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Foreword 

 

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 et 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; Kröger et al. 2011; Tanner et al. 2017; 

Uribe & Zardoya 2017; Sanchez et 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 

Haeckel (1904) 



(Tanner et al. 2017, López-Córdova et al. 2022). Current coleoid diversity is more recent, and 

crown groups originated in the Mesozoic (Tanner et al. 2017, López-Córdova 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 (Lagerstätten). 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 et 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, µXRF 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 et al. 2011, 2013, 2016; Gueriau et al. 2018).  

Among the known Mesozoic Lagerstätten preserving a wealth of coleoid material with 

exceptionally preserved soft tissues, the localities of La Voulte-sur-Rhône (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: 

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

and internal organs of Mesozoic coleoid taxa. 



• Provide higher resolution taxa descriptions and allow comparative analyses between 

Mesozoic and extant forms.  

• 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 Lagerstätten 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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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 (Idiosepius) 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 2011b; Hanlon & Messenger 2018; Ponder et al., 2020). In Octobrachia, 

Octopus wolfi (Wülker 1913) has a maximum total length of 45 mm (Jereb & Roper 2010), 

while the Giant Pacific Octopus (Enteroctopus dofleini (Wülker 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 2011a). 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 2011a; Ponder 

et al. 2020; Fuchs et 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 2011a; 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. 

 

  

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; Kröger et al. 2011, Nixon 2011a; Bizikov & Toll 2016, Fuchs et al. 2016a;   

 
 

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).  
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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 IUCN 

Red List (Kemp et al. 2012; Xavier et al. 2015). Indeed, 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). 

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 
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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; Ibáñez et al.2021a). Stomach contents are direct evidence to understand diet (Rodhouse 

& Nigmatullin 1996; Ibáñez 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; Ibáñez 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 et al. 2014; Golikov 

et al. 2019; Košťák 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 OAE1 at Heligoland; 

the first record of a post-Mesozoic vampyromorph is Oligocene in age (Košťák et al. 2021). As 

this vampyromorph also employed a bathyal, low-oxygen lifestyle, Košťák 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 et al. 2006; Kröger 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 (Kröger 

2005; Kröger 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 (Kröger 

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 (Kröger et al. 2011; Tanner et al. 2017).  

The first known cephalopod forms preserved the external septate shell (Yochelson et al. 1973) 

and gained a ventral siphuncle, which allowed their chambered shells to become gas-filled 

(Yochelson et 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 (Kröger & 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 et al. 2022). They were also able 

to expand their habitats from shallow marine- to almost all marine environments (Kröger & 

Yun-Bai 2009; Kröger 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 (Kröger & 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 

(Kröger & 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; Kröger & 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; Kröger 

et al. 2011; Tanner et al. 2017; Klug et al. 2019; Mapes et al. 2019; López-Córdova 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 (Kröger 

2005). This divergence time is supported by the fossil record for known stem group coleoids 

(Kröger & 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 (López-Córdova 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 (López-Córdova 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 et 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; Kröger 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 et al. 2012; Uribe & Zardoya 

2017; Lindgren & Anderson 2018; Anderson & Lindgren 2021; Fernández-Álvarez et al. 2022; 
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López-Córdova 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 et al. 2016; Fuchs 2020; Fuchs 

et al. 2020) as it has a relatively high potential for preservation (Lindgren et 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., Rüppell 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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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 (2006a, 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; Kröger 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.  





Chapter 1 - An overview 

15 
 

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 LAGERSTÄTTEN 

Though the record of Mesozoic Octobrachia is dominated by fossil gladii, a limited number 

of Lagerstätten 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 Haqel, 

Hjoula and Sahel Aalma (Bottjer et al. 2002; Fuchs 2006a; Fuchs & Larson 2011a, 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 Lagerstätten of Christian Malford, 

UK (Wilby et al. 2004, 2008; Hart et al. 2016) and La Voulte-sur-Rhône, 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). 

 

 

Figure 1.7: A representation of key Mesozoic Lagerstätten. In the Lower Jurassic (Pliensbachian–Toarcian) these 
Lagerstätten include the black shales of the Ya Ha Tinda Lagerstätte (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 Lagerstätte (Ardeche, France). The Upper Cretaceous includes the lithographic 
limestones of Haqel, Hjoula, and Sahel Aalma (Lebanon). All images from Fuchs (2020). Scale bars are 10 mm 
unless otherwise indicated.  
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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 et al. 2019). There are six coleoid genera from these 

Lagerstätten, which belong to the Prototeuthina (Paraplesioteuthis), Loligosepiina (Loligosepia 

Jeletzkyteuthis, Geopeltis, Parabelopeltis), and Teudopseina (Teudopsis). 

 

Posidonia Shale Lagerstätte: The famous Posidonia shales (Posidonienschiefer Formation) 

belong to the Lias Group of western and northern Europe, which outcrop as bituminous ‘oil’ 

shales in numerous Lagerstätten 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 et al. 2023) and was punctuated by short term oxic 

pulses (Röhl et al. 2001) that were driven by sea-level changes (seasonal variations 

superimposed on long-term trends) (Röhl et al. 2001). 

The classic ‘Posidonia Shale Konservatlagerstätte’ 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. 2021b), crinoids (Hess 1999; Matzke 

& Maisch 2019), benthic bivalves and brachiopods (Röhl et 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 et 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 et al. 2023). 

 

Ya Ha Tinda: Contemporaneous in age, the black shales and organic-rich (shaley) siltstones of 

the Fernie Formation of Ya Ha Tinda Lagerstätte (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 Lagerstätte outside of Europe, and the only Jurassic 

Lagerstätte 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 et 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 et al. 2017; Maxwell & 

Martindale 2017; Muscente et al. 2019; Sinha et al. 2021). Coleoid gladii, ink sacs, and mantle 

tissues (Marroquín et 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 Lagerstätte was deposited on the northwestern margin 

of the Tethys Ocean and forms part of the Lower Jurassic Lias Group. Located near Ilminster 

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 palaeocoastline (Williams et al. 2015; Sinha et al. 2021), likely in a localized lagoon, mud 

flat, or similar quiet-water environment (Sinha et 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 Lagerstätte (Ardeche, France). Ten coleoid genera have been 

described from these Lagerstätten 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 Lagerstätte 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 et 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 Lagerstätte 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.  





Chapter 1 - An overview 

22 
 

Biozone) (Elmi 1967) is in south-eastern France (Ardèche) adjacent to the Rhône 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 Lagerstätte 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 et 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; Košťák et al. 2021). Though the epipelagic waters of the Lagerstätte 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; Košťák et al. 2021). 

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

 

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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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 km2 (Villalobos-Segura et al. 2023). 

Fossils have been recorded from the site since the middle of the 19th 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 Lagerstätte (Klug et 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 et 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 (Košťák et al. 2021). 

 

Schamhaupten: The Lageratsätten is located in the southern Franconian Alb, near the village of 

Schamhaupten in the Eichstätt 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, 



Chapter 1 - An overview 

25 
 

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 Lagerstätte 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 Altmühl 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 Mörnsheim, Kelheim, Eichstätt, Langenaltheim, Painten). However, the 

morphology of these taxa appears homogeneous (Fuchs 2007). 

 

1.5.4 ~ Upper Cretaceous 

The lithographic limestones of the Lebanese Lagerstätten 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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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.  

 

Haqel, Hjoula, and Sahel Aalma: The sub-lithographic, Sannine Limestone (~650 m max 

thickness) (Fuchs & Larson 2011a) of Haqel and Hjoula are located approximately 10 km east 

of Byblos (Jbail) (Charbonnier et 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 (Hückel 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). 

Hâdjoula 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 

Haqel. 

Much of what we know about Mesozoic Octobrachia stems from fossilized gladii and soft 

tissues preserved at these Lagerstätten 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 Lagerstätte 

(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-Rhône in France, the 

Late Jurassic German Lagerstätten 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 Lagerstätten 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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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-Rhône), and the Upper Cretaceous 

Lebanese localities, and how various imaging methods have enhanced the current knowledge 

about the soft tissues of Mesozoic Octobrachia.  

 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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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 19th 

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 IUCN 

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 et 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 et 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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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). μCT enables the imaging of internal or histological elements of small specimens (< 

1mm) 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 et 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-µCT) 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-µCT brings improved edge detection and makes it easier to discriminate between similarly 

absorbing materials (Gueriau et al. 2016). PPC-SR-µCT 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 μCT 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 et 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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The two V. infernalis specimens were both scanned at the AMNH (NY, USA) with a voxel 

resolution of 36.29µm, and 15.25µm 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 44.15µm (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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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 et 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 µCT 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-Rhône 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 Lagerstätten of Christian Malford, UK (Wilby et al. 2004, 2008; 

Hart et al. 2019) and La Voulte-sur-Rhône, 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-Rhône Lagerstätte offers rare insight into a deeper marine-

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

In addition to the depositional setting, La Voulte-sur-Rhône 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 et al. 2016; Audo et al. 2019; 

Jauvion 2020). This makes La Voulte-sur-Rhône an important locality for the study of coleoid 

evolution. 

3.1 GEOLOGICAL SETTING  

Today, the Lagerstätte is an abandoned quarry in the Ravin des Mines (Fig. 3.1), near 

the town of La Voulte-sur-Rhône in Southeast France (Ardèche). The entire section is dated to 

the Lower Callovian age, specifically, the Gracilis Biozone (Elmi 1967). Paleogeographic 

reconstructions position the locality on the Ardèche margin, adjacent to the submerged Massif 

Central (=Hercynian crystalline basement) on the North-West and the Rhône 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 et al. 2014). 
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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). 

 

Figure 3.3: Stratigraphic column of the La Voulte-sur-Rhône Lagerstätte, showing the horizons of the major fossil 
occurrences in the Gracilis Zone. Modified from Villier et al. 2009. 
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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 palaeoenvironmental and palaeoecological 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 et al. 

2016, 2017, 2020a, b) have continued to include palaeoecological 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-Rhône 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° 

I.D.1743 and n° I.D.1744 respectively) and assigned it the name Plesioteuthis gevreyi Roman, 

1928; (p. 112, pl. IV, fig. 1, 2).  This specimen would later be redescribed with more clarity as 

Romaniteuthis gevreyi by Fischer & Riou (1982b).  

In 1982, Fischer & Riou published two papers that are foundational to the study of coleoid 

cephalopods from La Voulte-sur-Rhône (Fischer & Riou 1982a, 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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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-Rhône 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:  

● Rowe, A.J., Kruta, I., Landman, N.H., Villier, L., Fernandez, V. and Rouget, I., 2022. 
Exceptional soft-tissue preservation of Jurassic Vampyronassa rhodanica provides new 
insights on the evolution and palaeoecology of vampyroteuthids. Scientific 
Reports, 12(1), p.8292. 

● Rowe, A.J., Kruta, I., Villier, L. and Rouget, I., 2023. A new vampyromorph species 
from the Middle Jurassic La Voulte‐sur‐Rhône Lagerstätte. 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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Abstract: Eight coleoid genera have so far been described

from the Callovian-aged La Voulte-sur-Rhône Lagerst€atte

(c. 165 Ma; Ard�eche, 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-Rhône 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-

ence of Octobrachia-type arm musculature and

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-Rhône Lagerst€atte.

JURASS IC coleoid diversity is mostly recorded from the

Lower Jurassic Lagerst€atten 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 et al. 2004; Fuchs 2014)

and La Voulte-sur-Rhône, 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-Rhône, 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).

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 et 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-Rhône, 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-Rhône

(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-Rhône.

Indeed, recent tomographic analysis of an arthropod

specimen (Thylacocephalan, Dollocaris) (Vannier et al. 2016)

contradicts the deep-water environment hypothesis for La

Voulte-sur-Rhône. Analysis of its eyes and stomach con-

tents indicates that Dollocaris was a visual ambush predator,

which suggests that its palaeoenvironment 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-

Rhône, 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-Rhône, 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 Mus�eum national d’Histoire

naturelle (MNHN), Paris, France.

The specimen was imaged using propagation phase

contrast synchrotron x-ray microcomputed tomography

(PPC-SR-lCT) at the European Synchrotron Radiation

Facility (ESRF, ID 19 beamline, Grenoble, France), at

both a 12.64 lm (entire specimen) and 3.5 lm (arm

crown) voxel size (see Rowe et al. 2022 for acquisition

methods and http://paleo.esrf.fr/ for data and metadata).

The resulting PPC-SR-lCT files were manipulated in

ImageJ 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-Rhône, 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, Mus�eum national

d’Histoire naturelle, Paris, France; ZMB, Museum f€ur 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.

2 PAPERS IN PALAEONTOLOGY
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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-D8BF-

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-Rhône, 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 c. 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-lCT slices (Fig. 1D) with the most ante-

rior part terminating slightly posteroventrally to the eyes.

The combination of lCT 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

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-lCT 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, c. 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-lCT 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-Rhône 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

c. 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-lCT 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-lCT
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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F IG . 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.

F IG . 1 . Photograph, 3D rendering, and PPC-SR-lCT slices (binned dataset, voxel size: 25.28 lm) 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-lCT 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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distally into the base of the acetabulum. Proximally, they are not

clearly attached to the arm muscle. The infundibular muscle

lines are also preserved on some of the suckers (Fig. 7A).

Pronounced ovoid cavities encircle the outer margins of most

suckers. They are not uniform in size (they range up to c.

230 lm in diameter) and do not appear to be connected to each

F IG . 3 . 3D rendering and PPC-SR-lCT slices (binned dataset, voxel size: 25.28 lm) 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-lCT 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).
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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, c. 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-Rhône as being often >1 cm (Briggs &

Crowther 2008).

Gladius. The PPC-SR-lCT 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-lCT 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

widthmax : gladius length) is moderate (0.4). The median field

ratio (median field widthhypz : hyperbolar zone length) is slender

(0.26) with an opening angle (between the inner asymptotes) of

c. 17°. It features two very long hyperbolar zones (hyperbolar

zone length :median field length ratio, 0.84) that extend into

moderate lateral fields (lateral fields widthmax : median field

widthmax 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-Lagerst€atten, such as La Voulte-sur-Rhône,

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

F IG . 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-lCT slices (ESRF, binned dataset, voxel size: 25.28 lm); 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-lCT
slice; ESRF, binned dataset, voxel size: 25.28 lm). Scale bars represent: 10 mm (A); 2 mm (B, E); 1 mm (C–D).
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taxonomic and ecological implications of these characters

can still be challenging. This is reflected in the new spe-

cies described here.

Gladius. The gladius is the key diagnostic element used

in fossil coleoid systematics; indeed, it forms the basis for

the current taxonomy of Mesozoic coleoids (Young &

F IG . 5 . 3D renderings and PPC-SR-lCT slices showing arm crown elements of MNHN.F.A32491 (binned dataset, voxel size: 7 lm).

A, rendering of the arm crown in dorsal and ventral view showing eight arms in the undifferentiated arm crown. B, PPC-SR-lCT 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-lCT 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).
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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 (Marroqu�ın et al. 2018). Additionally, the samples

are preserved only in varying degrees and often show

compaction or loss of taxonomic characters (Marroqu�ın

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; Kr€oger et al. 2011; Kruta et al. 2016;

Sutton et al. 2016, Ko�s�t�ak et al. 2021).

One established diagnostic feature is the configuration

of growth lines present on the gladius (Fuchs 2006; Fuchs

& Weis 2008; Marroqu�ın 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 lCT 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

F IG . 6 . A–C, slices (PPC-SR-lCT, binned dataset, voxel size: 7 lm) of an arm of MNHN.F.A32491 in: A, cross-section; B, coronal;

C, longitudinal view. D, on the left, an illustration by N€odl (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 et al. 2011). In MNHN.F.A32491 the bundles of longitudinal muscle seem to be the

best preserved. All scale bars represent 500 lm.

8 PAPERS IN PALAEONTOLOGY
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F IG . 7 . 3D renderings (top) and PPC-SR-lCT, and lCT slices (bottom) of sucker profiles: A, Vampyrofugiens atramentum. PPC-

SR-lCT slice (binned dataset, voxel size: 7 lm); B–C, dorsal (B) and non-dorsal (C) arms of Vampyronassa rhodanica

(MNHN.F.B74244) (PPC-SR-lCT, binned dataset, voxel size: 25 lm); D, Vampyroteuthis infernalis (AMNH IZC 361496; lCT, voxel
size 38.40 lm) (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 lm (A–D); 2 mm (E); 5 mm (F); (bottom row

PPC-SR-lCT and lCT slices) 400 lm (A); 1 mm (B–C); 500 lm (D); 5 mm (E); 10 mm (F).

F IG . 8 . PPC-SR-lCT slices (ESRF, binned dataset, voxel size: 7 lm) 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-lCT slice. C, F, rendering in longitudinal and

coronal view, respectively, of the same sucker. D, PPC-SR-lCT 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 lm (A–B, E); 200 lm (C, F); 2 mm (D); 500 lm (inset

in D).
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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) (Marroqu�ın et 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).

10 PAPERS IN PALAEONTOLOGY
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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.

F IG . 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

M€unster, 1846. Gladius illustrations are for morphological comparison and not to scale.

ROWE ET AL . : A NEW VAMPYROMORPH SPECIES 11
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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-Rhône (Fischer & Riou 2002), none

has so far been positively identified using lCT (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 Lagerst€atte

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-Rhône 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 K€olliker’s organs seen in

some extant octopod juveniles, however, in the extant

forms the K€olliker’s organs are present in both the arm

12 PAPERS IN PALAEONTOLOGY
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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 palaeoenvironment and complex ecological net-

works at La Voulte-sur-Rhône 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 Ard�eche

margin to the Rhône basins. However, the diverse ecology

of selected taxa from the site has raised questions regard-

ing the palaeoenvironmental 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 palaeoenvironment 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-Rhône 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-Rhône 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 Onychoteuthis banksii and

F IG . 10 . Hypothesized reconstruction of Vampyrofugiens atramentum gen. et sp. nov. based on the data from this study (A. Lethiers,

CR2P).
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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-

Rhône, 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-Rhône, 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-Rhône 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-Rhône shows that it was

more widespread in Jurassic vampyromorphs than it is

today.

If all of the coleoids described from La Voulte-sur-Rh-

ône 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-lCT 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-Rhône.

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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PPC-SR-lCT scan data and lCT scan data for

MNHN.F.A32491 are archived at the European Synchro-

tron Radiation Facility (ESRF), Grenoble (http://paleo.

esrf.fr/), and the Mus�eum national d’Histoire naturelle

(MNHN), Paris (http://coldb.mnhn.fr/catalognumber/

mnhn/f/a32491), respectively. RTI data are available here:

https://doi.org/10.48579/PRO/QIYKGW.
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Geodiversitas, 36, 489–525.
AUDO, D., ROBIN, N., LUQUE, J., KROBICKI , M.,

HAUG, J. T., HAUG, C., JAUVION, C. and CHARBON-

NIER, S. 2019. Palaeoecology of Voulteryon parvulus (Eucrus-

tacea, Polychelida) from the Middle Jurassic of La Voulte-sur-
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Chapter 3: La Voulte-sur-Rhône 

84 
 

DISCUSSION 

3.6 ~ LIMITATION OF THE LAGERSTÄTTE 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 et al. 2022 was able to add distinct states to 4 characters in the previous 

matrix (Sutton et 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-Rhône 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-Rhône 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 palaeoecological 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-Rhône 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 1982b; 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 et 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-Rhône 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-Rhône, Proteroctopus ribeti, Vampyronassa 

rhodanica, and Vampyrofugiens atramentum, have been reappraised using high-resolution 

imaging techniques (Kruta et 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-Rhône. 

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.  

 

 



Chapter 3: La Voulte-sur-Rhône 

93 
 

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 II) 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 & Riou1 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 II 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 35.9 32 

Sessile arm length (Shortest) 30.7 23.6 30.5 

Mantle (body) length (mid eye to 
posterior) 43 46 45.6 

Total body length (body + longest 
dorsal arms) 94.2 96.5 102.6 

Total body length (body + longest 
sessile arms) 76.3 82 77.4 

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) 1.6 1.8 N/A 

Cirri height - sessile (Shortest) 0.5 0.9 N/A 

Cirri diameter - sessile (largest) 1.8 1.8 0.8 

Cirri diameter - sessile (smallest) 0.8 1 1 

Cirri height - dorsal (longest) 1 2.2 1.1 

Cirri height - dorsal (Shortest) 3.2 N/A 0.8 

Cirri diameter - dorsal (largest) 0.8 1.6 0.8 

Cirri diameter - dorsal (smallest) 1.7 0.7 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 
width 0.4 0.5 N/A 0.4 0.5 0.4 0.3 0.3 N/A N/A 

Acetabular 
cavity width 0.7 1.0 N/A 0.5 0.4 0.5 0.5 N/A N/A N/A 

Sphincter 
distance N/A N/A N/A 0.5 0.4 0.5 0.5 N/A N/A N/A 

Sucker height 
(external) 0.7 0.7 N/A 0.8 0.7 0.5 0.5 N/A N/A N/A 
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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 Arm B 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 2.3 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):  Sucker 1 
(Proximal) 

Sucker 
2 Sucker 3 Sucker 4 Sucker 5 

(Distal) 

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 
at base 0.4 0.5 0.5 0.6 0.7 0.7 0.7 0.6 0.7 0.6 0.5 0.4 0.5 0.6 

Distance btwn 
cirri  1.9 1.7 1.4 1.1 1.1 0.8 0.7 0.4 0.6 0.6 0.5 N/A N/A N/A 
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Supplementary Table S4c: Sample arm (Arm Pair IV) sucker measurements: V. infernalis 

(YPM IZ 18279.GP) 

Sample Arm:  Sucker 1 
(Proximal) 

Sucker 
2 

Sucker 
3 

Sucker 
4 

Sucker 5 
(Distal) 

Infundibulum width 0.10 0.96 0.07 0.13 0.14 

Acetabular cavity 
width 0.26 0.20 0.25 0.54 0.26 

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 19492.  

 V. rhodanica 
MNHN.B.74247 

V. rhodanica 
MNHN.B.74244 

V. rhodanica 
MNHN.B.74243 

V. infernalis 
(Pickford2) 
Mean 

Absolute Size 43 46 46 
49.2 (male); 

59.5 (female) 

Head Width Index 0.56 0.49 0.51 0.94 

Length of Longest 
Arm (Dorsal) 54.4 52.3 55.6  

Length of Longest 
Arm (Sessile) 43.9 43.8 41.3 63 

Longest:shortest 
arm (Dorsal) 59.9 46.7 53.3  

Longest:shortest 
arm (Sessile) 91.6 65.7 95.3 72 

Sucker diameter 
index (Dorsal) 5.6 4.8 3.9  

Sucker diameter 
index (Sessile) 3.9 3.5 3.7 3.7 

Cirri length index 
(Dorsal) 2.3 5.2 2.4  

Cirri length index 
(Sessile) 3.7 3.9 N/A 8.5 

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 Pickford2. 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 Pickford2, 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 IZ 18279.GP, and AMNH IZC 361496). Ratios 

were adapted from Pickford (1949)2 

Sucker ratios: MNHN.B.74244 YPM IZ 
18279.GP 

AMNH 
IZC 361496 Ratio Equations 

Infundibulum 
size ratio 31 17 13 Largest measurement x 

100/sucker diameter 

Cirri diameter 
ratio 3.5 N/A 1.9 Largest measurement x 

100/mantle length 

 

 

RATIOS:  

Absolute Size (Mantle Length): 

V. infernalis sizes were taken from Pickford2. 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 & Riou1. 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 Pickford2 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 

Pickford2 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 III-V in V. rhodanica, the ratios listed in Supplementary 

Table S5a utilized just arm pairs III – 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%. Pickford2 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 

 

III) MICROTOMOGRAPHY  

The three V. rhodanica fossils were initially imaged using X-ray Computed Tomography 

(µCT) 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 µm. At 

the ESRF, the experiment was done at the ID19 beamline using propagation phase-contrast X-

ray synchrotron microtomography (PPC-SRµCT). 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 µm. 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-acquisition3). 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 software4 using the 

single distance phase retrieval approach5 generating stack of 32-bits files. Follow up post-

processing included: ring corrections6; 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. 

Specimen ID gap Filters energy  ODD 

voxel 

size exposure projection 

MNHN.B.74247  W150B  55 

mm 

W: 0.5 mm Cu: 6 

mm Al: 2.8 mm 

136.3 

keV 

16 m 12.64 

µm 

0.1 s 4998 

MNHN.B.74243 W150B  55 

mm 

W: 0.5 mm Cu: 6 

mm Al: 2.8 mm 

136.3 

keV 

16 m 12.64 

µm 

0.1 s 4998 

MNHN.B.74244  W150B  55 

mm 

Cu: 8 mm Al 2.8 

mm 

112 keV 16 m 12.64 

µm 

0.1 s 4998 

 

Imaging of extant V. infernalis were done using µCT at the Microscopy and Imaging 

Facility of the American Museum of Natural History (New York, USA). The resulting voxel 

size were 38.40 µm (AMNH IZC 361496) and 18.25 µm (YPM IZ18279.GP). Both specimens 

were stained in a 1% PTA solution prior to scanning.  



Chapter 3: La Voulte-sur-Rhône 

104 
 

 Final CT data were reduced in size using ImageJ 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 IZ18279.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-µCT, ESRF). (c) 
MNHN.B.74247 (PPC-SR-µCT, 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-µCT, ESRF).  
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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. (c) Slice 
(PPC-SR-µCT, ESRF) of the same sucker.  

Supplementary Fig. 4. Simplified illustrations of the sucker and attachment types (in profile) of (a) Decabrachia, 
(b) Octobrachia, (c) Vampyromorpha. (a,b) adapted from Fuchs, Hoffmann, & Klug7. (c) adapted from Young & 
Vecchione8. (i) infundibulum, (a) acetabulum, (sr) sucker ring, (p) muscular, piston-like attachment. 
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Supplementary Fig.6: (a) Axial slice (PPC-SR-µCT, ESRF) (b) 3D reconstruction and (c) sagittal slice (PPC-SR-
µCT, ESRF) of MNHN.B.74244 showing the presumed displaced cartilage.  

 

 

 



 



 

 

 

 

 

 

CHAPTER 4 : THE LEBANESE PLATTENKALKS: A WINDOW ON THE 

INTRASPECIFIC VARIATION OF FOSSIL OCTOBRACHIA 
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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; El Hossny & Cavin 2023). As noted in chapter one, the four 

Lagerstätten date from the Upper Cretaceous and are separated by around 9 to 10 million years: 

the Haqel, 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 et al. 2015). 

Unlike the three-dimensional preservation seen at La Voulte-sur-Rhône – 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-

Rhône, 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 et 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 Lagerstätten 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 

Haqel, 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 Lagerstätten, 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. 

 

  

 

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 

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.  
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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 Lagerstätten. 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 et al. (in prep). Supplementary information for this work is included at the 

end of the chapter to facilitate reading.  
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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 

Lagerstätten (Donovan & Fuchs 2016). In the Jurassic, these include the Pliensbachian–

Toarcian Ya Ha Tinda Lagerstätte (Alberta, Canada), the Toarcian Posidonia shales of 

Holzmaden (Germany), the Callovian deposits of La Voulte-sur-Rhône (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; Marroquín 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 Lagerstätte, 

coleoids are most abundant in three outcrops: Haqel, Hjoula (Cenomanian) - also referred to in 

the literature as Hâdjoula, Hâkel - 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, Haqel (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 

Lagerstätte deposits of Hjoula, Haqel, and Sahel Aalma. Each deposit shows some variation in 

the depositional environment and fossil assemblage.  

Figure 1: (A) Geographic location and stratigraphic position of the main coleoid-bearing localities of Haqel, Hjoula, 
and Sahel Aalma. Modified from Jattiot et 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 et 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 Haqel 

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 (n = 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 = 8). The remaining 7 individuals are also from the Lebanese Lagerstätten, 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: 

• µXRF 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). 

• Reflectance Transformation Imaging (RTI), MNHN, Paris, France (10 specimens). 

• UV light photography (MNHN), (5 specimens). 

• UV-visible-near infrared multi-spectral imaging (MSI), IPANEMA Platform, 

SOLEIL Synchrotron, Saint-Aubin, France (3 specimens). 

• 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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Specimen Imaging Type Equipment/ 
Beamline 

Illumination/
Excitation 

Beam 
size/Full 

field 

Acquisitio
n/ Dwell 

time 
Fig 

BMNH 
C5017 

(Holotype) 
µXRF M6 Jetstream 

Bruker XRF 
Rhodium 

anode, 50 kV 100µm 2000 ms 3 A, B; 
13 A 

 RTI - - - - 3C - E 

 
Photograph (UV 

light) - - - - 3 F, G 

 
Photograph (Natural 

light) - - - - 4 E, F 

BHI 2201 Photograph (Natural 
light) - - - - 4 A, B 

MNHN.F.A
88588 

Photograph (Natural 
light) - - - - 4 C, D 

 µXRF 
PUMA 

Beamline 
SOLEIL 

monochrome 
18.2 KeV - - 13 B; 14 

B 

BHI 2205 Photograph (Natural 
light) - - - - 4 G, H 

 µXRF iXRF - - - 13 D 

 
Photograph (UV 

light) - - - - 14 F 

private 
collection 

Photograph (Natural 
light) - - - - 4 I, J 

BHI 2229 Photograph (UV 
light) - - - - 8 A 

BHI 5779 Photograph (UV 
light) - - - - 8 C 

BHI 2203 Photograph (UV 
light) - - - - 8 E 

NHMW199
8z0105/000

0 
Photograph 

Lukeneder & 
Harzhauser 

2004 
- - - 8 F 

 Photograph 
Lukeneder & 
Harzhauser 

2004 
- - - 9 F 

MNHN.F.A
88589 µXRF M6 Jetstream 

Bruker XRF 
Rhodium 

anode, 50 kV 180 µm 500 ms 9 B; 13 
C 

 
UV-visible-near 

infrared multispectral 
imaging 

IPANEMA 
Platform 

385 nm, green 
luminosity 

(514 
- 30000 ms 9 C 
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Photograph (Natural 

light) - - - - 11 A 

 RTI - - - - 
11 B-D, 
K-M; 12 

A 

 
Photograph (UV 

light) - - - - 14 E 

MNHN.F.5
0396 RTI - - - 6 seconds 9 D 

 Photograph Jattiot et al. 
2015 - - - 9 E 

BHI 2222 Photograph (Natural 
light) - - - - 9 F 

MNHN.F.A
50400 RTI - - F-stop: 

10 25 seconds 9 I 

MNHN.F.R
06746 RTI - - F-stop: 8 8 seconds 11 F, H 

 
Photograph (UV 

light) - - - - 11 G 

BHI 2213 Photograph (Natural 
light) - - - - 11 I, J 

MNHN.F.A
88590 RTI - - F-stop: 7 6 seconds 12 B 

BHI 2219 Photograph (UV 
light) - - - - 12 E 

NPL52121 Photograph (Natural 
light) - - - - 14 A 

BHI 2212 Photograph (Natural 
light) - - - - 14 C 

BHI 2227 Photograph (Natural 
light) - - - - 14 C 

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. 

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, c, 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. 

µXRF 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. 

µXRF 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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Figure 3: The holotype (BMNH C5017) of D. syriaca as illustrated by multiple non-destructive imaging techniques. 
(A) µXRF 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). RTI and µXRF 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 2011a), 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. 

 

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, c - 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. 5A, 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. 

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 Haqel (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).  

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 total), 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. 4I, 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 2011a, 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). 

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: µXRF 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. 

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 et 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). µXRF 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 et 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). 

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) µXRF 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. 
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Figure 11: Hypothesized beak reconstruction for D. syriaca based 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 caecum; (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, c – coprolite, cr – crop, cs – caecal 
sac, e – 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. 12I, J), the location of this indicates that the aperture 

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

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 (n = 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. 3,1e) 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 

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

Figure 14: Oar-shaped fins of D. syriaca. (A) NPL52121, natural light; (B) MNHN.F.A88588, µXRF 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 µXRF mapping, which could possibly represent oviductal 

glands (Figs. 12K-M, 8B). 

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 et 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 Lagerstätten, 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. 

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 µXRF, 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 et 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 et 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 et al. 2001). As the 

current systematic framework for Mesozoic coleoids has many inherent, widely recognized 

uncertainties (Young & Vecchione 1996; Lindgren et al. 2004; Kruta et 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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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. levante from Haqel with alternating circular suckers. The µXRF 

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). 

 

 

Figure 4.3: Images of AMNH 135058 (ventral view) showing the elemental map (A) resulting from µXRF 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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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 Lagerstätten, 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 palaeoecological 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 Lagerstätte 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 µXRF 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 Lagerstätte outcrop for paleontological studies. This 

would provide a reference not just for coleoids in the Lebanese Lagerstätte deposits but could 

be extrapolated as a framework on the variation of soft tissue preservation in other taxa. 
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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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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 (Lagerstätten) 

exist where the normal decay processes are interrupted, and the soft-tissue anatomy is retained. 

These Lagerstätten 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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atramentum, that was previously misinterpreted as V. rhodanica. The study on Dorateuthis 

syriaca is 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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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-Rhône.  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-Rhône. 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-Rhône. 

   

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-

Rhône, 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. 
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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 et 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.  



Conclusions & Perspectives 

185 
 

 

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 Lagerstätten 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 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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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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Annex 3: Poster Presentation Multi-approach imaging techniques shed new light on Lebanese gladius-bearing 
coleoids (Awarded best poster prize, 11th International Symposium on Cephalopods Present and Past, London, 
2022) 
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Conservation exceptionnelle des tissus mous de céphalopodes coléoïdes mésozoïques : les 

clés d’une histoire 

Exceptional preservation of soft tissues in Mesozoic coleoid cephalopods: The keys to a story 

Résumé : Les coléoïdes (seiches, calmars et pieuvres) représentent 99 % des quelque 800 
espèces de céphalopodes modernes et jouent un rôle clé dans les écosystèmes marins actuels. 
Comme ils sont principalement à corps mou, ils sont rarement conservés dans les archives 
fossiles et les relations entre les groupes fossiles et modernes restent floues. Cela empêche 
d'établir une chronologie bien étayée de l'origine des clades modernes et des changements de 
niches écologiques paléo- et modernes. Heureusement, certains Lagerstätten mésozoïques 
conservent des tissus mous et les progrès des techniques d'imagerie non destructives offrent de 
nouvelles voies pour les études anatomiques. Cette thèse se concentre sur les coléoïdes de deux 
Lagerstätten dont les paléoenvironnements et la préservation sont contrastés.  
Les fossiles 3D uniques de l'environnement bathyal de La Voulte-sur-Rhône (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 à 
haute résolution (par exemple, les scans µCT, XRF, RTI). Plusieurs spécimens 
de Vampyronassa rhodanica de La Voulte-sur-Rhône ont été imagés à l'aide de la 
microtomographie à 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 caractères 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 l'imagerie à haute résolution et des mesures complètes sur 54 individus, a 
permis de réévaluer l'holotype et l'espèce, révélant des informations systématiques et 
écologiques jusqu'alors inconnues. Ces techniques d'imagerie permettent une analyse 
comparative significative entre les coléoïdes mésozoïques et les coléoïdes existants et 
démontrent leur diversité écologique et leur importance au cours du Mésozoïque. 
 
 
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 Lagerstätten preserve soft tissues, and advances in non-destructive imaging 
techniques offer new pathways for anatomical studies. This thesis focuses on coleoids from two 
Lagerstätten with contrasting palaeoenvironments and preservation.  
The unique 3D fossils of the bathyal La Voulte-sur-Rhône (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., µCT scans, XRF, RTI). Multiple specimens of Vampyronassa rhodanica from La Voulte-
sur-Rhône, 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. 
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