus]
WP - [[ews KA snipe[3 uo paseq Aoaip)
(10810Y)) dZIS SnIpE[D
w00 - 20T wur 00t - 10T w00t - 20T ww 00 - 10T war 00t - 10T w00t - 10T (wu) ozis Apogy
wnipa wnpap wnipajy wnpap wnipajy a81e| - [leWIS wnipajy (109r1RYD) 921S Apog
yInan A 11y Pl S 11y 1sapdvang snnajo1sald syjadoasog apdures sy, (11,7179 9) vovuds *q snpnapioq

is also

. Syriacais a

ds. D

i

is and other prototeuth

1S an

between Dorateuth

isons
Iuded in the table. Genus-level data is taken from Fuchs (2020).

Supplementary Table 6: Genera-level compari

mc

174



cl

€l

Sl

4!

91

Ll

0T

6l

[44

€T

€T

¥T

ST

9T

6T

¥

S€

8¢

8¢

[U%

9107 T& 10 By # 10j00IRy))

41

€l

ST

4!

91

LT

0T

61

(44

€T

€T

T

ST

9T

6C

e

S¢

8¢

6¢

oy

7007 'TE 10 9OMOY # JojorIRyD)

Apms

SIY) 1$2)L)S J9JORIBYD PIPUIUIY

sadKy

om],

padepe =,

I
L
=
i

0°0 -0~

S U M ULIoU ‘L7 ‘0S LE “9E “EE TETE0E ST LT IT YL 01 ‘9#

41

€1

0T Al 91 4! ST

61

@9

£C

€

174

ST

9T

6T

e

S¢

8¢

8¢

6€

oy

9107 ‘e 12 UONNS # JoN0rIey)

Chapter 4: Rowe et al. (in prep), Supplementary information

TTOT uewpue

29 USRYA\ Ul IOJORIRYD) MON

0T

uBWpUE 79 UO[BYA # I0JOBIRYD)

or *8

143 €€ [43 ¢ 0¢ 6T 8C G 9T Y4 T €C e 1T 0T 6l 81 LT 91 ST 4! €1 4t

S€

Shell/gladius/vestigial shell: absent (0); present (1)

Shell location in relation to the rest of the body: external (0); internal (1)

Shell extent along A-P axis: anterior half (0); posterior half (1); whole or
most of the body length (2)

Shell extent along D-V axis: dorsal half (0); whole or most of the body
height (1)

Discrete proostracum developed: no (0); yes (1)

Anterodorsally extended proostracum: absent (0); present (1)

Septate phragmocone: absent (0); present (1)

Mineralized phragmocone: absent (0); present (1)

Siphuncle linking chambers, or homologous structure: absent (0);
present (1)

Position of siphuncle within the shell: ventral (0); central (1)

Median field (or homologous rachis): absent (0); present (1)

Median field (or homologous rachis): absent (0); present (1)

Lateral fields (or homologous wings): absent (0); present (1)

Primordial rostrum: absent (0); present (1)

Mineralized primordial rostrum: absent (0); present (1)

Primordial rostrum length: short, up to 25% of the shell length (0);
strongly developed, 25% or more of the shell length (1)

Rostrum or guard: absent (0); present (1)

Conus (primary cone): absent (0); present (1)

Shell coiled: no (0); yes, endogastric (1); yes, exogastric (2)

Condition of the primary cone: funnel-like cone (0); cup-like cone (1)

Primary cone open ventrally: absent (0); present (1)

Patella: absent (0); present (1)

‘Cone flags’: absent (0); present (1)

Ventral folding of posterolateral gladius margin: flat, not folded (0);
folded (1)

Ventral folding of posterolateral gladius margin: folded but not fused
(e.g., ‘pseudocone’) (0); folded and fused ventrally (‘secondary cone’) (1)
Gladius length / gladius width: <2 (0); 22 (1); 23 (2); 24 (3); 25 (4); >
10 (5) [ordered character]

Vane length / rachis length: < 0.3 (0); > 0.3 (1); > 0.5 (2); 20.7 (3); > 0.9
(4) [ordered character]

‘Wing length / rachis length: < 0.3 (0); > 0.3(1); 2 0.5 (2); 20.7 (3); > 0.9
(4) [ordered character]

Cone flags length / gladius length: < 0.3 (0); > 0.3 (1)
Vane width / rachis width at vane: < 0.25 (0); <0.75 (1); <1.25 (2); <2.5
(3); <4 (4); >4 (5) [ordered character]
Wing width / rachis width at wing: < 0.25 (0); < 0.75 (1); <1.25 (2); > 2.5
(3) [ordered character]
Position of greatest width of median field / rachis: at extreme anterior
(0); posterior to extreme anterior (1)

Position of greatest width of median field / rachis: anterior to hyperbolar
zone / vane insertion but not at extreme anterior (0); at hyperbolar zone /
vane insertion (1)

Rachis width at vane insertion / rachis width 2/3 of the way between vane
insertion and the anterior: <1 (0); < 1.5 (1); £2.5 (2); > 2.5 (3) [ordered
character]

Concave inflexion or inflexions in median field / rachis: absent (0);

present (1)
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o w Outline of posterior margin of lateral field / wings: convex (0);
straight (1); concave (2)
e “ Shape of posterior end of median field / rachis: concave (0), flat (1),
convex (2)
- & Nature of convex end: rounded (0); pointed (1)
e S Shape of anterior tip of median field: concave (0), flat (1), convex (2)
& Nature of convex tip: rounded (0); pointed (1)
& Inflexion in gladius outline where lateral asymptote intersects
margin: absent (0); present (1)
'S Inflexion in gladius outline where lateral asymptote intersects
= margin: weak (0); strong/sharp (1)
'S Tapering of the hyperbolar zone / vane both anteriorly and
- posteriorly (forming a spindle shape): absent (0); present (1)
. Angle between inner/median asymptote and midline: < 5 degrees (0);
- L= > 5 and < 10 degrees (1); > 10 and < 15 degrees (2); > 15 and < 20
degrees (3); > 20 degrees (4) [ordered character]|
N [Angle between outer/lateral asymptote and midline: < 5 degrees (0); >
[ 5 and < 10 degrees (1); > 10 and < 15 degrees (2); > 15 and <20
degrees (3); > 20 degrees (4) [ordered character]|
N Ventral median field / rachis in transverse section: smooth (0);
- =) interrupted by a median or sub-median structure or structures
(“interruption(s)’) (1)
e & Form of ventral interruption(s): concave (0); convex (1)
& Form of ventral interruption(s): line (0); rib/keel (1)
& Form of ventral interruption(s): rib (0); keel (1)
- 3 Anterior ventral interruption(s): absent (0); present (1)
- 2 Posterior ventral interruption(s): absent (0); present (1)
- @ Ventral interruption bipartite (at any point anterior-posterior)?: no
(0); yes (1)
Dorsal median field / rachis in transverse section: smooth (0);
— A interrupted by a median or sub-median structure or structures
(“interruption(s)’) (1)
- ® Form of dorsal interruption(s): concave (0); convex (1)
— I
- Form of dorsal interruption(s): line (0); rib/keel (1)
— @
- Form of dorsal interruption(s): rib (0); keel (1)
— w Dorsal interruption(s) at 25% of rachis length from anterior: not
- present (0); present (1)
- © Dorsal interruption(s) at 25% of rachis length from anterior: one
structure, not split (0); split in two structures (1)
— %3 Dorsal interruption(s) at 75% length of rachis length from anterior:
- not present (0); present (1)
- 2 Dorsal interruption(s) at 75% length of rachis length from anterior:
one structure, not split (0); split in two structures (1)
- = Lateral reinforcements on the median field / rachis: absent (0);
present (1)
_ 3 Extent of lateral reinforcements: anterior (0); majority/whole of the
median field / rachis (1)
—_ o Lateral reinforcement position: not at edge of median field (0); at
= edge of median field (1)
e 2 . L
Lateral reinforcements subdivided: no (0); yes (1)
. a Thin lateral plates on the dorsal median field/rachis: absent (0);
present (1)
o 2 Granules (tubercles) on the gladius/proostracum: absent (0); present
(&)
2 Arrangement of granules in the anterior half: regular (0); irregular
(&)
2 Arrangement of granules in the posterior half: regular (0); irregular
()
o Granule size-change from posterior to anterior: decreasing (0); no
b change (1); increasing (2) [ordered character]
= [Granule size-change from midline towards lateral margin: decreasing
e (0); no change (1); increasing (2) [ordered character]
= Row of relatively coarse granules along lateral edges of granulated
area: absent (0); present (1)
2 Row of relatively coarse granules along median field / rachis: absent
(0); present (1)
< [Lateral margins of the granulated area meet anteriorly at the anterior
- edge of the median field / rachis?: no (0); yes (1)
< Lateral margins of posterior 1/3 of granulated area: straight (0);
= curved (1)
- Width of granulated area at vane / rachis width at vane: <0.5 (0); >
i 0.5(1)
— =
= Fins: absent (0); present (1)
° 3 . .
Number of fin pairs: 1 pair (0); 2 pairs (1)
° 2
Shape of fins: lobate (0); rhomboidal (1); skirt-like (2)
° 2
Posterior fin termination: subterminal (0); terminal (1)
= Maximum length of unmodified arms compared to mantle length:
= shorter (0); longer or approximately equivalent (1)
° > S
S Stellar ganglia connected by a commissure: absent (0); present (1)
- 5 = Development of a commissure between the mantle and visceral nerve:
et absent (0); present (1)
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Chapter 4: Rowe et al. (in prep), Supplementary information

Maximum length of unmodified arms compared to mantle length:
shorter (0); longer or approximately equivalent (1)

Maximum length of unmodified arms compared to mantle length:
approximately the same, £10% (0); longer (1)

Number of appendage pairs: many (0); 4-5 (1)
Reduction of appendage pair II: not reduced (0), reduced to filaments
or absent (1)

Loss of appendage pair II: retained (0); lost (1)
Modification of appendage IV into a tentacle: absent (0); present (1)
Loss of tentacles in adulthood: no (0); yes (1)

Retractile tentacles: absent (0); present (1)

Tentacle suckers: in up to 4 rows (0); in more than 4 rows (1)
Tentacle locking apparatus: absent (0); present (1)
Tentacle locking apparatus: present on carpus only (0); present on
manus and carpus (1)

Interbrachial web: absent (0); present (1)

True arm hooks: absent (0); present (1)

Cirri or spines on arms: absent (0): present (1)

Suckers on any appendage: absent (0); present (1)
Sucker-hooks: absent (0); present (1)

Sucker symmetry: radial (0); bilateral (1)

Sucker-stalk on arms: absent (sessile, unstalked) (0); present (1)

Sucker-stalk on arms: attached to arm muscles (0); not clearly attached to
arm muscles (1)

Shape of stalks attached to the arm muscles: conical pillar with base and
neck (0); cylinder (1)

Lining of arm suckers: neither horny nor cuticular ring (0); horny ring (1);
cuticular ring (2)
Suckers (on arms) proximally: absent (0); present (1)
Suckers (on arms) proximally: 1 row (0); > 1 rows (1)
Suckers (on arms) proximally: 2 rows (0); > 2 rows (1)
Suckers (on arms) medially: absent (0); present (1)
Suckers (on arms) medially: 1 row (0); > 1 rows (1)
Suckers (on arms) medially: 2 rows (0); > 2 rows (1)
Suckers (on arms) distally: absent(0); present (1)
Suckers (on arms) distally: 1 row (0); > 1 rows (1)
Suckers (on arms) distally: 2 rows (0); > 2 rows (1)
Ink sac: absent (0); present (1)
Nuchal cartilage: absent (0); present (1)
Chromatophores: (0) absent; (1) present
Buccal crown: (0) absent; (1) present
Buccal membrane connective attachment to arm-pair V: dorsal (0); ventral
(03]
Number of buccal lappets (supports): 6 (0); 7 (1); 8 (2); Many (3)

Suckers on buccal membrane: absent (0); present (1)
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< é < é ~ é =3 E
Hydrostatic organ (swim-bladder): absent (0); present (1)
- -3 S
Calcareous elements in the beak: absent (0); present (1)
v3 =3 SRS E
Radula: absent (0); present (1)
> GS\ < § - § ) g
Horizontal arm septa inserted in the arm muscles: absent (0); present (1)
> é < §| ] §. ) S
Luminous autogenic organs: absent (0); present (1)
=) é ) é > é ) E
Photophores containing collagen light guides: absent (0); present (1)
- é Iy é o é - E Funnel connection to mantle: attached to ventral mantle (0); free, not attached to
ventral mantle (1); fused to ventral mantle (2)
SR <~ B
Funnel locking apparatus: absent (0); present (1)
° E ° E ! E > E Funnel locking apparatus morphology: simple, straight (0); triangular, round (1);
inverted T or-[shaped (2); oval with projecting knobs (3)
Funnel valve: absent (0); present (1)
w2 ~E B o= e S
Eye shape: hemispherical (0); other shapes (1)
=) o M Eé
Asymmetrical eyes, with one significantly enlarged: absent (0); present (1)
o= o o= > = Cornea: absent (0); one-part decabrachian-type cornea present (1); two-part
= IS S =1 L
incirrate-like cornea present (2)
<3 =3 - <5 e B
Statocyst outer capsule: absent (0); present (1)
o= o o= > o Photosensitive vesicles: within cephalic cartilage (0); above funnel (1); on stellate
= (= (=} - N
ganglia (2)
<5 =3 SEREE-
Inferior frontal lobe system of the brain: absent (0); present (1)
SERRE SEREI-
Inferior frontal lobe system of the brain: partially present (0); fully present (1)
o= oo FO e )
® % % IS . . . .
Superior buccal lobe: widely separated from brain (0); adjacent/fused to brain (1)
ST SRR
Superior buccal lobe: adjacent to brain (0); fused to brain (1)
o= o o= > > Relative position of digestive gland duct appendages (DGDA) and the nephridial
coelom: lies in nephridial coelom (0); not in nephridial coelom (1)
~ g < g - > g ) E
Posterior salivary gland: absent (0); present (1)
< E < E < E > ou: Posterior salivary gland position: posterior to brain (0); proximal to buccal mass
O]
~) E > E o 5 ) «g
Branchial canal: absent (0); present; (1)
< E <> E o 5 > g
Gill-lamellae attachment: free (0); sessile (1)
< § > § < E > =
Nidamental glands: (0) absent; (1) present
o M 5
Accessory nidamental glands: (0) absent; (1) present
< E < § o 5 =) 5
Right oviduct: absent (0); present (1)
< § < g - § =) E
Oviducal gland symmetry: radial (0); bilateral (1); asymmetrical (2)
< E < E o E > 5 Oviducal gland position: gland terminal (located at end of oviduct) (0); gland
subterminal (1)
EEC IS o =
3 >3 >3 > . - PR
JArm-pair I hectocotylization or other sexual modifications: absent (0); present (1)
oo <2 e > = Arm-pair IV hectocotylization or other sexual modifications: absent (0); present
° g > g 5 g ) GEC' Arm-pair V hectocetylization or other sexual modifications: absent (0); present
O]
B E ) E ~ E ~ E Spermatophore type: with ejaculatory mechanism (0); sperm-packets as in cirrate
octopods (1); with encapsulated coil (2)
RS g
Dorsal mantle cavity: absent (0); present (1)
s X E
Collagenous tunic on mantle: absent (0); present (1)
s X E
Stellar ganglia connected by a commissure: absent (0); present (1)
= M E Development of a commissure between the mantle and visceral nerve: absent (0);
present (1)

Supplementary Table 7: Existing matrix of Whalen & Landman 2022, and comparisons with Sutton et al. 2016.
The minor modifications included in Kruta et al. 2016 and Rowe et al. 2022 are also included.
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MEASUREMENT: Arm length (max) MEASUREMENT: Arm length (max) MEASUREMENT: Arm length (max) MEASUREMENT: Arm length (max)
Gladius (median field) i lengd )" © Gladius (median field) m ‘eng () " Gladius (median field) g ¢ : )‘ © Gladius (median fieldy AT 1onet (( )" -
Length (mm) approx (mmj Length (mm) approx (mm Length (mm) approx (mm Length (mm) approx (mm;
Locality Hadjoula Hadjoula el kel I ehanon sk Sahel Aaima Sahel Aalma
N 36 12 3 0 7 4 8 7
Min 67.6 36 87 47 24 40 21
Max 175.1 79 105 139.6 57 241 215
Mean 114.6 579 93.8 111.9 45 106.4 84.7
Std. crror 49 4.5 56 12.8 7.7 225 249
Stand. dev 29.2 157 9.8 33.8 15.4 63.7 66.0
Mode 127 77 NA 139.6 NA NA NA
Supplementary Table 8: Measurements statistics of D. syriaca associated with the 3 localities.
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Supplementary Figure 1: Relative size of gladii in the sample. The three different colors represent the mantle size
delineations from “small” to “very large” outlined in Fuchs (2020) and followed here. All the specimens of D.
syriaca fall within the variation from "very small" to "medium". according to this categorization. Three specimens
are “very small size (<50 mm)” are represented by the pale green points. The holotype is included in this group.
The majority of specimens (dark green points) are “small (50 — 200 mm)”. Only one specimen (MNHN.F.A50402)
is “medium (201-400 mm) (purple point) in size.
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Supplementary Figure 2: The characteristic apical (opening) angle of the gladius is described as <12° for D. syriaca
(Fuchs 2020), and between 6—10° for D. syriaca (Fuchs & Larson 2011). All the specimens in the sample reflect
an apical angle smaller than the upper limit (10°) for the species, though some are smaller than the lower limit
(6°). The smallest angle here (2.6°) belongs to MNHN.F.A68491 and the largest (9.6°) to BHI 2222. The holotype
has an apical angle of 6.3°. The mean angle is 6.9° (Standard error: 0.2).
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Conclusions & Perspectives

Only a very small percentage of living organisms fossilize, and the fossil record is
biased toward mineralized elements (e.g., shells, bones, and teeth), as well as taxa from marine
environments. Much like today, soft-bodied forms probably dominated ancient marine
ecosystems, though without exceptional circumstances enabling preservation, they are rarely
encountered in the fossil record. Fortunately, sites of exceptional preservation (Lagerstitten)
exist where the normal decay processes are interrupted, and the soft-tissue anatomy is retained.
These Lagerstitten deposits provide unparalleled snapshots of fossil communities necessary to

explore the evolution of ecological networks.

As discussed in Chapter 1, the fossil record of Mesozoic Octobrachiate coleoids is known
almost entirely from these deposits, where rapid processes of mineralization preserved the
normally decay-prone soft tissues. These extraordinary fossils have revealed unique insights
into the morphological organization of Mesozoic coleoids, and greatly contributed to the current

understanding of their evolutionary relationships.

The aim of the PhD was to increase what is known about the morphology of Mesozoic
Octobrachiate coleoids by using multiple imaging techniques to reveal what was previously
unobtainable with traditional methods. Fundamentally, this involved a good working
knowledge of modern coleoid anatomy and comparative morphological analyses with fossil
forms. Then, a variety of imaging methods were employed to capture the morphological data
preserved in the fossils. The preservation of the specimens determined which methods were
used for imaging. For example, digital imaging techniques such as the X-ray absorption
methods of MRI and CT scanning, are particularly suited to specimens preserved in 3D, and
enable the internal organs to be assessed in a non-destructive way. This is demonstrated in
Chapter 3, which includes two articles utilizing these X-ray imaging methods to reveal
previously unknown anatomical details of two vampyromorph species. The benefits of
synchrotron X-ray fluorescence (XRF) are illustrated in Chapter 4 and show how elemental
distributions can be mapped, revealing the properties of ‘ghost’ tissues. The work presented in
Chapters 3 and 4 also benefits from the use of Reflectance Transformation Imaging (RTI),
which allows high resolution observations of the surface of the coleoid specimens, enabling the

contours of the organism to be seen in relief from the matrix.

By utilizing a combination of these imaging methods on the exceptionally preserved fossil
Octobrachia specimens, it was possible to reappraise species with increased resolution. For
example, these investigations identified significant morphological traits in Vampyronassa
rhodanica that were previously unknown, and also identified a new taxon, Vampyrofugiens
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Conclusions & Perspectives

atramentum, that was previously misinterpreted as V. rhodanica. The study on Dorateuthis
syriaca 1s the largest of its kind to utilize these imaging methods in combination with
morphological measurements. It allowed a reappraisal of both the holotype and species
definition, identified more variability than was previously known and ontogenetic changes in

the arm crown, and increased new soft tissue characters.

GETTING DEEP INTO THE SOFT TISSUE ANATOMY OF FOSSIL TAXA

The original description of V. rhodanica was published ~20 years ago. Current X-ray
based imaging techniques provide an unprecedented opportunity for the first reassessment of
the species, analyzing both the external and internal anatomy in a non-destructive way. The
work completed in Chapter 3 using these techniques revealed details about the arm crown that
have phylogenetic and ecological significance. The scans and 3D renderings confirmed the
Octobrachiate affiliation of Vampyronassa rhodanica, with the presence of eight tapered arms
of varying lengths, and the absence of retractable filaments. Significantly, the tomography
revealed that the suckers of V. rhodanica have a combination of characteristics known from
both modern Octobrachia and Decabrachia. These include a radial symmetry and infundibulum
like that of modern Octobrachia, a conical sucker attachment of Vampyroteuthis infernalis,
which is inserted into the base of the sucker (the acetabulum), like that of extant Decabrachia.
The species also has distinctive dorsal arms, which are longer than the rest and have just two
distal suckers flanked by sensory cirri. Vampyrofugiens atramentum also possessed these

suckers and attachments, though the arm crown has a different organization.

The study of an unpublished specimen carried out in Chapter 3 revealed a number of
morphological characters that had never before been documented in fossil vampyromorphs.
These include the first images of the complete internal arm muscle configuration of a Jurassic
species. It is clear they resemble those of Octobrachia, though would require comparisons of
muscular anatomy with additional specimens to provide important functional information.
Further, the X-ray tomography revealed an extinct character combination: a pair of luminous
organs with anterior-posterior symmetry, which was previously undocumented in the fossil
record. These were paired with an ink sac, which is an anti-predation strategy that was

previously unknown in Mesozoic Octobrachiate coleoids.
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Conclusions & Perspectives

The work presented here clearly shows the importance of a variety of imaging techniques for
paleontological studies, and the increased resolution they can bring to the appraisal of
specimens and discovery of new anatomical features and characters. A more complete
understanding of fossil coleoid morphology also has wider implications for the improvement

of the systematic assessment.

INFERRING THE ECOLOGY OF THE MESOZOIC OCTOBRACHIA

A significant outcome of this work has been the ecological interpretations inferred from
the new morphological data. As discussed in Chapter 1, many important evolutionary changes
occurred in the marine environment during the Mesozoic. The predatorial pressures of the
Mesozoic Marine Revolution, and the emergence of ecosystems similar to those in the Modern,
are reflected in the variety of characters observed in the described species of the Jurassic
Vampyromorphs from La Voulte-sur-Rhone. Their morphologies were linked with active
predation as well as evidence of predation avoidance, suggesting that co-occurring coleoids in
this habitat exploited different lifestyle strategies. Though the arms of the V. rhodanica and V.
atramentum both seem adapted to prey capture and manipulation, the absence of a differentiated
arm crown in V. atramentum suggests less specialized usage. Additionally, this work has
revealed that defense mechanisms known from extant coleoids (e.g., ink sacs, and luminous
organs) were already present in the coleoids from La Voulte-sur-Rhone. The extent of the
anatomical knowledge we now have on these taxa, and the inference on behaviors stemming

from morphology, provide a much clearer picture of the ecosystems of La Voulte-sur-Rhone.

The lifestyle and behavior strategies described for each of the Mesozoic Octobrachiate species
(Chapters 3 and 4) do not necessarily reflect those found in extant Octobrachia. The emergence
and evolution of ecological niches occupied by coleoids remains poorly understood but
reinterpretation of Jurassic fossils demonstrates their diversity early in the group history.
Indeed, Lindgren et al. (2012) discussed various convergent structures in Recent Coleoidea
(accessory nidamental glands, corneas, photophores, branchial canal, and a right oviduct) that
are correlated with habitat and driven by similar selective pressures. Our results indicate that
characters linked with habitat and lifestyle were also already found in the Mesozoic. For
example, V. rhodanica, and other coleoids (Proteroctopus, Gramadella) from La Voulte-sur-
Rhone, had elongated dorsal arms with terminal suckers, which indicates a specialized

predatory function over species where the arm crown is more homogenous, such as V.

183



Conclusions & Perspectives

atramentum. The lack of ink sac and luminous organs in V. rhodanica indicates the species was
subject to different predatory pressures than V. atramentum, who possessed both these organs.
Despite these differences, both species had the same type of suckers and attachments, and their

overall body shapes suggest they were adapted for swimming.

The morphology observed in Dorateuthis syriaca suggests they were hydrodynamic pelagic
swimmers and visual predators, like some modern Decabrachia. This is supported by the slender
gladius and overall body morphology, common muscular striations, large eyes, and remnants
of fish in the digestive system. The three main species discussed in Chapters 3 and 4 represent
two of the main Octobrachia lineages, Prototeuthina and Vampyromorpha, though some of their

morphological characters and inferred behaviors are analogous with extant Decabrachia.

PHYLOGENETIC IMPLICATIONS

While coleoid anatomy provides key insights into Mesozoic ecologies, it is also a
fundamental element to paleontological systematic analyses. As discussed in Chapters 1, 3, and
4, a few computed phylogenies have combined the morphologies of fossil and extant forms,
though given the inherent issues with the available matrices there is no cephalopod phylogeny
that is widely accepted. Some of the challenges faced by these phylogenies are the limited fossil

record, and the need to better understand homologies between fossil and extant taxa.

Given the relatively low number of determinable soft tissue states in fossil forms, many of the
characters are based on the gladius. As discussed in Chapters 1, 3, and 4, this structure
contributes approximately half of the characters to the existing morphological matrix (fossil
and extant). The work on Dorateuthis syriaca revealed undocumented variation in the gladius
that is not currently reflected in the existing morphological matrix. Though there are multiple
states for size ratios of gladius characters (e.g., #24 — 35 in Sutton ef al. 215, and #26-31, 34,
44, 45, and 75 in Whalen & Landman (2022), there is no specific state to identify whether the
lateral fields are in a posterior, or anterior position. Further, the D. syriaca sample included
specimens that represented different ontogenetic stages. The species showed that the relative
arm lengths varied depending on whether the individual was a juvenile, or an adult. However,
the age of the specimen is not currently considered for character coding. Broadly speaking,
future phylogenetic assessments would optimally address the intraspecies variation and be able

to assess those with a phylogenetic signal.
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PERSPECTIVES

The key to unlocking insights into the evolutionary history of coleoids is to be able to
provide accurate and unambiguous character interpretations. Our current understanding of
known characters is linked with preservational biases — knowing not just what has been
preserved, but also what has not been preserved. Indeed, differences in taphonomic processes
have a great impact on what fossilizes, which in turn affects our interpretations. This can be as
simple as the preserved orientation, or more complex, like the fossilization pathways.

Large scale studies trying to understand these biases in coleoids from Lagerstitten deposits
have yet to be conducted. However, as we have determined and discussed in Chapter 4, D.
syriaca from the Lebanese localities provide an ideal opportunity by which to do so. The
abundance of individuals from this single taxon includes specimens from various stages of
ontogeny and encompass an approximate 9-10My timespan. Additionally, the depositional
environments in which they were preserved vary somewhat in paleodepth between the oldest

and youngest localities.

The recent advances in physio-chemical imagery (e.g., the XRF methods utilized in Chapter 4)
provide new pathways by which to understand the tissues that are likely to preserve in this
setting, and statistical analyses can inform us with what frequency. Furthermore, we can
identify if there is variation in what preserves across the different depositional environments,

and if each of these localities are subject to the same taphonomic processes.
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Annex 1

ORDER SUBORDER FAMILY GENERA Time Bin
PROTOTEUTHINA PLESIOTEUTHIDAE Plesioteuthis Upper Jurassic (upper Kimmeridgian—lower Tithonian):
PROTOTEUTHINA PLESIOTEUTHIDAE Boreopeltis Upper Jurassic (lower Tithonian)— Upper Cretaceous (upper Cenomanian)
PROTOTEUTHINA PLESIOTEUTHIDAE Dorateuthis Lower Cretaceous (Barremian)-Upper Cretaceous (Maastrichtian)
PROTOTEUTHINA PLESIOTEUTHIDAE Eromengateuthis Upper Cretaceous (upper Albian)
PROTOTEUTHINA PLESIOTEUTHIDAE Nesisoteuthis Lower Cretaceous (lower Aptian)
PROTOTEUTHINA PLESIOTEUTHIDAE Normanotevthis Lower Cretaceous (lower Albian)
PROTOTEUTHINA PLESIOTEUTHIDAE Paraplesiotetithis Lower Jurassic (upper Pliensbachian—lower Toarcian)
PROTOTEUTHINA PLESIOTEUTHIDAE Romaniteuthis Middle Jurassic (lower Callovian)
PROTOTEUTHINA PLESIOTEUTHIDAE Rhomboteuthis Middle Jurassic (lower Callovian)
PROTOTEUTHINA PLESIOTEUTHIDAE Senefelderiteuthis Upper Jurassic (upper Kimmeridgian—lower Tithonian)
PROTOTEUTHINA INCERTAE SEDIS Germanoteithis Middle Triassic (lower Ladinian)
PROTOTEUTHINA INCERTAE SEDIS Reitneriteuthis Upper Triassic (upper Norian)
LOLIGOSEPIINA LOLIGOSEPIIDAE Loligosepia Lower Jurassic (lower Sinemurian— lower Toarcian)
VAMPYROMORPHA  LOLIGOSEPIINA LOLIGOSEPIIDAE Jeletzkyteuithis Lower Jurassic (lower Toarcian)
VAMPYROMORPHA  LOLIGOSEPIINA GEOPELTIDAE Geopeltis Lower Jurassic (upper Pliensbachian—lower Toarcian)
VAMPYROMORPHA  LOLIGOSEPIINA GEOPELTIDAE Parabelopeltis  Lower Jurassic (upper Pliensbachian. lower Toarcian)— Upper Jurassic (Tithonian)
VAMPYROMORPHA  LOLIGOSEPIINA GEOPELTIDAE Vampyrofugiens Middle Jurassic (lower Callovian)
VAMPYROMORPHA  LOLIGOSEPIINA LEPTOTHEUTHIDAE Leptotheuthis Upper Jurassic (upper Kimmeridge—lower Tithonian)
VAMPYROMORPHA  LOLIGOSEPIINA LEPTOTHEUTHIDAE Donovaniteuthis Lower Cretaceous (lower Aptian)
VAMPYROMORPHA  LOLIGOSEPIINA MASTIGOPHORIDAE Mastigophora Middle Jurassic (lower—upper Callovian)
VAMPYROMORPHA  LOLIGOSEPIINA MASTIGOPHORIDAE Doryanthes Upper Jurassic (lower Tithonian)
VAMPYROMORPHA  LOLIGOSEPIINA INCERTA SEDIS Bavaripeltis Upper Jurassic (lower Tithonian)
VAMPYROMORPHA VAMPYROMORPHINA VAMPYROMORPHINA Necroteuthis Oligocene

VAMPYROMORPHA VAMPYROMORPHINA
VAMPYROMORPHA VAMPYROMORPHINA
VAMPYROMORPHA VAMPYROMORPHINA
VAMPYROMORPHA VAMPYROMORPHINA
VAMPYROMORPHA VAMPYROMORPHINA

OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA TEUDOPSEINA
OCTOPODA CIRRATA
OCTOPODA INCIRRATA
OCTOPODA INCIRRATA
OCTOPODA INCIRRATA

INCERTAE SEDIS
INCERTAE SEDIS
INCERTAE SEDIS
INCERTAE SEDIS
NOMEN DUBIUM
TEUDOPSEIDAE
TEUDOPSEIDAE
TRACHYTEUTHIDAE
TRACHYTEUTHIDAE
TRACHYTEUTHIDAE
TRACHYTEUTHIDAE
TRACHYTEUTHIDAE
TRACHYTEUTHIDAE
PALAEOLOLIGINIDAE
PALAEOLOLIGINIDAE
PALAEOLOLIGINIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
MUENSTERELLIDAE
ENCHOTEUTHIDAE
ENCHOTEUTHIDAE
INCERTA SEDIS
PATELLOCTOPODIDAE
PATELLOCTOPODIDAE

PUTATIVE MUENSTERELLOIDEA

UNDETERMINED
PALAEOCTOPODIDAE
PALAEOCTOPODIDAE

OCTOPODIDAE

Nanaimoteuthis
Gramadella
Proteroctopus
Vampyronassa
Provampyroteuthis
Tendopsis
Teudopsinia
Trachyteuthis
Actinosepia
Glyphidopsis
Glvphiteuthis
Paraglvphiteuthis
Stvloteuthis
Palaeololigo
Marekites
Rachiteuthis
Muensterella
Celaenotethis
Engeseriteuthis
Eichesia
Listroteuthis
Muensterellina
Tyrionella
Enchoteuthis
Niobrarateuthis
Tusoteuthis
Patelloctopiis
Pearceitenthis
Eoteuthoides
Paleocirroteuthis
Palaeoctopis
Keuppia
Stvletoctopus

Upper Cretaceous (middle Turonian—lower Campanian)
Middle Jurassic (lower Callovian)
Middle Jurassic (lower Callovian)
Middle Jurassic (lower Callovian)
Upper Cretaceous. lower Santonian
Lower Jurassic (lower—upper Toarcian, ?Callovian)

?Upper Jurassic (lower Tithonian). Upper Cretaceous (upper Cenomaniai)
Middle Jurassic (Callovian)-Upper Cretaceous (upper Cenomanian)
Upper Cretaceous (Campanian— Maastrichtian)

Upper Cretaceous (Cenomanian)

Upper Cretaceous (lower Cenomanian—Santonian)y
Upper Cretaceous (upper Turonian)

Upper Cretaceous (upper Turonian)

Upper Jurassic (lower Tithonian)

Upper Cretaceous (upper Cenomanian—upper Turonian)
Upper Cretaceous (upper Cenomanian)

Upper Jurassic (upper Kimmeridgian)-Upper Cretaceous middle Turoniai)
Upper Jurassic (lower Tithonian)

Upper Jurassic (upper Kimmeridgian)

Upper Jurassic (lower Tithonian)

Upper Jurassic (lower Tithonian)

Middle Jurassic (upper Callovian)

Upper Jurassic (lower Tithonian)

Lower Cretaceous (upper Albian}-Upper Cretaceous (upper Campanian)
Upper Cretaceous (upper Santonian—lower Campanian):
Upper Cretaceous (upper Santonian— lower Campanian)
Upper Jurassic (upper Kimmeridgian)

Middle Jurassic (upper Callovian)

Upper Cretaceous (upper Turonian)y
Upper Cretaceous (Santonian—lower Campanian)

Upper Cretaceous (Santonian)

Upper Cretaceous (upper Cenomanian)

Upper Cretaceous (Cenomanian)

Annex 1: Existing fossil Octobrachia and their systematic placement, adapted from Fuchs 2020, with the
addition of Vampyrofugiens described in Rowe et al. 2023.
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extant Vampyromorpha
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Annex 2

Background:

X-ray imaging (CT sean- PPC SRUCT-sean) is a non-invasive imaging method that allows an in situ, 3-D visualisation of morphological features 2. As the structures are imaged
while the shape and dimensions of the sample are retained, the resulting reconstructions are realistic and offer a ‘virtual dissection’ of the specimen. This method can be
applied on a large array of taxa - including both extant and fossil forms 1%, with anatomical reconstructions easily accessible via morphological databases. This is specifically
useful in determining soft tissue morphology of rare and precious specimens; an issue identified as one of the big challenges in cephalopod researchl3l.

Materials:
V. infernalis:
Recent, Pacific
Ocean.

2 Specimens:
AMNH (#to be
assigned); YPM I1Z 18279.GP.

V. rhodanica: 3 Specimens: MNHN.B.74247
(Holotype); MNHN.B.74243; MNHN.B.74244
(Jurassi
PR

W infernalis lllustration Pickford 1948

Ca!lovi:m: ~166.1 - 163.5 Ma)

V. infernalis: peep-sea
habitat; opportunistic detritivore 741

Reconstruction of W infemalis
AMNH {above right) showing arm
crown confi ion.

MMNHN.B.74244: %
Arm crown reconstruction {obove), and PPC-SRUCT
slice (obove right) of dorsal suckers

(See above for obbreviations)

nstruction

Reconstruction of V. rhodanica holotype (MNHN B.74247) fabave) 'V
showing arm crown [arm pair |, lIl, 1Y, and V) and other internal elements.

Data Acquisition: V. infernalis: uCT. Microscopy and Imaging Facility of the American Museumn of Natural History (AMNH, New York, USA). Resulting voxel sizes: 38.40 um
(AMNH) and 18.25 um (YPM [Z18279.GP). Specimens were stained in a 1% PTA solution prior to scanning 1%, V. rhodanica: Propagation phase-contrast X-ray synchrotron
microtomography (PPC-SRUCT). European Synchrotron Radiation Facility Grenoble, France (ID19 beamline). Voxel size: 12.64 um Final CT data were reduced in size (Image)
software), and segmented using Mimics software. (Materialise NV, Belgium, Version 21.0). Contrasting tissue densities helped identify anatomical features for segmentation.

V. rhodanica:

Much attention has been focused on the systematic position and ecology of
Vampyromorpha and its only living species, Vampyroteuthis infernalis.
Here, we directly apply this imaging technique in a
comparative anatomy study between extant
and fossil Vampyromorph taxa: modern

\ infernalis, and a supposed related species
from the Jurassic, Vampyronassa rhodanica 19

Arm pairs IV & vV~ Arm pair Il

Reconstruction of
sucker profile {top)
PPC-SRUCT slice of
sucker and attachment
(battom ) MNHN.B. 74244

b
Illustrations
?@)f of dorsal arm
§®J (left) and
,S , non-dorsal
S0 armpairs

1I1-V {below)

=

& 4
i
- Y

asmm

A Lethiens
These arms show the
uniserial suckers, lateral
cirrl, and variation in
armature configuration
between the dorsal and
non-dorsal arms.

Reconstruction of internal argans
of V. infernalis (above): Abbreviations
Arm pair i (anterior to posterior) (b) beak, (bm)
(filaments) | buccal mass, (br) brain, (ol] optic
lobe, (e) eye, (da) dorsal aorta, (o &
cr) oesophagus and crop, (gl) gill, (dg)
digestive gland, (dgd) digestive gland
duct, (ns) needhams sac, (s) stomach,
(c) caecum, (g) gonad, (f) fin, (i)
intestine. The same abbreviations
rior are used below for V. rhodanica.

Arm pair |

Key Find INgs: v. rhodanica V. infernalis
=> Characters observed in V "‘ 5
infernalis, including the sucker & ! i\
attachments are present in Jurassic . .
Vampyromorpha (right) w,‘,,"‘ 0
-> New characters were coded and —
included in a phylogenetic matrix 1.
The resulting tree supported a sister ™ ‘
group relationship between V. LS -

infernalis and V. rhodanica. gm

> The mosaic of characters Reconstruction (top), and PPC-SRuCT 5e
observed in V. rhodanica (including | (bottom) of suckers and the attachments
sucker attachments, specialized of the two taxa
arm crown, proportionally larger

infundibulum, increased number AMNH

and size of suckers and cirri, 2mm
muscular streamlined mantle) are
consistent with the taxon having a
pelagic predatory lifestyle which is
in contrast to the modern form.

. infernalis (top right) and V. rhodanica
(bottom right): Recenstruction -
(of arm pair V, and 4 respectively) -
shows the increased number of suckers and cirri on the Vi rhodanica arm, and the
proportionately larger cirri and infundibulum of the suckers.

MNHN.B.74244

References: 1 zeges A & sagomy €. Hokstic desaiption afnew deep sea megalauna (Ceghalopoda: Grratal usng a
minimally inwasive approach. BMC biology 19, 1-14(2021). 2. Ziegler, A. et al. Digital theee-dim ensianal imaging techniques provide
new analytical pathways for matacological research. Am. Mal. Bull 36, 248-273 2018). 3 Xaviar, . C. et al. Furure challenges in
cephalaped ressasch. Journal of the Marine Bialagical Assaciation of the Uinited Kingdam 98, 999-1015 (3015). 4. Kruta, L et al
‘Prateractapus ribet incoleoxd evolution. Palaeantolagy 59, 767-773 |2016]. 5. Fischer, 1-C. & Riow, B.
Aev. gan nav sn., \ampyrom orphe (Caphalopoda, Coleoides) du Calovien inférieur de L Woulte-sur-Rhone
{Ardéche, France]. Ann. De Faldontol. 88, 1-17 {2002). 6. Pickford, G. E. Wampyroteuthisinfernalls Chun
-An archaic i.E Dang Kep. 32,1-132(1949]. 7. Hoving, H. LT,
& Robison, B. H. Vampire squid: detrithores in the aeygen mimmum one. Proc R, Soc 5179, 4559-4567
{2012). 8. Golikov, A. V. et al. The first global deep-sea stable botape assessment reveals the unique
trophix ecology of Vampire Squid Vampyratethis infernalis |Cephalopodal. Sci. Rep. 9, {2019,
9. Metscher, B. D. MicroCT for comparative morphology: smple staining methads alow high-contrast
arinal BMC physialagy 9, 1-14{2009).

Annex 2: Poster Presentation Virtual dissection of Vampyroteuthis infernalis provides the first 3-D comparative
morphological study between fossil and extant Vampyromorpha (Cephalopod International Advisory Council,
Sesimbra, Portugal, 2022)
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Background:

Materials:
V. infernalis:
Recent, Pacific
Ocean.

2 Specimens:
AMNH (#to be \¢ Infernalis Illustration Pickford 194819
assigned); YPM IZ 18279.GP.

V. rhodanica: 3 Specimens: MNHN.B.74247
{Holotype); MNHN.B.74243; MNHN.B.74244
{Jurassic, Callovian: ~166.1 —163.5 Ma)

1

S
- il o
MNHN.B.74247 in lateral view. Photo: C. Loubry (CR2P)

crown ©

Reconstruction of W infemalis
AMNH {above right) showing arm
ion.

X-ray imaging (CT sean- PPC SRUCT-sean) is a non-invasive imaging method that allows an in situ, 3-D visualisation of morphological features 2. As the structures are imaged
while the shape and dimensions of the sample are retained, the resulting reconstructions are realistic and offer a ‘virtual dissection’ of the specimen. This method can be
applied on a large array of taxa - including both extant and fossil forms 1, with anatomical recanstructions easily accessible via morphological databases. This is specifically
useful in determining soft tissue morphology of rare and precious specimens; an issue identified as one of the big challenges in cephalopod researchl3l.

Much attention has been focused on the systematic position and ecology of
Vampyromorpha and its only living species, Vampyroteuthis infernalis.
Here, we directly apply this imaging technigue in a
comparative anatomy study between extant
and fossil Vampyromorph taxa: modern

V infernalis, and a supposed related species
from the Jurassic, Vampyronassa rhodanica 19

V. infernalis: peep-sea
habitat; opportunistic detritivore 741

MMNHN.B.74244: %
Arm crown reconstruction {obove), and PPC-SRuCT
slice {obove right) of dorsal suckers

¢ 5

gl

E, 1]

Reconstruction of V. rhodanica holotype (MNHN B.74247) jabave) 'V
showing arm crown (arm pair |, lll, IV, and V) and other internal elements.
(See above for abbreviations)

nsiruction

Data Acquisitw‘on: V. infernalis: pCT. Microscopy and Imaging Facility of the American Museum of Natural History (AMNH, New York, USA). Resulting voxel sizes: 38.40 pm
(AMNH) and 18.25 um (YPM I218279.GP). Specimens were stained ina 1% PTA solution prior to scanning ¥l V. rhodanica: Propagation phase-contrast X-ray synchrotron
microtomography (PPC-SRUCT). European Synchrotron Radiation Facility Grenoble, France (1019 beamline). Voxel size: 12.64 um Final CT data were reduced in size (Image)
software), and segmented using Mimics software. (Materialise NV, Belgium, Version 21.0).

V. rhodanica:

Arm pairs IV & V  Arm pair lll

| Reconstruction of internal organs
of V. infernalis (obove): Abbreviations
{anterier to posterior) (b) beak, (bm)

Arm pair I
(filaments) buccal mass, (br) brain, (ol) optic
Arm pair | lobe, (e) eye, (da) dorsal aorta, (o &

cr) oesophagus and crop, (gl) gill, (dg)
digestive gland, (dgd) digestive gland
duct, (ns) needhams sac, (s) stomach,
(c) caecum, (g} gonad, (f) fin, (i)
intestine. The same abbreviations
| are used below for V. rhodanica.

. Contrasting tissue densities helped identify anatomical features for segmentation.

Reconstruction of
sucker profile {top)
PPC-SRUCT slice of

sucker and attachment
(bottam ) MNHN.B. 74244

Key Find Ings: V. rhodanica V. infernalis
=> Characters observed in V. \ ~ i
infernalis, including the sucker E
attachments are present in Jurassic y . 7
Vampyromorpha (right) - :

-l L)

> New characters were coded and
included in a phylogenetic matrix %I,
The resulting tree supported a sister
group relationship between V.
infernalis and V. rhodanica.

=> The mosaic of characters
observed in V. rhodanica (including
sucker attachments, specialized

arm crown, proportionally larger
infundibulum, increased number

AS ‘ -
F l
Reconstruction (top) and PEC-SRUCT slice

(bottom) of suckers and the attachments
of the two taxa

AMNH

- llustrations =
}@f of dorsal arm | | Muscular streamiined mantle) are
' # fleft) and consistent with the taxon having a
'{1 fj‘ non-dorsal pelagic predatory lifestyle which is
W Ly AmPpars f n contrast to the modern form.
Q 0 -V (below ) 2mm
v & \{ infernalis (top right) and Vi rhedanica %

A Lethies

These arms show the
uniserial suckers, lateral

cirrl, and variation in

armature configuration
between the dorsal and

non-dorsal arms,

and size of suckers and cirri, 2mm

(bottom right): Reconstruction

(of arm pair V, and 4 respectively)
shows the increased number of suckers and cirri on the Vi rhodanica arm, and the
proportionately larger cirri and infundibulum of the suckers.

L v & MNHN.B.74244

References: 1 seges A & sagomy €. Holstic desaription ofnew deep sea megalauna KCeghalopods: Grrata) using
il invasive approach, BMC bislagy 19, 1-14|2021). 2. Ziegler, A. et af, Digital three-dimendion sl imaging techniques provide
niew anaytical pathways for matacological research. Am. Mal, &l 36, 248-273 (2018). 3 Xavler, J.C. et al Furura challenges in
caphalaped ressasch. Jounal of the Marine Bialogiesl Assaeiation of the Uinited Kingeam 98, 999-1015 (2015]. 4. Kruta, | et al
Prateractapus ribeti in coleaid evolution. Falaeontalogy 59, 767773 | 2015). 5. Fischer, J-C. & Riou, B. lampyvanassa thodanka
Aew. gan nav s, ampyromarphe (Cephalopoda, Coleides) du CaBovien inférseur de L Voulte-sur-Rhone
|Ardéche, France]. Ann. De Fodontol. 88, 1-17 {2002). 6. Pickford, G. €. Wampyrateuthisinfernalls Chun
-An archaic e Dang Keg. 33,1-131(1949].7. Hoving, H. L. T.
& Robison, B. H. Vampee squid: detnitvones in the aeygenmiemum ne. Froc K. 50C 5279, 65594567
{2012). 8. Golikov, A. V. et al. The first global deep-sea stable Botape asessment reveali the unique
trophic ecology of Vamgire Squid Vampyrateuthis infernalis |Cephalopadal. Sci. Aep. 9, {:019)
9. Mutschar, B. 0. MicroCT for comparative momphalogy: smple staining mathads alow high-comrast
mag arénal§ BMC physiology 9, 1-14{2009).

Annex 2: Poster Presentation Virtual dissection of Vampyroteuthis infernalis provides the first 3-D comparative
morphological study between fossil and extant Vampyromorpha (Cephalopod International Advisory Council,
Sesimbra, Portugal, 2022)
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Multi-approach imaging techniques shed new light on
Lebanese gladius-bearing coleoids
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Suuar: @ “BCR2P @ m SULEL @I
'INTRODUCTION:

UV imaging is commonly used to study 2D fossils preserved in the Lebanese Lagerstatte sites of Hakel, Hadjoula, and Sahel Aalma. This method produces excellent results when
identifying certain features, such as the remains of phosphatised soft tissues, and many descriptions of prototeuthid coleoids from these localities, i ) the genus De th
Woodward, 1883, have fmm this imaging method' 2. While Dorateuthis has defined p s for body size, fin shape, arm crown proportions, and the morphological detail
of the gladius®, there i in fossil of the genus. Here, we analyse two previously undescribed specimens from the Hadjoula Lagerstatte. We used
both classical observations along with a suite of non-destructive imaging methods including UV and RT| photography, and X-ray fi tal ing. The results obtained
allowed us to visualize remains of tissues that are no longer visible to the naked eye. One of the studied specimens seems clearly to fit within the diagnosis of Dorateuthis syriaca
Woodward, 1883. However, the other is more ambiguous and raises questions regarding the current systematic diagnosis of the genus.

GEOLOGIC SETTING: ; ..#' ikt i Spacimen 2: Naturat ight

Konservat-Lagerstatten in
Lebanon are known for
their well-preserved fossil
coleoid specimens. To
date, the four outcrops
(Hakel, Hadjoula, En
Nammoura, and Sahel
Aalma) have revealed 10
genera, including two
Prototeuthids, Boreopeltis
and Dorateuthis."***

Hadjoula,
Lebanon

« Lithographic limestones:
+ Fossils are compressed within 2D slabs of matrix
+ When preserved, soft tissues are typically phosphatised

PROTOTEUTHID GLADIUS:
MORPHOLOGY & TERMINOLOGY

e Specimef 1: SR-pXRF
an
(nage/ribikeel) Specimen 1 (leff) dorsal view. Specimen 2 (right) ventral view.
s DORATEUTHIS: uv 'y and Reflectance T Imaging (RTI), X-Ray Fluorescence spectroscopy:
e + Lateral keels: Specimen 1 (Synch Soleil, PUMA Beamline, uXRF major-to-trace ememental mapping).
(bipartite) continuous from Specimen 2: M6 Jetstream Bruker XRF (UAR 3224 CRC, MNHN).
Lateral anterior to posterior -
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Abstract

of the Coleoidea.

Although patchy, the fossil record of coleoids bears a wealth of information on their soft part anatomy. Here, we
describe remains of the axial nerve cord from both decabrachian (Acanthoteuthis, Belemnotheutis, Chondroteuthis)
and octobrachian (Plesioteuthis, Proteroctopus, Vampyronassa) coleoids from the Jurassic. We discuss some hypoth-
eses reflecting on possible evolutionary drivers behind the neuroanatomical differentiation of the coleoid arm
crown. We also propose some hypotheses on potential links between habitat depth, mode of life and the evolution

Keywords Cephalopoda, Neuroanatomy, Nervous system, Ganglion, Brain, Konservat-Lagerstétte, Taphonomy

Introduction

The cephalopod arm crown is a fascinating body part,
which inspires both researchers and artists, movie mak-
ers and authors of fiction. In recent years, the arm crown
and other decentralized functions of cephalopod bod-
ies, such as vision and the control of skin colouration,
and arm movements independent of the central nervous
systems have been widely discussed. For example, dis-
cussions regarding cephalopod vision and skin coloura-
tion (camouflage) are rooted in a debate between Hess
and Frisch (Frisch, 1912; Hess, 1902, 1905, 1912), which
was later resolved (Droscher, 2016; Messenger, 1977;
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Messenger et al., 1973), although the discussion on the
presence or absence of colour vision continues (Stubbs
& Stubbs, 2016). Knowing the colour-blindness of octo-
brachians, their camouflaging capabilities are even more
surprising. Kingston et al., (2015a, 2015b) found an
explanation in the discoveries of dermal photoreception
and of “Eye-independent, light-activated chromatophore
expansion (LACE)” (i.e. colour change independent of
the eyes; see Ramirez & Oakley, 2015; Katz et al., 2021).
Independent of this discussion, the question for links
between the neural equipment of the arms, overall neu-
roanatomy, and the (palaeo-) environment arises. Such
links were found by, e.g., Chung et al., (2022a, 2022b) and
are discussed here for extinct coleoids.

The neural equipment of cephalopod arms is linked
with the organs of the arms such as suckers (Graziadei,
1962). Suckers are interesting sensory components of the
coleoid arm crown, and likely originated in the Carbon-
iferous, or even earlier (Fuchs et al., 2010, 2021; Kroger
etal, 2011; Kruta et al., 2016; Tanner et al., 2017; Whalen
& Landman, 2022). More than half a century ago, Wells,
(1963, 1964) documented the presence of chemosensory
and tactile receptors in Octopus (see also Chase & Wells,
1986; Lee, 1992; Maselli et al., 2020). Refined experiments
confirmed the chemoreceptors to be located within their

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13358-023-00285-3&domain=pdf
http://orcid.org/0000-0002-4099-7453

22 Page 2 of 22

suckers (Buresch et al.,, 2022). This is important in the
generally dark, murky waters where they live as they use
their arms to forage for prey in crevasses. Importantly, in
octopods, the sensory information is processed initially
by ganglia present in the suckers and then forwarded to
the larger intrabrachial ganglia on the axial nerve cord
(Graziadei, 1962; fig. 1; Young, 1971). Octopods have
indeed a complex brachial nervous system related to
their “sophisticated use of their arm and their ability for
tactile learning” (Budelmann, 1995: p. 125).

Preservation of nervous systems is known only from
fossil localities yielding exceptional preservation. The
fossil record of soft tissues is best known among octo-
brachians (e.g., Clements et al., 2017; Fuchs et al., 2010;
Fuchs, 2006a, 2006b; Klinghardt, 1932; Klug et al., 2015;
Naef 1922; Rowe et al.,, 2022, 2023). Less is known
about the soft tissues of decabrachians (Fuchs et al.,
2010; Fuchs, 2006a, 2006b; Klug et al., 2016, 2019), and
less still about externally shelled (ectocochleate) cepha-
lopods such as ammonoids and nautiloids (De Baets
et al.,, 2013; Klug & Lehmann, 2015; Klug et al,, 2012,
2015, 2021a, 2021c). Some of these reports (Fuchs
et al,, 2010, 2021; Fuchs, 2006a, 2b; Klug et al.,, 2016,
2020; Kruta et al., 2016; Rowe et al., 2022, 2023) dem-
onstrated the increased preservational potential for
soft tissue anatomy in the coleoid arm crown, which
are typically less common than the sclerotized elements
such as arm hooks or sucker rings.

In contrast to many other soft-tissue details, descriptions
of the nervous system of cephalopods have only occasion-
ally found their way into the scientific literature (Fuchs &
Larson, 2011a, 2011b; Fuchs, 2006a, 2006b; Jattiot et al.,
2015; Klug et al.,, 2016, 2019, 2021a; Larson et al.,, 2010),
mostly showing parts of the cephalic cartilage. Fossilized
axial nerve cords that probably included the intrabra-
chial ganglia, the brain-like concentrations of neuronal
tissues in the arms, have been documented only a few
times (Kruta et al., 2016; Rowe et al., 2022, 2023) and once
unknowingly (Klug et al,, 2016, supplementary Fig. 5). This
exceptional preservation is limited to conservation depos-
its (Seilacher, 1970) and, so far, have only been discovered
in the German Posidonienschiefer (Toarcian, Early Juras-
sic, this paper), the French Callovian marls of La Boissine
(La Voulte-sur-Rhone, Middle Jurassic; Kruta et al., 2016;
Rowe et al., 2022, 2023) and the German platy limestones
of the Solnhofen region (Late Jurassic; Klug et al., 2016).
Remains of arms and axial nerve cords were also discov-
ered in other Fossillagerstitten such as the English sites of
Christian Malford (Middle Jurassic), and the Late Jurassic
coastline (this paper) or the Cenomanian of Lebanon (Lar-
son et al,, 2010: figs. 3B and 5I) and, without axial nerves,
in the Oligocene of Russia (Mironenko et al., 2021).

C.Klug et al.

In this study, we describe some specimens showing
phosphatized remains of arm soft-tissues from the Jurassic
of France and Germany. We attempt a homologization of
the visible structures and discuss their nature. Further, we
put these structures into the evolutionary context of the
origin of major coleoid clades. We assess potential links
between habitat and neuroanatomy of these fossil coleoids.

Methods

As an independent test of our evolutionary hypotheses
on habitat distribution, we performed Bayesian ances-
tral state reconstructions (Pagel et al, 2004). For this
purpose, we used the ingroup of the time-calibrated
phylogeny of Tanner et al, (2017), which is based on
transcriptomic data from 26 extant cephalopod species.
Fossil species were not included because timetrees unit-
ing the relevant living and fossil taxa are currently not
available. Each taxon was scored for their habitat distri-
bution following Chung and Marshall, (2017), i.e. coastal
(category GI) and pelagic (categories GII-III). We did not
divide pelagic cephalopods further into deep pelagic and
vertical migrating species because this trait is more vari-
able, and a wider species coverage would be needed for
accurate predictions. Nevertheless, at least within this
dataset, pelagic species always are taxa that can regularly
be found at depths of hundreds of metres or live perma-
nently in the deep sea, while coastal species are restricted
to depths of less than 200 m, mostly within the photic
zone. Thus, it is conceivable that this habitat switch has
important implications for the nervous system, as adapta-
tions to low light conditions may be essential for pelagic
species regardless of whether they are vertical migrants
or deep-sea dwellers.

Ancestral state reconstructions were performed in
RevBayes version 1.1.1 (Hohna et al., 2016), using the Mk
model with equal transition rates (Lewis, 2001) and fixed
tree topology. The prior on the transition rate and only
parameter of the model was set to an exponential distri-
bution. The MCMC algorithm was run for two independ-
ent replicates with 25,000 generations using a random
move schedule, discarding 25% of the samples as burn-
in. The output was then processed in R using the package
RevGadgets version 1.1.0 (Tribble et al., 2022). The script
for the analysis in RevBayes and its output are provided
in Additional File 1.

The specimen of Proteroctopus ribeti (MNHN.FR03801)
and Vampyronassa rhodanica (MNHN.F.B74244) originally
described by Fischer and Riou (1982, 2002), were reana-
lysed using propagation phase contrast synchrotron X-ray
micro-computed tomography (PPC-SRuCT, ESRF-ID19) in
Kruta et al.,, (2016) and Rowe et al., (2022, 2023). Acquisi-
tion details are provided in these publications. Additional
PPC-SRuCT slices are illustrated here in order to show the
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Fig. 1 Sueviteuthis zellensis Reitner & Engeser, 1982, GPIT Ce 1564/2,6/PV-67025, Toarcian, Fischer quarry, Zell, east of Ohmden. a UV-photo by R.

Roth; b photo under white light (insert with magnification of the arm bases); ¢ drawing after a

axial nerves in the specimens. Measurements were taken
only where the section of axial nerve was visible in all three
views (cross section, coronal, and longitudinal).

Results

Descriptions
Systematics and phylogeny are according to Hoffmann

et al., (2022). We follow the order provided there on page
192. Below, we provide descriptions of the head-foot with
a focus on the arm crown. Since all the specimens pre-
sented here show exceptional preservation, the number

and shape of arms is more or less well known. In com-
bination with the preserved hard parts, their placement
within the decabrachians and octobrachians is quite well
supported (e.g., Fuchs, 2006a, 2016; Haas, 1997; Jeletzky,
1966; Kroger et al., 2011; Tanner et al., 2017).

In some specimens, remains of the brachial nervous
system (e.g., the axial nerve cord) are preserved. Others
retain armature from which it is possible to infer function
and therefore extrapolate the complexity of the central
nervous system associated with the sensory tasks.
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Fig. 2 Acanthoteuthis speciosa Minster, 1839, HT 02/2, latest Kimmeridgian, Ochselberg Quarry near Zandt, Bavaria (Germany). Figure modified

after Klug et al, (2016, suppl. Fig. 5). a UV-photo by HT; b drawing after a

Crown group node Neocoleoidea Haas, 1997
Superorder Decabrachia Haeckel, 1866
Order Belemnitida Haeckel, 1866

Family Belemnotheutidae Zittel, 1884
Sueviteuthis zellensis Reitner & Engeser, 1982

(Fig. 1)

Specimen GPIT Ce 1564/2,6 (GPIT-PV-67025), paratype,
original of Reitner and Engeser (1982:3, fig. 4, pl. 1).
Stratigraphy Posidonia Shales, Koblenzer, Semicelatum
Subzone, Tenuicostatum Zone, Toarcian, Early Jurassic.
Locality Fischer quarry, east of Ohmden, Germany.
Description of arm crown The entire specimen is about
190 mm long. It preserves the complete phragmocone,
most of the proostracum, the ink sac and most of the
ink duct, and a complete arm crown with stretched out,
subparallel arms. The arm crown is 53 mm long and

preserves the remains of 391 small arm hooks. They are
arranged in rows, which can be assigned to at least seven
arms. The stylet-shaped arm hooks are of varying size,
ranging up to 3.2 mm long. The proximal parts of the
hook-rows are associated with elongated phosphatized
fields. These fields are up to 25 mm long, between 1 and
2 mm wide, and bear very fine longitudinal striations
which likely represent musculature. Depending on how
these fields are counted (because the visible separation of
the fields varies strongly), there are between six and nine
distinct fields. When accepting the higher number, the
maximum width is around 1 mm. There appears to be a
gap between the distal end of these phosphatized fields
and the distal 28 mm of the arms. This gap is present in
all of the visible arms, suggesting a primary structure
differentiating the proximal from the distal portions. A
few arm hooks are present between these fields, though
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the majority of aligned hooks are clustered in the distal
section.

Acanthoteuthis speciosa Munster, 1839
(Fig. 2)

Specimen HT 02/2, original of Klug et al., (2016, supple-
ment, p. 8, figs. S4, S5).

Stratigraphy Lithographic Limestones, Beckeri-zone,
Ulmense subzone, Rebouletianum horizon, uppermost
Kimmeridgian.

Locality Ochselberg Quarry near Zandt, Bavaria (Ger-
many), Germany.

Description of arm crown The entire specimen measures
440 mm from the tips of the arms to the apex of the ros-
trum. The head foot-complex is exceptionally preserved,
displaying statocysts with statoliths (Klug et al., 2016,
supplement), cephalic cartilage, body outline, jaws and
the arms. The arms are up to 120 mm long and nearly 300
hooks are discernible. The arm hooks belong to the Acan-
thuncus morphotype and show the characteristic changes
from the proximal to distal parts of the arm crown. Prox-
imally, the hooks are small and almost straight, while
those in the mid-section are much larger, strongly curved
and have a large uncinus. Distally, they become shorter
again. Between the hook rows, UV-photos (Fig. 2a) show
fine phosphatized lines that run parallel to the hook rows.
These lines are up to 1.5 mm wide and between 15 and
about 70 mm long. Traces of about 10 such lines are vis-
ible particularly in the proximal half of the arms. Several
are linked with the phosphatized surface surrounding the
jaws.

Acanthoteuthis sp.
(Fig. 3)

Specimen KI306, Etches collection.

Stratigraphy Kimmeridge Clay, Kimmeridgian.

Locality Kimmeridge Bay, United Kingdom.

Description of arm crown The body outline as indicated
in Fig. 3b is about 180 mm long. The specimen preserves
the ink sac and duct, an imprint of the phragmocone,
phosphatized remains of the mantle musculature and
parts of the arm crown. Four arms (up to 60 mm long)
are reasonably complete with the majority of the arm
hooks being preserved. The hooks look like those of A.
speciosa and Belemnotheutis antiquus (Acanthuncus
morphotype), an issue of systematics of these taxa that
will need clarification in the future. The arm hooks are
up to 6 mm long and display the characteristic change in
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size and shape from the arm base (smaller, less curved)
to the middle hooks, which are the largest and most
strongly curved back to the distal ones, which are gently
curved sinusoidally and small. Between the arm hooks,
phosphatized longitudinal structures are discernible.
These are 1-2 mm wide and up to 16 mm long. Some
are longitudinally striated (Fig. 3a insert). Based on these
structures and the groupings of arm hooks, we identified
remains of eight of the ten arms. The remaining two arms
might be missing because the adjacent slab was likely
already lost when the specimen was found.

Belemnotheutis antiquus Pearce, 1842
(Fig. 4)

Specimen NHMUK 25966, Natural History Museum, Lon-
don; original of, e.g., Owen, (1844) and Pearce, (1847).
Stratigraphy Oxford Clay, Athleta Zone, upper Callovian,
Locality Christian Malford, Wiltshire, United Kingdom.
Description of arm crown This specimen is included for
its excellent preservation and historical importance. It
is also remarkable because it tells a story of the classical
conflict between collectors and well-informed layper-
sons on the one hand (such as the amateur palaeontolo-
gists Mary Anning, who first discovered belemnotheutid
materials in 1826, and Joseph Pearce, who introduced the
genus and species in 1842) and professionals on the other
hand, sometimes arrogant like Richard Owen, (1844) in
this context, or correct such as Gideon Mantell, (1848).
See Donovan and Crane, (1992) for a detailed historical
report and description of the taxon.

The specimen is about 243 mm long. It is complete
and preserves the phragmocone (72 mm long) with the
proostracum, which is largely covered by the phos-
phatized mantle musculature (81 mm long and 48 mm
wide in its flattened state). The head region is also phos-
phatized but is poor in anatomical detail. The centre dis-
plays a 10 mm wide crescent-shaped structure, which is
tentatively interpreted as part of the jaw. The arm crown
is very well preserved and shows the remains of at least
seven arms with more than 240 distinct arm hooks, rang-
ing between 1 mm (proximally and distally) and 5 mm
(about 20-30 mm from the tips) in length, showing the
previously mentioned shape change. Each double row of
arm hooks is accompanied by an elongate phosphatized
structure, which is 1-5 mm wide. It is unclear whether
these structures represent the complete arms or parts
thereof. Since it is a historic specimen, it is conceiv-
able that parts of arm width were lost due to preparation
efforts (for a photo see Clements et al., 2017).
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Fig. 3 Acanthoteuthis sp., KI306, Etches collection, Kimmeridgian, Kimmeridge Bay (United Kingdom). Photo by Terry Keenan. a photo of specimen,
with magnified detail to show the striation of the axial nerves. b Sketch of the specimen

Order Diplobelida Jeletzky, 1965
Chondroteuthis wunnenbergi Bode, 1933
(Figs. 5, 6)

Specimen BGR MA 13436 (described in Hoffmann et al.,
2017, specimen two therein).

Stratigraphy Posidonia Shale, Falciferum Zone, Toarcian,
Early Jurassic.
Locality Hondelage
Germany.
Description of arm crown The specimen is complete
and preserves the rostrum and phragmocone remains,
imprints of parts of the proostracum, the ink sac with

near Brunswick, northern

ink duct (Fig. 5) and a complete arm crown (Fig. 6). The
entire specimen measures 170 mm from the apex of the
rostrum to the tip of the arms. The arms are quite slender
and up to 60 mm long. About 190 arm hooks are discern-
ible, ranging between 0.2 and 3 mm in length, with the
largest hooks in the middle of the arms. Typical for this
taxon, the hooks are arranged in a single row (instead of
biserial rows) and belong to four different hook morpho-
types (see Hoffmann et al., 2017). The distal arm hooks
appear to be missing, which is likely a taphonomic arte-
fact. The larger hooks have a broad base and a long unci-
nus. These are visible in the overview photograph (Fig. 5),
though to enhance the contrast, another more detailed
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Fig. 4 Belemnotheutis antiquus Pearce, 1847, NHMUK 25966, Christian
Malford, Wiltshire, England, Callovian Oxford Clay; entire animal

with excellently preserved mantle and complete arm crown. Drawing
after the holotype, refigured in Clements et al. (2017)

Fig. 5 Chondroteuthis wunnenbergi Bode, 1933, BGR MA 13436, Hondelage near Brunswick (Germany), Toarcian Posidonia Shale, entire animal
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photograph was taken and inverted to obtain a negative
image of the arm crown. This shows a set of pale stripes
associated with the arm hook-series that likely represent
faint remains of the arms. Within these faint outlines,
light grey lines (Fig. 5, dark in Fig. 6a and light yellow in
Fig. 6b) are visible, which can be traced from the base to
the tip in some of the arms. In total, 10 arm traces could
be identified, but only nine of which display the more
distinct finer internal line. The arms seem aligned in
two bundles. Between the bases of these two bundles, an
oblique connecting line is visible (intrabrachial commis-
sure in Fig. 6b).

Order Spirulida Haeckel, 1866
Spirula spirula (Linnaeus, 1758)
(Fig. 7)

Description The entire specimen is about 40 mm long.
For CT-scanning, the extant specimen was stained with
tungsten. Due to a subsequent staining with iodine,
the specimen was unfortunately destroyed. The com-
plete arm crown was preserved and composed of eight
arms and two tentacles. All of these appendages curved
inwards. The visible part of the arm crown is 6 mm long.
It shows small biserial suckers that extend from the base
to the middle section of the arms, before merging into a
single row at the distal tips. Like the hooks in other spe-
cies, the suckers decrease in diameter towards the arm
tips but have their largest diameter at the first third of the
arm. An orthoslice view cutting through the arm bases
(Fig. 7) shows the central axial nerve cords surrounded
by the arms musculature or slightly moved inwards as
darker spots of 0.19-0.27 mm diameter (arm diam-
eter/nerve diameter =ratio). For a list of measurements,
see Table 1. The shell has a diameter of 14 mm and 26
chambers.

with ink sac and duct as well as phragmocone and rostrum. The ammonite may be a hammatoceratid or harpoceratid. White light
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Fig. 6 Chondroteuthis wunnenbergi Bode, 1933, BGR MA 13436, Hondelage near Brunswick (Germany), Toarcian Posidonia Shale. a Arm crown,
inverted white light photo by RH; arm hooks appear whitish, the axial nerves are dark. b Drawing after a. Pink—outlines of arms; black—arm hooks;
light yellow—Tlightly phosphatized structures; grey—dark spots in the sediment
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Fig. 7 Orthoslice made from a CT-data volume (left) and histological section (right) cutting through the arm bases and buccal mass of Spirula
spirula (Linnaeus, 1758). The arm bases encircle the buccal mass. Each arm has longitudinal muscle fibres surrounding an indistinctive grey mass.
The darker spot in the central or subcentral position represents the axial nerves. The ratio between arm diameter and nerve diameter varies
between 6:1 in dorsal arms and 4:1 in ventral arms
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Table 1 List of arm measurements and proportions of Spirula

spirula
Arm Arm diameter Axial nerve Ratio arm/
[mm] diameter [mm] nerve
diameter

1 161 0.25 6.44

2 145 027 537

3 118 0.21 5.62

4 1.16 0.19 6.11

5 1.22 0.22 555

6 1.19 0.23 5.17

7 1.19 0.25 4.76

8 1.15 0.21 548

9 1.41 0.27 522

10 1.61 0.26 6.19

Superorder Octobrachia Haeckel, 1866
Order Vampyromorpha Robson, 1929

Remarks Here, we briefly summarize anatomical infor-
mation about the arm crown as it was obtained in the ini-
tial descriptions by Fischer and Riou, (1982, 2002) as well
as the re-descriptions using synchrotron data published
by Kruta et al., (2016) and by Rowe et al., (2022, 2023).

Proteroctopus ribeti Fischer & Riou, 1982
(Fig. 8)

Specimen MNHN.ER03801, holotype of Fischer and
Riou, (1982).

Stratigraphy Koenigi Zone, early Callovian, Middle
Jurassic.

Locality La Voulte-sur-Rhéne, Ardéche, France.
Description of arm crown Like Vampyronassa, the holo-
type of P ribeti is extremely well preserved, showing
detail rarely seen in other coleoid fossils. The holotype
measures about 120 mm in length with a 68 mm long
mantle (Kruta et al., 2016: p. 2, Fig. 8a). Fins are clearly
visible. The head is rather short with big eyes, though
neither reveal a lot of anatomical detail. By contrast, the
arm crown is complete and shows suckers and internal
anatomical details. In fig. 1F of Kruta et al. (2016) and in
Fig. 8b, ¢, the axial nerve cords are evident in the tomo-
graphic image. At an arm diameter of about 2.5 mm, the
axial nerve is about 0.5 mm wide.

Vampyronassa rhodanica Fischer & Riou, 2002
(Fig. 9)

Specimen MNHN.F.B74244, paratype of Fischer and Riou
(2002)
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Fig. 8 Proteroctopus ribeti Fischer & Riou, 1982, MNHN.F.R03801.

A Photograph by P. Loubry, reproduced with permission, CR2P. B
PPC-SRUCT (ESRF-ID, ID 19, voxel size 44,5 um) slice of arm crown
showing axial nerve (coronal view). C Cross section of the arm crown.
Arrow is pointing to the axial nerve seen at the centre of the arm
musculature seen in Band C

Stratigraphy Koenigi Zone, early Callovian, Middle
Jurassic.

Locality La Voulte-sur-Rhone, Ardeche, France.
Description of arm crown MNHN.F.B74244 has under-
gone some rotation and compaction prior to fossilization,
though many of the original soft tissues are preserved in
3D (Rowe et al., 2022). The overall length (posterior-most
tip of the mantle to the distal tip of the dorsal arms) of
the specimen measures approximately 97 mm. There is
no evidence that V. rhodanica possessed an ink sac. The
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Fig. 9 Vampyronassa rhodanica Fischer & Riou, 2002, MNHN.F. R03801. A Photograph by P. Loubry, reproduced with permission, CR2P. B PPC-SRuCT
(ESRF, ID 19, voxel size 25 um) slice of arm crown showing axial nerve in the centre of the arm crown (coronal view). The suckers are also visible. C
Cross section of the arm crown. Arrow is pointing to the axial nerve seenin b

head, which is fused to the mantle, preserves both eyes.
Their position and subspherical shape (about 5-7 mm in
diameter) likely reflect the compaction of the specimen.
Eight arms are visible in the arm crown (Fig. 9). The
preserved length of the two dorsal arms is about 43 to
51 mm. This is approximately equivalent in length to the
mantle (about 46 mm). The configuration of the arma-
ture on the dorsal arms comprises two distally positioned

uniserial suckers, flanked by biserial cirri. The suckers are
about 2 mm in diameter.

The six non-dorsal arms are shorter and their pre-
served length ranges from 24 to 36 mm. Up to ten uni-
serial suckers are visible per arm, and range in diameter
from 1.6 mm (proximally) to 0.8 mm (distally). These
are continuous along the length. Biserial cirri flank
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Fig. 10 Plesioteuthis prisca (Ruppell, 1829), HT 77/23, Daiting
(Germany), Tithonian Moernsheim Formation. Specimen is 317 mm
long

these suckers. They have a similar diameter and same
tapering pattern as the suckers.

The axial nerves of each of the arms are visible in the
PPC-SRuCT slices Fig. 9b, c. They are most prominent in
the dorsal arms where, in the distal half of the arm, they
range in diameter from about 0.2—0.6 mm. The width of
the arms in this section varies from 1.6 to 2.9 mm. In the
non-dorsal arms, the axial nerve size range is 0.3—0.7 mm
and the arm width varies between 1.4 and 2.4 mm. It
should be noted that the compression of the soft tis-
sue prior to fossilization has likely altered the preserved
diameter of these elements.

The suckers of V. infernalis are radially symmetrical,
and each has a conical, Vampyroteuthis-like attachment.
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There is no clear attachment to the internal arm
musculature.

Plesioteuthis prisca (Rippell, 1829).
(Figs. 10, 11, 12)

Specimens HT 73/152, HT 77/23 (col. H. Tischlinger) .
Stratigraphy Moernsheim Formation, Moernsheimensis
subzone, Hybonotum Zone, Lower Tithonian, Jurassic.
Locality Daiting near Monheim, Bavaria, Germany.
Description of arm crown Two specimens of P. prisca are
discussed here because they both display a peculiarly
preserved arm crown. HT 77/23 (Figs. 10, 11c, d) is a
complete specimen measuring 317 mm from arm tip to
the tip of the gladius. The mantle length is approximately
250 mm and partially covers the gladius. The conus is
heavily phosphatized like the muscular mantle. The gla-
dius is hardly phosphatized at its anterior edge and hence
not well preserved there. The ink sac and duct are clearly
visible. The head (Fig. 11c, d) is preserved on a slight
angle, possibly due to necrolytical processes. It displays
an oval structure, 13 mm long and 11 mm wide, which we
interpret to be an imprint of the cephalic cartilage. The
arm crown is preserved as seven phosphatized elongate
structures of about 1 mm width each. All but one arm
are curled inward, as seen in an exceptionally preserved
specimen from the Kimmeridgian of Painten (BMMS
617a, Klug et al, 2015: fig. 2). The Painten-specimen,
however, has much thicker arms, which display their
cirri. In most other specimens, including those with land-
ing marks (Klug et al., 2015: fig. 7) that sometimes accu-
rately reflect arm proportions, the arms are much thicker
proportionally (Additional File 1).

Specimen HT 73/152 is quite similarly preserved
(Figs. 11a, b 12). It measures 320 mm from arm tip to gla-
dius tip and also displays a strongly phosphatized mantle,
the remains of an ink sac and duct, as well as the gladius.
The head displays a limonitic stain on the phosphatic
mass, which is here interpreted as jaw remains. Like in
HT 77/23, this specimen preserves seven to eight fine,
lightly phosphatized structures, which are about 1 mm
wide. Correspondingly, these proportions support the
interpretation that it is not the arms but rather the axial
nerve cords, which are preserved here.

Ancestral state reconstructions

The analyses show a strong phylogenetic signal in the
habitat distributions of crown group coleoids (Fig. 13).
The oldest nodes (crown Cephalopoda and crown Cole-
oidea) contain the highest uncertainty, both slightly
favouring a pelagic habitat with a probability of about
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Fig. 11 Plesioteuthis prisca (Rippell, 1829), Daiting (Germany), Tithonian Moernsheim Formation. a, b HT 73/152 ¢, d HT 77/23 detail of Fig. 8

2/3. This high uncertainty likely stems from the necessar-
ily poor sampling of the Nautilus lineage, but also from
the reconstruction of the basal coleoid dichotomy, where
the crown octobrachian node is reconstructed with high
probability (79%) as pelagic, while the most recent com-
mon ancestor of crown decabrachians most likely (88%)

had a coastal habitat. Within both superorders, our analy-
sis recovered a single habitat transition. Within Octobra-
chia, this switch occurred at the base of the Octopodidae,
which is reconstructed as coastal with high probability
(78%). Conversely, the transition between coastal and
pelagic decabrachians was estimated at the node
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Fig. 12 Plesioteuthis prisca (Rippell, 1829), HT 73/152, Daiting (Germany), Tithonian Moernsheim Formation. a UV-light. b White light. ¢

Interpretative sketch

containing Oegopsida+ Spirulida (74%). The transition
rate for the change in habitat was estimated to a mean
of 0.0019 per million years, with a median of 0.0017 and
a 95% highest posterior density interval between 0.0002
and 0.0043. Thus, on average, a single lineage would be
expected to transition between habitats only once in 500
million years, indicating a very slow transition rate.

Discussion

Taphonomy
In the past decades, experimental studies such as those

of Clements et al., (2017) have shown the differential
decay and preservation potential of coleoid organs. Cle-
ments et al., (2017: fig. 4) found that the mantle was quite
resistant to decay, which coincides with the fact that it
is often preserved in platy limestone Lagerstétten such
as Solnhofen-Eichstitt (Germany), Hadjoula and Haqel
(Lebanon), etc. They observed a significant difference
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Fig. 13 Bayesian ancestral state reconstruction of cephalopod habitat distribution. Tree from Tanner et al,, (2017) based on transcriptomic data.
Pie charts at nodes represent posterior probabilities of states. Coastal habitats are essentially restricted to the photic zone, while pelagic species are
either vertical migrants or deep-sea inhabitants. Note the independent secondary invasion of the pelagic habitat within decabrachians and the shift

from pelagic to coastal habitat within octobrachians

in the rate of decay in the arms of octobrachians versus
decabrachians. This was reflected in the pH levels, which
stayed conducive to phosphatization in octobrachians,
though was too high for preservation in the decabrachi-
ans (Clements et al,, 2017: fig. 2). Interestingly, suckers
of decabrachians were lost after three days, while octo-
brachians appear to be taphonomically more resilient.
Despite the differences in necrolysis and the accord-
ing character loss, a fast burial is still required to obtain
the superior preservation seen in the coleoids from La
Voulte-sur-Rhone (Fuchs & Hoffmann, 2017; Kruta et al.,
2016; Rowe et al., 2022, 2023). The decabrachian tissue
connecting the head and mantle decayed after about one
week, and the mantle tissue supporting the anterior mar-
gin of the gladius broke down after about 10 days. These
results are consistent with the states observed in the two
Plesioteuthis prisca specimens depicted in Figs. 11 and 12
where the head in HT 77/23 is offset from the body, and
the gladius extends anteriorly beyond the mantle in both
specimens.

The selective preservation of axial nerves seen here is
supported by the results of decay experiments on chor-
dates by Sansom et al., (2010). They observed that the
dorsal nerve chord, (i.e. nerve tissue), was preserved
for 130 days. Accordingly, the preferential preservation
of the principal arm nerves when compared with man-
tle tissue becomes understandable. The correctness of
their interpretation is, to some degree, supported by the
reasonably widespread preservation of the cephalopod
cephalic cartilage in Mesozoic coleoids and maybe even
in some exceptionally preserved ammonoids (e.g., Fuchs,
2006a, 2006b; Fuchs & Larson, 2011a, 2011b; Klug et al.,
2012, 2016, 2019; Jattiot et al.,, 2015; Klug & Lehmann,
2015; Donovan & Fuchs, 2016; Lukeneder & Lukeneder,
2022).

Homologization of body parts

Identification and homologization of fossilized soft
parts is often challenging. This is due, in part, to the
selective preservation of tissues, the different modes of
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preservation (including mineralization), and compression
prior to fossilization, which is quite common in conser-
vation deposits such as black shales and platy limestones.
Hence, special attention must be paid to homologization.

The axial nerve cords can be identified based on their
position, both the location within the arm crown and
their association with the rows of arm hooks, as well as
their structure, though this is more difficult to assess as
nerve cells are not preserved and there are no surface
structures to support the interpretation. Nevertheless,
in these specimens, the number, diameter in relation to
arm thickness, and the association with the head region
suggest that both criteria are fulfilled. In the vampy-
romorphs from the Middle Jurassic of La Voulte-sur-
Rhoéne, the axial nerve cords are actually preserved in
three dimensions and still are surrounded by the arm
musculature, thus confirming their nature (Kruta et al.,
2016; Rowe et al., 2022, 2023). The criteria of embryol-
ogy and continuity can only partially be evaluated. The
embryonic development of the discussed fossil coleoids
is unknown. Nevertheless, the presence of neuronal
strands in the arms is well-documented in recent cole-
oid embryos (Shigeno et al., 2001: fig. 2). By contrast,
continuity is given since the axial nerve cords are now
documented from several important clades from the
fossil record (Fig. 13).

Evolution of the arm crown and its nervous system

The oldest arm crowns of coleoids are those of Gordoni-
conus beargulchensis (AMNH 50267/AMNH 43264)
from the Carboniferous of Montana (Klug et al., 2019 and
references therein; Whalen & Landman, 2022). The early
coleoid fossil Syllipsimopodi bideni, published by Wha-
len and Landman (2022: fig. 4), shares size, proportions,
conch shape, preservation, locality and stratum with the
conspecific G. beargulchensis as supposed by Klug et al.
(in press). Their specimen (ROMIP 64897) preserves an
arm crown, corroborating the finding of Klug et al. (2019)
that this species had ten arms. It appears that the arm
length was not uniform in this species (primarily or as
a taphonomic artefact?), similar to the Middle Jurassic
vampyromorphs from La Voulte-sur-Rhone (Kruta et al.,
2016; Rowe et al., 2022). All arms were described with
small suckers.

To date, no traces of the nervous system in fossilized
arm crowns are known from the Palaeozoic (arm hooks:
Doguzhaeva et al., 2007). Although phragmoteuthid arm
crowns are reasonably well documented from the Triassic
(Doguzhaeva et al., 2018; Fuchs & Donovan, 2018; Fuchs,
2006a; Lukeneder & Lukeneder, 2022; Rieber, 1970), they
do not show the axial nerve cords. The oldest axial nerves
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described in the literature belong to the Toarcian Chon-
droteuthis wunnenbergi presented here.

The Middle Jurassic vampyromorphs from La Voulte-
sur-Rhone (Kruta et al., 2016; Rowe et al., 2022, 2023)
represent the most convincing examples of preserved
axial nerves cords and provide the greatest anatomi-
cal detail. Although the intrabrachial ganglia are indis-
cernible in the fossil material, the morphology of the
suckers in these specimens is now well documented;
the large suckers with a large infundibulum might indi-
cate the presence of ganglia in front of each sucker as in
modern octobrachians. This suggests that these Jurassic
forms already had the ability to coordinate precise move-
ments. In contrast, nautilids lack the brain structure for
an elaborate control of the arm (Budelmann, 1995). The
digital tentacles and cirri of modern nautilids have an
axial nerve cord (Kier, 2010; Nixon & Young, 2003) but
lack suckers and the associated intrabrachial ganglia.
Noteworthy, upon bait stimulation the grooved tentacle
tips show a first initial chemosensory response followed
by a tactile one (Nixon & Young, 2003). The type of arm
armature and how the arms are used could therefore be
related to the complexity and structure of the central
nervous system. Nautilus is considered to have a much
simpler nervous system compared with other cephalo-
pods, while octobrachians have larger brachial and pedal
lobes compared to decabrachians due to their advanced
use of arms (Budelmann, 1995). Although fossil central
nervous systems are rare, a complex arm armature could
therefore provide indirect evidence for the complexity of
the nervous system. The data on arm armature (suckers,
hooks) and remnants of the axial nerve cords seem to
indicate complex nervous systems were already present
in the Palaeozoic.

Studies of the evolution of the nervous system in Pal-
aeozoic cephalopods are hampered by the fact that even
if arm crowns were discovered, the placement of the ori-
gin of the Nautilus lineage is uncertain (compare, e.g.,
Kroger et al,, 2011; Pohle et al., 2022). This complicates
interpretations of evolutionary transitions near the ceph-
alopod crown group.

Ecological implications

Cephalopods are world-renowned for comprising some
of the most intelligent invertebrates (e.g., Budelmann,
1995; Crook & Basil, 2008; Nixon & Young, 2003; Schnell
et al,, 2021). What ecological drivers brought molluscs to
this point? We cannot provide a satisfying reply to that
question yet. However, we hypothesize that a combina-
tion of factors was at play, including changes in locomo-
tion, habitat, and the need to process sensory input from
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Fig. 14 Coleoid phylogeny (modified after Kroger et al,, 2011) with illustrations of the nervous system (yellow), eyes (blue) and statocysts
(turquoise) of some fossil and modern representatives of important coleoid clades. Nautilus after Budelmann (1996: fig. 4), Gordoniconus after Klug
etal, (2019), Phragmoteuthis after Lukeneder and Lukeneder, (2022), Acanthoteuthis after material presented here and Klug et al,, (2016), Spirula
after Huxley and Pelseneer, (1895) and Trombke, (2016: fig. 2, 7-9), Sepia after Budelmann, (1996: fig. 1), Octopus after Haeckel (1904: pl. 54)

and Chung et al, (20223, 2022b: fig. 6, 7), Proteroctopus after Kruta et al,, (2016), Vampyronassa after Rowe et al,, (2022: fig. 1, 5)
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an increased number of sensory cells, as well as ecologi-
cal factors such as rising predatory pressure (e.g., Klug
et al,, 2017; Vermeij, 1977). The data on the axial nerve
cords, which we present here, suggest that the nervous
system was already highly evolved in early coleoids (see
also Klug et al., 2019) far back in the Palaeozoic.

The axial nerve cords did not deliver much informa-
tion regarding likely ecological drivers of coleoid evo-
lution. Unsurprisingly, the brain has a larger potential
there. As demonstrated by Nixon and Young, (2003),
the brains of cephalopods are as diversified as the group
itself. In Fig. 14, we present a first overview of the nerv-
ous systems of cephalopods including axial nerves and
the brains with the optical lobes through phylogeny. So
far, not much is known about the nervous system in the
body, hence these were tentatively reconstructed based
on close relatives. Eye-size varies quite substantially in
relation to body size and of the depicted taxa: the deepest
diver, Spirula spirula, has the largest eyes (e.g., Huxley &
Pelseneer, 1895; Nixon & Young, 2003; Trombke, 2016).
Surprisingly, the optic lobes vary much less in size than
the eyes, although the brain of Spirula also appears large
in relation to body size. When only the body chamber
or soft body in the proostracum region is considered in
phragmocone-bearing forms, they also have rather large
brains in relation to body (chamber) size.

Remarkably, Spirula appears to have rather large stato-
cysts when compared with other cephalopods (Huxley
& Pelseneer, 1895; Trombke, 2016). This seems logical
given they inhabit the deeper parts of the water column
where orientation is hampered by low light conditions
and the distance to the sea-floor. By contrast, one might
hypothesize that phragmocone-bearing forms are perma-
nently informed about their spatial orientation by their
gas-filled phragmocone and thus orient themselves with
the gas-filled space usually situated above (e.g., Denton
& Gilpin-Brown, 1966; Hoffmann et al., 2015; Jacobs,
1996; Naglik et al., 2016; Peterman et al., 2021; Tajika
et al.,, 2015; Ward, 1979, 1987; Ward & Martin, 1978).
Of course, the statocysts also allow the animal to ori-
ent itself in the water, both for swimming direction and
vertical movement. Hence, sensitive statocysts are more
important for non-benthic forms that are nocturnal
and/or migrate below the euphotic zone. In the case of
Spirula, it was recently demonstrated that they occasion-
ally swim with their head facing upward (Lindsay et al.,
2020), which seems counter-intuitive since balancing on
the gas-filled phragmocone must be difficult and an inef-
ficient use of energy. Nevertheless, the spirulid phragmo-
cone contains a considerable amount of chamber liquid,
thereby facilitating these movements. Of course, a refined
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sense of spatial orientation helps minimize the energetic
cost of such actions.

Chung et al., (2022a, 2022b) discovered relationships
between brain structure in modern cephalopods and
habitat as well as habit. According to these authors, octo-
brachians with subdivided optic lobes and 7-gyrus verti-
cal lobes are characteristically diurnal species that inhabit
the photic zone, while nocturnal species have bean-
shaped optic lobes and 5-gyrus vertical lobes (Chung
et al,, 2022a). Similarly, croissant-shaped optic lobes are
typical for diurnal sepiids, while they are bean-shaped in
nocturnal species (Chung et al., 2022b). Vampyroteuthis
has a simple vertical lobe and bean-shaped optic lobes
and is a deep-sea dweller. This suggests that the bean-
shaped optic lobes are typical for forms that live under
low light conditions.

Transferring this knowledge of Chung et al.,, (2022a,
2022b) to extinct coleoids is hampered by the usually
insufficient preservation of the neuroanatomy and the
impossibility to observe their behaviour. Additionally,
while the host rock of fossils informs us to some degree
about the palaeoenvironment but it does not allow con-
clusions on the exact habitat depth especially when the
species under consideration was not benthic or demer-
sal. Our ancestral state reconstructions (Fig. 13) of
habitat suggest that light conditions played an impor-
tant role in coleoid evolution, as switches between shal-
low and at least partly deep habitats occurred relatively
rarely. We are aware that the ancestral state reconstruc-
tions have several shortcomings such as the relatively
low species coverage, reliance on a single tree despite
considerable uncertainties in coleoid phylogenetics (see,
e.g., Tanner et al., 2017; Sanchez et al., 2018; Anderson
& Lindgren, 2021; Lindgren et al., 2022) and the use of a
relatively simplistic model that assumes equal transition
rates. Despite this, the signal for the transitions between
coastal and pelagic species is quite strong. Therefore, we
suggest that these factors do not greatly impact the over-
all result, though they might contribute a higher amount
of uncertainty.

Although we did not include fossil taxa in the ancestral
state reconstructions (Fig. 13), we can obtain some infor-
mation on their habitats from the sediment and associ-
ated fauna. This can then be compared to their assumed
phylogenetic positions as an independent test.

Concerning the oldest complete coleoid Gordoniconus
(Klug et al., 2019), the associated fauna suggests a photic
zone habitat (Horner & Hanson, 2020). Eyes are not pre-
served but fragments of the cephalic cartilage are. With
some reservation, we suggest a pelagic and nocturnal
mode of life, because we assume that their bactritid and
orthocerid ancestors had a rather passive nektoplanktic
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mode of life as vertical migrants (Kroger, 2003), which
rose to shallower water during the night. A potential bias
roots in drifting conchs (e.g., Wani et al., 2005; Yacobucci,
2018). However, Gordoniconus is fairly common, and sev-
eral specimens preserve soft tissue-remains (Klug et al.,
2019), which are unlikely to be preserved in drifted shells.

Phragmoteuthids are known from several Trias-
sic localities in the Alps such as Polzberg (Lukeneder
& Lukeneder, 2021, 2023). Fauna, flora and facies sug-
gest an epipelagic to mesopelagic environment. Their
widely accepted phylogenetic position as the last com-
mon ancestors of Decabrachia and Octobrachia coin-
cides with the possibly predominantly coastal habitat of
stem decabrachians recovered in our Bayesian ancestral
state reconstruction of cephalopod habitat distribution
(Fig. 13). The cephalic cartilage is unusually well pre-
served (Lukeneder & Lukeneder, 2022) and displays a
quite constricted shape of the optic lobe, providing the
anatomical interpretation of these strange cartilages are
correct. Chung et al., (2022a, 2022b) found that diurnal
octobrachians have distinctly constricted optic lobes
while in nocturnal taxa, the optic lobes are more bean-
shaped. Presuming the interpretation of its anatomy is
correct, Phragmoteuthis would thus have been diurnal.

The cephalic cartilage of the stem decabrachiate Acan-
thoteuthis is reasonably well known (Klug et al., 2016:
fig. 1b). It is quite constricted, suggesting a diurnal
mode of life in the lagoons of the Solnhofen-Eichstitt-
Nusplingen archipelago. The same likely applies to the
Cretaceous stem octobrachiate Dorateuthis syriaca from
Lebanon (Fuchs & Larson, 2011a, 2011b). The ques-
tion arises whether diurnal vertical migration is likely in
basins with oxygen impoverished bottom waters. This
might be explained by the fact that some organisms do
not sink below the twilight zone (Watanabe et al., 2006;
Hifker et al., 2017; Kaartvedt et al., 2020), but of course,
the lagoons of the Solnhofen archipelago were likely less
deep (Kolbl-Ebert & Cooper, 2019). In any case, moving
to deeper and thus darker parts of the sea during daylight
still was an important strategy to escape predation. The
more coastal habitat of many living decabrachians groups
coincides with the coastal habitat of stem decabrachians
of Germany and Lebanon.

In several respects, the vampyromorphs from the Mid-
dle Jurassic of La Voulte-sur-Rhéne show the best soft
tissue preservation currently known (Kruta et al., 2016;
Rowe et al., 2022, 2023). However, their cephalic cartilage
is hardly discernible in the tomography images. Despite
this, the complex palaeoenvironment of La Voulte-sur-
Rhone “represents a bathyal ecosystem in an offshore
environment with steep, fault-controlled bathymetric
gradients” (Rowe et al,, 2022: p. 1; see also: Charbon-
nier, 2009; Charbonnier et al., 2014). Although the fossil
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assemblage has yielded rare arthropods that are adapted
to (eu) photic conditions (Vannier et al., 2016), it is likely
that the cephalopod species considered in the present
study had a rather deep and certainly pelagic habitat. The
general anatomical similarity of at least Proteroctopus
and Vampyronassa to the modern Vampyroteuthis sug-
gests a life below the photic zone although we lack direct
evidence for the habitat depth (Charbonnier et al., 2014).
The supposed photophores of Vampyrofugiens atramen-
tum (Rowe et al., 2023) at least suggest a partially dark
habitat like in modern Vampyroteuthis. Palaeobathym-
etry often suffers from poor evidence and in the case
of the La Voulte-sur-Rhone Lagerstitte, the vampyro-
morphs have been used as evidence for a bathyal habi-
tat. The different facies and palaeogeographic setting of
the La Voulte-sur-Rhéne and Solnhofen regions reflect
the contrasting depositional depths of the two locali-
ties: the complex bathymetry and mix of habitats at La
Voulte-sur-Rhone, and the shallow platy limestones of
the Solnhofen region were laid down in shallower water.
In turn, this suggests a certain diversity in habitat depths
of extinct vampyromorphs (e.g., Kostak et al., 2021; Klug
et al,, 2021b), which is not surprising taking the higher
diversity of Jurassic vampyromorphs (about four families
with ten genera; see Fuchs et al., 2020) as opposed to the
single living species into account.

Overall, neuroanatomical data of Palaeozoic and Meso-
zoic coleoids are still very patchy (Fig. 14). Based on this
sparse evidence and the ancestral state reconstructions,
we suggest the following hypotheses, which require more
anatomical data of additional species to be adequately
tested:

Hypothesis 1: The earliest coleoids (Hematitida, Dono-
vaniconida,? Aulacoceratida) had a tube-like body cham-
ber, which lacked a long forward projecting proostracum.
Their bactritid ancestors were diurnal vertical migrants,
possibly spending the days in the deep and the nights in
shallower water.

Hypothesis 2: Proostracum-bearing predatory ten-
armed coleoids (Phragmoteuthida, Belemnitida, Diplo-
belida) of the Triassic and Jurassic were diurnal and
inhabited photic zone habitats.

Hypothesis 3: The neocoleoid crown group originated
from diurnal forms of the photic zone.

Hypothesis 4: The split into decabrachians and octo-
brachians was initially linked with a preference for shal-
lower habitats in decabrachians and for deeper habitats
in octobrachians. Both clades diversified ecologically
later with subclades living in coastal and pelagic habitats
in both coleoid clades.
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Conclusions

We document neuroanatomical details of several Meso-
zoic coleoid species, which were poorly known previ-
ously. For example, we portray the axial nerve cords of
Acanthoteuthis, Belemnotheutis, Chondroteuthis, Plesio-
teuthis, Proteroctopus, Sueviteuthis and Vampyronassa.
Axial nerve cord preservation varies from 3D in the
material from la Voulte and flattened phosphatized lines
in the other Jurassic materials. We discuss the preserva-
tion modes and taphonomy of the arm crown of Meso-
zoic coleoids.

The new data are combined with data from the lit-
erature to provide an overview of the neuroanatomy of
several important extinct and extant coleoid clades. The
comparison with modern octobrachians and ancestral
state reconstructions suggest that a differentiation in
habitat depth and diurnal versus nocturnal mode of life
might have played an important role in the evolution of
the Coleoidea. We propose four hypotheses concerning
these evolutionary processes, which require further cole-
oid species preserved with neuroanatomical detail to test
them.
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Conservation exceptionnelle des tissus mous de céphalopodes coléoides mésozoiques : les
clés d’une histoire

Résumé : Les coléoides (seiches, calmars et pieuvres) représentent 99 % des quelque 800
especes de céphalopodes modernes et jouent un réle clé dans les écosystémes marins actuels.
Comme ils sont principalement a corps mou, ils sont rarement conservés dans les archives
fossiles et les relations entre les groupes fossiles et modernes restent floues. Cela empéche
d'établir une chronologie bien étayée de 1'origine des clades modernes et des changements de
niches €cologiques paléo- et modernes. Heureusement, certains Lagerstitten mésozoiques
conservent des tissus mous et les progres des techniques d'imagerie non destructives offrent de
nouvelles voies pour les études anatomiques. Cette thése se concentre sur les coléoides de deux
Lagerstitten dont les paléoenvironnements et la préservation sont contrastés.

Les fossiles 3D uniques de l'environnement bathyal de La Voulte-sur-Rhéne (Callovien,
France) et les fossiles 2D des calcaires d'eau peu profonde du Crétacé supérieur (Cénomanien
et Santonien) du Liban sont étudiés en utilisant une combinaison de techniques d'imagerie a
haute résolution (par exemple, les scans pCT, XRF, RTI). Plusieurs spécimens
de Vampyronassa rhodanica de La Voulte-sur-Rhone ont ¢té imagés a l'aide de la
microtomographie a rayons X, ce qui a permis de réexaminer l'anatomie des tissus mous. Les
comparaisons entre les taxons fossiles et les taxons existants, y compris le seul membre de la
famille existant, Vampyroteuthis infernalis, ont démontré que les caractéres des
Vampyroteuthis étaient présents dans les taxons jurassiques. Ces recherches ont également
permis d'attribuer un nouveau taxon, Vampyrofugiens atramentum. Dorateuthis syriaca est
abondant dans les affleurements libanais (~9 My). Une étude, la plus grande pour D.
syriaca, combinant 1'imagerie a haute résolution et des mesures complétes sur 54 individus, a
permis de réévaluer l'holotype et l'espece, révélant des informations systématiques et
¢cologiques jusqu'alors inconnues. Ces techniques d'imagerie permettent une analyse
comparative significative entre les coléoides mésozoiques et les coléoides existants et
démontrent leur diversité écologique et leur importance au cours du Mésozoique.

Abstract: Coleoids (cuttlefish, squid, and octopuses) represent 99% of the ~800 species of
modern cephalopods and play key roles in modern marine ecosystems. As they are
predominantly soft-bodied, they rarely preserve in the fossil record and relationships between
fossil and modern groups remain unclear. This prevents a well-supported timeline outlining the
origination of modern clades and shifts to paleo- and modern ecological niches. Fortunately,
some Mesozoic Lagerstitten preserve soft tissues, and advances in non-destructive imaging
techniques offer new pathways for anatomical studies. This thesis focuses on coleoids from two
Lagerstitten with contrasting palaecoenvironments and preservation.

The unique 3D fossils of the bathyal La Voulte-sur-Rhone (Callovian, France), and the 2D
fossils from the shallow-water limestones of the Upper Cretaceous (Cenomanian and
Santonian) of Lebanon are studied using a combination of high-resolution imaging techniques
(e.g., uCT scans, XRF, RTI). Multiple specimens of Vampyronassa rhodanica from La Voulte-
sur-Rhone, were imaged using X-ray microtomography, enabling a re-examination of soft
tissue anatomy. Comparisons between fossil and extant taxa, including its only extant family
member, Vampyroteuthis infernalis, demonstrated that Vampyroteuthis characters were present
in Jurassic taxa. These investigations also enabled the assignment of a new
taxon, Vampyrofugiens atramentum. Dorateuthis syriaca is abundant in the Lebanese outcrops
(~9 My). A study combining high-resolution imaging and comprehensive measurements on 54
individuals, the largest for D. syriaca, enabled the reappraisal of the holotype and species,
revealing previously unknown systematic and ecological information. These imaging
techniques enable meaningful comparative analysis between Mesozoic and extant coleoids and
demonstrate their ecological diversity and importance during the Mesozoic.

Exceptional preservation of soft tissues in Mesozoic coleoid cephalopods: The keys to a story
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