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Intraspecific variation and new morphological
characters revealed by multimodal imaging analysis
on the Late Cretaceous coleoid Dorateuthis syriaca
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Charbonnier, S., and Rouget, 1. 2024. Intraspecific variation and new morphological characters revealed by multimodal
imaging analysis on the Late Cretaceous coleoid Dorateuthis syriaca. Acta Palaeontologica Polonica 69 (4): 607-632.

The Cretaceous outcrops of Haqgel, Hjoula (Cenomanian) and Sahel Aalma (Santonian) in Lebanon are renowned for their
exceptional preservation of coleoid soft tissue in coeval shallow carbonate mud deposits and provide an unmatched op-
portunity to study many specimens of a single species, Dorateuthis syriaca. Despite being the most abundant coleoid from
these localities, 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 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 mor-
phological 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, and an Octobrachia-type digestive
system. We also discount the presence of tentacles, tentacular pockets, and hooks within the arm crown, and we show that
the species definition of D. syriaca is more complex than expected as our sample 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.
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Introduction

In the Mesozoic fossil record, coleoid soft tissues are known
from just a few key Lagerstitten (Donovan and Fuchs 2016).
In the Jurassic, these include the Pliensbachian—Toarcian
(Lower Jurassic) Ya Ha Tinda Lagerstitte (Alberta, Canada),
the Toarcian (Lower Jurassic) Posidonia shales of Holzmaden
(Germany), the Callovian (Middle Jurassic) deposits of La
Voulte-sur-Rhone (France), the Oxfordian Clay Formation
at Christian Malford (England), and the Kimmeridgian—
Tithonian (Upper Jurassic) 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,
2016a; Charbonnier 2009; Charbonnier et al. 2014; Kruta et
al. 2016; Martindale et al. 2017, Marroquin et al. 2018; Hart
et al. 2019; Muscente et al. 2019; Rowe et al. 2022; 2023).
Coleoid soft tissues in the Cretaceous are famously known
from the celebrated lithographic limestones of Lebanon (e.g.,
Fuchs and Weis 2009; Fuchs et al. 2009; 2016a; Jattiot et
al. 2015). In this Lebanese Lagerstitte, coleoids are most
abundant in three outcrops: Hagel, Hjoula (Cenomanian)—
also referred to in the literature as Hadjoula, Hakel—and the
Santonian-aged Sahel Aalma (Woodward 1883, 1896; Roger
1946; Fuchs 2006a, b; Fuchs and Weis 2009; Fuchs et al. 2009;
Fuchs and Larson 2011a, b; Jattiot et al. 2015). The coleoid
assemblage comprise ten genera from the octobrachian sub-
orders Prototeuthina Naef, 1921, Teudopseina Roger, 1952,
and Incirrata Grimpe, 1916 (Fuchs 2020); two of these genera,
Keuppia Fuchs et al., 2009, and Styletoctopus Fuchs et al.,
2009, are positioned as the oldest known representatives of
the Incirrata (Fuchs et al. 2009; Fuchs 2020). From a tapho-
nomic perspective, the soft tissue preservation surpasses that
of the celebrated Solnhofen Limestones, in terms of mor-
phological characters that are preserved (Fuchs 2006a, b;
Fuchs et al. 2007a, b; Fuchs and Weis 2009). The prototeuthid
Dorateuthis syriaca Woodward, 1883, is the most abundant
coleoid in these Cretaceous-aged deposits (Fuchs and Larson
2011a). Despite this, the species lacks unambiguous diag-
nostic characteristics (Fuchs and Larson 2011a; Jattiot et al.
2015). The holotype has been noted to be poorly preserved
(Fuchs 2006a), and many of its morphological characters are
unclear and have been difficult to confirm using classical
optical and UV photographic methods (Fuchs and Larson
2011a; Jattiot et al. 2015). The original species description by
Woodward (1883) included some misinterpretations regard-
ing the arm crown, fins, and gladius elements, which has con-
tributed to ambiguity regarding the exact diagnosis (Roger
1946; Fuchs 2006a, 2007; Fuchs and Larson 2011a; Jattiot
et al. 2015), and systematic placement (Naef 1922; Roger
1946; Bandel and Leich 1986; Fuchs 2006a, 2007; Jattiot et
al. 2015). The current genus-level taxonomic description is
outlined in Fuchs (2020); Fuchs and Larson (2011a) provided
the species-level description. The morphological uncertainty
noted for D. syriaca is widespread for Mesozoic coleoids and
underpins the challenges inherent to the current systematic
framework (e.g., Young and Vecchione 1996; Lindgren et
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al. 2004; Kruta et al. 2016; Sutton et al. 2016; Fuchs 2020;
Whalen and Landman 2022). As such, there is no undisputed
phylogeny that includes fossil and extant Cephalopoda.

Dorateuthis syriaca is known from three Lebanese
localities, Hjoula, Haqgel (Cenomanian), and Sahel Aalma
(Santonian), making the range of the species occurrence
ca. 9-10 Ma. Multiple individuals have been figured (e.g.,
Woodward 1883; Naef 1922; Roger 1946; Fuchs 2006a, b,
2007, 2020; Fuchs and Larson 201la; Jattiot et al. 2015;
Donovan and Fuchs 2016; Klug et al. 2021c) 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 op-
portunity to study the intraspecific variation, and possible
anatomical variance related to taphonomic biases.

This study represents the most comprehensive analy-
sis to date 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 indi-
viduals were examined. The new data reveal previous ana-
tomical misinterpretations, resolve a number of novel char-
acter states for phylogenetic reconstructions (Whalen and
Landman 2022), identify undescribed intraspecific varia-
tion, and provide insight into the lifestyle of the species. The
resulting qualitative and quantitative dataset provides the
most comprehensive understanding to date of the morphol-
ogy of D. syriaca.

Institutional abbreviations.—BHI, Black Hills Institute of
Geological Research, Hill City, South Dakota, USA; CRC,
Centre de Recherche sur la Conservation, Paris, France;
iXRF, iXRF Systems, Austin, Texas, USA; MNHN, Muséum
national d’Histoire naturelle, Paris, France; MNHNL, Musée
national d’histoire naturelle, Luxembourg City, Luxembourg;
MSNM, Museo Civico di Storia Naturale di Milano, Milan,
Italy; NHMUK, Natural History Museum, London, UK;
NHMW, Naturhistorisches Museum Vienna, Austria; NPL,
The University of Texas at Austin, Jackson School Museum of
Earth History, Austin, USA; SOLEIL, Synchrotron SOLEIL,
Saint-Aubin, France.

Geological 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 sec-
tion of Gondwana) in the southern Tethys (Ferry et al.
2007; Fuchs and Weis 2009; Fuchs et al. 2009; Audo and
Charbonnier 2012). Within these warm waters, oscillations
in relative sea-level deposited fine grained, laminated, orga-
nic-rich lithographic limestones in restricted, intra-shelf
depressions (Fuchs 2006a, 2009; Ferry et al. 2007), and
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Fig. 1. Geographic location (A) and stratigraphic position (B). C. Simplified paleogeographic map of the Central Tethys during the Cretaceous. Modified
from Forey et al. (2003) and Fuchs (200b). The encircled L reflects the palacogeographic location of Lebanon.

formed the renowned Lagerstitte deposits of Hjoula, Hagel,
and Sahel Aalma. Each deposit shows some variation in the
depositional environment and fossil assemblage.

Biostratigraphic data indicates that the two older of the
three sites, Haqel and Hjoula, formed somewhat contempo-
raneously in the late Cenomanian (Wippich and Lehmann
2004; Fuchs et al. 2009). Recent work by Lehmann et al.
(2024), refined the biostratigraphy of Hjoula and deter-
mined the outcrop to be early late Cenomanian in age
(Guerangeri Ammonoid Zone). Though Hagel and Hjoula
are located geographically close to one another and share
faunal similarities, they represent separate intra-shelf de-
pressions (Fuchs et al 2009; Jattiot et al. 2015; George et al.
2024). Both outcrops are composed of highly fossiliferous
lithographic limestones, though the sediments at Hjoula are
more bituminous, have higher quantities of pyrite, and con-
tain flint nodules (Swinburne and Hemelben 1994; George
et al. 2024). Each deposit has a high diversity of fossil or-
ganisms, though Hjoula is dominated by crustaceans while
Hagel is renowned for the abundance of small teleost fish
(Forey et al. 2003; El Hosney et al. 2023; George et al.
2024). The chalky laminated limestones of Sahel Aalma
are constrained to the Santonian (Ejel and Dubertret 1966;
Fuchs 2006a), positioning it as ~10 My younger than the
Cenomanian outcrops. In addition to the difference in li-
thology, Audo and Charbonnier (2013) identified taxa in
the faunal assemblage consistent with a deeper depositional
environment (Ferry et al. 2007; Fuchs et al. 2009; Fuchs
and Larson 2011a; Audo and Charbonnier 2013), with a
water depth most probably exceeding 150 m (Audo and
Charbonnier 2013; George et al. 2024).

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 Late Cretaceous fishes (Forey et
al. 2003), arthropods (Roger 1946; Audo and Charbonnier
2013; Charbonnier et al. 2017; Audo et al. 2021), annelids
(Bracchi and Alessandrello 2005), echinoderms (Reich
2004), as well as coleoid, ammonoid, and nautiloid cephalo-
pods (Wippich and Lehmann 2004; Klug et al. 2021b). The
Sahel Aalma outcrop is no longer accessible due to urban
development (George et al. 2024) therefore, most samples in
this study are from the two Cenomanian sites. The coleoid
fauna from these deposits were subject to authigenic miner-
alization and phosphatization of the soft tissues, which has
preserved fine anatomical detail in many specimens (Fuchs
et al. 2009; Fuchs and Weis 2009; Fuchs and Larson 2011a,
b). Phosphatization is quite selective as some tissues (e.g.,
the muscular mantle) commonly recorded, while others
(e.g., digestive organs) are not preserved to the same extent
(Clements and Gabbott 2022).

Material and methods

Material —The sample of Dorateuthis syriaca used in this
study includes 54 individuals selected from a larger group
of 90 individuals, chosen as they preserved a generally com-
plete gladius upon which diagnostic observations could be
made. The individuals included are reposited in the col-
lections of the MNHN (n = 11); NHMUK (n = 2); BHI
(n =29); NPL (n = 1); NHMW (n = 1); MNHNL (n = 1);
MSNM (n = 4), as well as 5 individuals made available
through photographs from a database of co-author DF. The
provenance of the individuals is recorded as Haqgel (n = 3),
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Hjoula (n = 36), and Sahel Aalma (n = 8). The remaining 7
individuals are also from the Lebanese Lagerstatten, though
the precise provenance is not recorded. Specimens are pre-
served either in dorsal, ventral, slight dorso-lateral, or slight
ventro-lateral view (Table 1, SOM: table 1, Supplementary
Online Material available at http://app.pan.pl/SOM/app69-
Rowe etal SOM.pdf). Specimens preserved in fully lateral
view were excluded from this study.

Methods.—In order to retrieve as much anatomical infor-
mation as possible from the sample for systematic, phyloge-
netic and palaeoecological purposes, a series of individuals
was subjected to multimodal imaging. The type of imaging
utilized was based on availability and preservation of the
specimens (Table 2). These non-destructive methods range
from photography in natural light, to techniques that exploit
different physical properties across several regions of the
electromagnetic spectrum (e.g., visible, UV, X-rays).

Optical photography and Reflectance Transformation
Imaging (RTI): High resolution photographs of 11 individu-
als were taken in natural light at the MNHN using a Nikon
D800 camera with either a 100 mm or 50 mm Macro lens
depending on the detail required. Ten individuals were im-
aged with RTI at the MNHN, Paris, France following the
set up outlined in Béthoux et al. (2016). The photographic
equipment included a FlyDome RTI set up (light dome, con-
trol box and reflective black hemispheres) and Canon EOS
5D Mark III digital camera, which was coupled with either
a 100 mm or 50 mm Canon macro lens (without polarizing
filters). The camera lens used, and size of the dome (either
30 cm, or 50 cm in diameter), depended on the size of the
individual fossil. Within the dome, 54 LED lights were posi-
tioned on three rigid rings that encircled the internal surface
at different latitudes. These lights provided the illumination
for the acquisition. The illumination sequence and triggering
of the camera were automated and regulated by a dedicated
control box, which produced a set of 54 photographs. Some
of these individual photographs were used as illustrations
in figures (e.g., Figs. 3A3—As, 4B;, C, 11B, 12B;, 14A,—A,,
15A,, A5 C, 16A, B). Each of the photographic sets were also
used to compute the RTI files using RTIbuilder software
(using the HSH fitter). Reflective black hemispheres placed
adjacent to the fossils during acquisition recorded the posi-
tion of the LED light source during computation.

UV photography: Two types of images were collected
under UV illumination. Classical UV photography was car-
ried out on 11 individuals at the MNHN using a Nikon D800
and either a 100 mm or 50 mm Macro lens with the addition
of two Fluotest Forte lamps, enabling luminescence in the
long wave range at 366 nm. Multispectral UV-visible-near
infrared luminescence imaging was performed on 3 indi-
viduals at the UAR 3461 IPANEMA, Saint-Aubin, France.
Luminescence, and reflection images were collected in var-
ious spectral ranges using an in-house setup consisting of
a low-noise 4.2-megapixel CMOS camera (ORCA-Flash4.0
LT PLUS, Hamamatsu, Japan) with high sensitivity from
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Table 1. Synthesis of the preserved orientation of the individuals and
how the gladius measurements were obtained.

Number of
specimens
Preserved orientations (n=154)
dorsal/ventral (part and counterpart) 8
dorsal 11
ventral 25
dorso/ventral lateral 5
dorso-and-ventral lateral (part and counterpart) 1
unclear 4
Measurement acquisition (gladius)
directly measured 19
straightened 33
composite 2

350-900 nm, fitted with a UV-VIS-IR 60 mm 1:4 Apo
Macro lens (CoastalOptics) and filter wheel holding eight
interference band-pass filters (Semrock) to collect images
in eight spectral ranges from 472-935 nm. Illumination was
provided by 16 LED lights ranging from 365—770 nm wave-
length (CoolLED pE-4000), coupled to a liquid light-guide
fitted with a fibre-optic ring light-guide. One of the result-
ing greyscale images is shown in Fig. 11A,.

X-ray fluorescence analyses: The elemental composition
and associated distributions were determined for 7 individ-
uals using micro-X-ray fluorescence (uWXRF) mapping. Due
to availability and location of the specimens, 3 different
uXRF scanners were used during the project. Synchrotron-
based uXRF major-to-trace elemental mapping was per-
formed on 5 of these individuals at the PUMA Beamline
of the SOLEIL Synchrotron, Saint-Aubin, France using a
monochromatic beam of 18.2 keV, selected for excitation
of K-lines from phosphorus to zirconium and L-lines from
cadmium to uranium. The incoming X-ray beam was fo-
cused using Kirkpatrick-Baez mirrors down to a spot size
of ~10x5 um? (HxV, full width at half maximum). XRF
was collected using a SiriusSD silicon drift detector (SGX
Sensortech Ltd, 100 mm? active area) oriented at 90° to
the incident beam, in the horizontal plane, and 30° to the
sample. Two-dimensional spectral images, i.e., images for
which each pixel is characterized by a full XRF spectrum,
were collected on the fly (Leclercq et al. 2015) over the in-
dividuals at a 85-200 pm lateral resolution with a 40—80 ms
dwell time (effective counting time was 90% of the dwell
time) depending on the samples.

Laboratory-based pXRF major-to-minor elemental map-
ping was conducted on 2 individuals using a M6 Jetstream
Bruker XRF (Alfeld et al. 2013) at the UAR 3224 Centre
de Recherche sur la Conservation, MNHN, CNRS, Paris,
France (one of these specimens was also imaged at the
SOLEIL Synchrotron). This instrument is equipped with a
rhodium anode, used at 50 kV and 600 pA, with a 100 um
thick beryllium window. Polycapillary optics were used to
focus the X-ray beam. The X-ray detector was a 60 mm?* SDD
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Table 2. Summary of the acquisition parameters for each of the specimens figured. Note, this does not reflect all the individuals in the study sample
(see SOM). The abbreviations noted in the Acquisition / Equipment column indicate the person and/or institution associated with the acquisition:

AJR — Alison J. Rowe, DF — Dirk Fuchs, LC, Lilian Cazes; OB, Olivier Béthoux.

Specimen Imaging type Acquisition / Equipment lllum.ina.tion/ Beam size/ Acquisi“[ion/ Figures
excitation full field | dwell time
WXRF CRC, M6 Jetstream Bruker XRF anfégz,d;(l)nll(v 100pm | 2000ms | 3,8
MNHN (OB) / FlyDome RTI set up,
BMNH C5017 RTI Canon( EO)S SDyMark 111 digital ’ — - - 3,4
(holotype)
camera
photograph (UV light) MNHN (LC)F/()E:(I(;;ESOO’ Fluotest 366 nm - - 3
BHI 2201 photograph (natural light) photographs provided (DF) — - — 4
WXRF SOLEIL / PUMA Beamline m;’g‘;"gg\r}“e - - 8,17
MNHN.F.A88588 MNHN (AJR) / FlyDome RTI set up,
RTI Canon EOS 5D Mark III digital 4
camera
photograph (natural light) provided (DF) - - - 2
BHI 2205 uXRF iXRF, Atlas X microXRF spectrometer — - — 8
photograph (UV light) provided (DF) - - — 17
MSNMi 24800 photograph (natural light) provided (DF) — - — 4
BHI 2229 photograph (UV light) provided (DF) - — - 9
BHI 5779 photograph (UV light) provided (DF) - - — 9
BHI 2203 photograph (UV light) provided (DF) — - - 10
NHMW photograph Lukeneder and Hlarlzhauser 2004: pl. 3 3 B 1
199820105/0000 photograph Jattiot et al. 2015: fig. 12.3 — — - 10
WXRF CRC, M6 Jetstream Bruker XRF Rh‘)d;‘g?(f,mde’ 180 um | 500 ms 8
- . 385 nm (spectral
UV-visible-near infrared [PANEMA Platform range), (5 }34 nm - 30000 ms | 11
multispectral imaging . .
(illumination)
MNHN.F.A88589 photograph (natural light) MNHN (LC) / Nikon D800 - - - 14
MNHN (AJR) / FlyDome RT! ;et up, 1415
RTI Canon EOS 5D Mark III digital - - - i 6 ?
camera
photograph (UV light) MNHN (LC)F/O?tI;kI(;IrlnEfOO’ Fluotest 366 nm - - 17
MNHN (AJR) / FlyDome RTI set up,
MNHN.F.A50396 RTI Canon EOS 5D Mark III digital - - B 11
camera
BHI 2222 photograph (natural light) provided (DF) - - - 13
MNHN (AJR) / FlyDome RTI set up,
MNHN.F.A50400 RTI Canon EOS 5D Mark III digital - - - 13
camera
MNHN (AJR) / FlyDome RTI set up,
RTI Canon EOS 5D Mark III digital - - - 15
MNHN.F.R06746 camera
photograph (UV light) MNHN (LC)F/OIr\tIfI:klzrrlnESSOO’ Fluotest 366 nm - - 15
BHI 2213 photograph (natural light) provided (DF) — - - 15
MNHN (AJR) / FlyDome RTI set up,
MNHN.F.A88590 RTI Canon EOS 5D Mark I digital - - - 16
camera
BHI 2219 photograph (UV light) provided (DF) - - - 16
NPL 52121 photograph (natural light) provided (DF) and NPL — — - 11
BHI 2212 photograph (natural light) provided (DF) — - - 17
BHI 2227 photograph (natural light) provided (DF) - - - 17
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Fig. 2. A. Photograph of coleoid cephalopod (BHI 2205) from Cenomanian of Hjoula, Lebanon, showing the gladius. Scale bar 20 mm. B. Hypothesized
illustration of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, gladius adapted from Fuchs (2006b, 2007, 2016, 2020) and Fuchs and 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. Not to scale.

with a Peltier cooler, which 4096 channels were divided into
40 keV with a maximum count rate of 275 kcps. For the tar-
gets MNHN.F.A88589 and the holotype BMNH C5017, the
beam presented a diameter of 180 and 100 um respectively, a
corresponding step size of 180 and 100 pm, and a dwell time
of 500 and 2000 ms. The targets were placed horizontally at
a working distance of 15 mm and 12 mm respectively. Data
were processed with the instrument software developed by
Bruker. Additional elemental mapping was conducted on

1 individual at iXRF Systems, Austin, TX, USA using an
Atlas X micro-XRF spectrometer equipped with a 5-micron
polycapillary source. This instrument is equipped with a rho-
dium anode, used at 50 kV and 1000 pA. The simulated pixel
size was 10 pm with a per pixel point dwell time of 100 ms.
Spectral images were collected without a filter in a vacuum
environment.

Elemental distributions presented herein are shown as
false-colour RGB overlays of 3 elemental distributions (Cu/
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Y/P, and St/Ti/Fe), corresponding with integrated intensities
from the main XRF peaks (Figs. 3A;, A,, 8). Overlays from
SOLEIL Synchoroton and iXRF Systems were generated us-
ing PyMCA data-analysis freeware (SOLEIL Synchrotron,
iXRF Systems) and are presented in logarithmic scale (Solé
et al. 2007); Overlays from the CRC are in linear scale.

Measurements.—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 char-
acters used in this reassessment. All measurements in this
study were obtained using FIJI ImagelJ 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 re-
flects the length of the mantle only.

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 car-
ried out either on the fossil, or by analysing photographs
of the individual (UV or natural light). Two key diagnostic
measurements include the width and length of the gladius
(Fig. 2 and SOM: table 2). Additional measurements and
observations on other gladius elements (e.g., apical angle and
reinforcements) were then obtained (Fig. 2 and SOM: table 2
for measurements and tables 3, 4 for indices and characters
respectively). Arm measurements were gathered for 22 in-
dividuals. 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 (SOM: table 2). This method followed 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
were utilized. The entire sample was evaluated for the pres-
ence and configuration of suckers, cirri, and the arrangement
of the arm crown.

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.

Systematic palacontology

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, by monotypy;
upper Santonian, Sahel Aalma, 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 & Eng-
eser, 1982 (Barremian, Cape Verde Islands); Plesioteuthis sp. of Enges-
er and Reitner (1985) and Maioteuthis damesi Engeser & Reitner, 1985
(Aptian, Heligoland, Germany); Plesioteuthis arcuata von der Marck,
1873 (Campanian, Germany), and Plesioteuthis maestrichtensis Bink-
horst van den Binkhorst, 1861 (Maastrichtian, The Netherlands) are all
assigned to this genus based on their narrow gladius and continuous lat-
eral keels, though they are represented by poorly preserved individuals.

Emended diagnosis (modified from Fuchs 2020).—Very
small to medium-sized (mantle length <50—-400 mm). Gla-
dius very slender to slender (gladius width,,,, to gladius
length 0.05—0.19). Central reinforcements variable; median
line or ridge but no keel; uni- or bipartite. Median field
very slender (apical 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,,,, ra-
tio 0.8-0.9), posterior (field length to gladius length,,,, ratio
~0.3); narrow when present. Conus ventrally closed (conus
length,,,, to gladius length,,,, 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”.

Stratigraphic and geographic range—Barremian (Lower
Cretaceous)—Maastrichtian (Upper Cretaceous): Lebanon,
northern Germany, Cape Verde Islands, the Netherlands.

Dorateuthis syriaca Woodward, 1883
Figs. 2—4, 8-19.

1878 Sepialites; Fraas 1878: 346.

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

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

1896 Sepialites; Woodward 1896: 231.

1922 Dorateuthis syriaca Woodward, 1883; Naef 1922: 118.

1922 “Plesioteuthis fraasi” Woodward, 1896; Naef 1922: 133, fig. 50.

1922 “Sepialites sahil-almae” O. Fraas, 1878; Naef 1922: 134, fig.
49c.

1943 Sepialites sahil almae; Klinghardt 1943: 12, fig. 8.

1946 Leptoteuthis syriaca Woodward, 1883; Roger 1946: 14, pl. 4: 5,
6,pl.9:1,2.

1986 Dorateuthis sahilalmae Naef, 1922; Engeser and Reitner 1986:
3, fig. 1, pl. 1: 1.

1986 ?Dorateuthis sp.; Engeser and Reitner 1986: 4, pl. 1: 2.

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

1988 Dorateuthis sahilalmae Naef, 1922; Engeser 1988: 43.

2006a Dorateuthis cf. syriaca Woodward, 1883; Fuchs 2006b: 7, fig. 4,
pls. 1-3.

2006b Dorateuthis sahilalmae; Fuchs 2006a: pls. 17h, 22f.

2007b Dorateuthis syriaca Woodward, 1883; Fuchs et al. 2007b: 246.

2007b Dorateuthis sahilalmae Naef, 1922; Fuchs et al. 2007b: 246.

2007 Dorateuthis syriaca Woodward, 1883; Fuchs 2007: 64, fig. 4.

2007 ?Dorateuthis sahilalmae Naef, 1922; Fuchs 2007: 64.

2011a Dorateuthis syriaca Woodward, 1883; Fuchs and Larson 2011a:
237, figs. 2-6, 7.5, 8.

2015 Dorateuthis syriaca Woodward, 1883; Nixon 2015: 8, fig. 6a, c,
d.
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<— Fig. 3. A. The holotype BMNH C5017 of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, from the upper Santonian of Sahel Aalma, Lebanon,

as illustrated by multiple non-destructive imaging techniques. A;, uXRF overlay of copper (blue), yttrium (green) and phosphorous (pink) distributions
over the entire individual; A,, rotated close-up of the posterior section with the fin outline visible on the right; A;—As, individual images from the RTI
stack showing the anterior part of the body, head, and arm crown (Aj3), the posterior part of the body (A,), and the central part of the body (As); Ag, A7, UV
photographs of the entire individual (A4) and the anterior part of the body, head, and arm crown (A5). B. Hypothesized illustration of the holotype (Jessica
Gardner). The Y-enriched elongate feature in A; is not considered part of the individual, but part of a contemporaneous organism. Scale bars 10 mm.

2015 Dorateuthis syriaca Woodward, 1883; Jattiot et al. 2015: 152,
figs. 4-6, 10, 11, 12.1-3, 13.2-3, 14.

2016 Dorateuthis syriaca Woodward, 1883; Donovan and Fuchs
2016: 20, figs. 12—15.

2016bDorateuthis syriaca; Fuchs et al. 2016a: 438, figs. 1, 9.

2018 Dorateuthis syriaca Woodward, 1883; Gueriau et al. 2018: 985,
fig. 5.

2020 Dorateuthis syriaca Woodward, 1883; Fuchs 2020: 11, fig. 3.

2021c Dorateuthis syriaca Woodward, 1883; Klug et al. 2021c: 7, fig. 5.

Holotype: BMNH C5017, original of Woodward (1883: pl. 1).
Type locality: Sahel Aalma, Lebanon.
Type horizon: Upper Santonian, Upper Cretaceous.

Description.—Redescription of the holotype.—It is preser-
ved in ventral view (Fig. 3). The body 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. 3A;, Ag) 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. 3A¢, B). The apical angle is
6.3°. There is no evidence of a central median field encom-
passing the individual’s bipartite ridge. There is no evidence
of lateral fields, hyperbolar zones or a conus.

uXRF elemental mapping and UV photography enables
the most precise assessment of arm length to date. The ho-
lotype has eight tapered arms (Fig. 3A;, A5, B). Six appear
complete and range from 18-21 mm in length. Two lack
their distal sections and have a preserved length of 15 and
17 mm. Using the index (arm length ,, to gladius length)

outlined in Fuchs (2020) the arms are “moderate” in size (a
ratio of 0.53). The preserved diameter of seven of the arm
bases varied between 0.5 and 1.4 mm. The arm with the
smallest diameter (0.5 mm) is partially obscured by another
arm, and therefore the original diameter was likely larger.
There is no evidence of an additional tentacular pair, or any
associated hooks that were noted in the original description
by Woodward (1883). No suckers or cirri were observed.
uXRF elemental mapping reveals the cephalic cartilage
(Fig. 3A,), which is enriched in phosphorus and observed
as two concave, semi-circular traces that flank the oesoph-
agus 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 and 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. The ratio between the
eyes and the gladius length (diameter,,, to gladius length) is
~0.23. The cephalic cartilage flanks a mass of soft tissue that
corresponds with the oesophagus and possibly the brain or
optic lobes. The position of the cephalic cartilage is incon-
sistent 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;, A;). Small pro-
trusions, visible in the UV photographs and elemental maps,
are positioned anteriorly to the lateral keels and likely repre-
sent soft tissue (Fig. 3A;, Az, A4, Ag). It is possible that these

Table 3. Synthesis of the size ranges (in mm) and mean measurements observed in the Dorateuthis syriaca sample. Genera-level values (Fuchs

2020) are provided for reference.

Number (n) of individuals Range Mean Standard error

Gladius width (n = 54) 2.2-31.8 13.8 0.7
Gladius length (n = 54) 40-241 111.9 4.8
Gladius length (genera value, Fuchs 2020) 201-400 — —
Indices: gladius width (n = 54) 0.05-0.17 0.12 0.00
Indices: gladius width (genera value, Fuchs 2020) 0.10-0.19 — —
State: gladius width (n = 54); very slender (n = 7), slender (n = 47)

Apical angle (n = 54) [°] 2.6-9.6 6.9 0.2
Indices: apical angle (genera value, Fuchs 2020) [°] <12 - -
Indices: posterior lateral field width (n =5) 0.37-0.67 0.5 0.05
Indices: posterior lateral field length (n = 5) 0.17-0.42 0.3 0.05
Indices: anterior lateral field length (n=7) 0.7-0.9 0.8 0.02
Indices: arm length (n = 23) 0.35-0.89 0.6 0.03
Indices: arm length (genera value, Fuchs 2020) 0.4-0.8 ~0.5 -
Indices: eye diameter (n = 18) 0.13-0.25 0.17 0.01
Indices: buccal mass (n = 30) 0.05-0.19 0.13 0.01
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Fig. 4. Gladius morphologies observed in plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, from the Upper Cretaceous of Lebanon, showing
the characteristic triangular-shaped median field, slightly convex anterior margin, and median reinforcement types. A. BHI 2201 (Hjoula, Cenomanian).
B. MNHN.F.A88588 (Hjoula, Cenomanian). C. BMNH C5017, holotype (Sahel Aalma, Santonian). These median reinforcements take the form of a
central median field that may have longitudinal striations (A, B). A central median line (B) or ridge (C) is also observable in the sample; these can be
unipartite (B) or bipartite (C), and are observed with a central median field (B), and without (C). D. BHI 2205 (Hjoula, Cenomanian), showing a semi-cir-
cular imprint that possibly reflects a muscle attachment site. E. MSNMi 24800 (Hjoula, Cenomanian), shows a ventrally closed conus, characteristic of
Prototeuthina. A|—E,, photographs (A, D, E|, natural light; By, C;, individual RTI images); A,~E,, interpretative drawings. Scale bars 10 mm.

represent posterior salivary glands or are the remnants of
retractor musculature. Two areas of digestive contents are vis-
ible (Fig. 3A4, A4, B). 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 diges-
tive 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. 3A4, B).
RTI and pXRF mapping also reveal faint imprints of what
we interpret to be elongate gill lamellae and a posterior fin
(Fig. 3A, to As). The contours of the fin revealed by elemental
mapping (Fig. 3A,) resemble the “oar-shaped” characteristic
described for Dorateuthis (Fuchs 2020). As fins are other-

wise unknown in individuals from Sahel Aalma (Fuchs and
Larson 2011a), this represents the only known coleoid fin
tissue preserved from this locality for this species.

Redescription of Dorateuthis syriaca.—Size: The diagnostic
mantle length for Dorateuthis is 201-400 mm (Fuchs 2020),
which is categorised as “medium” in size. These sizes were
defined by Fuchs (2020: 7) as “very small” (<50 mm) small
(50-200 mm), “medium” (201-400 mm), “large” (401-1500
mm), and “very large” (>1500 mm). The mean mantle length
in this study is smaller (~112 mm, Tables 3 and 4), however,
one of our measured samples, MNHN.F.A50402 (Jattiot et
al. 2015: fig. 4.3), did fall within the range for the “medium”
sized mantle length (241 mm). The rest are either “small”
(~93%, n = 50), or “very small” (6%, n = 3). The body length
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Table 4. Synthesis of the gladius length (in mm) observed in the Dora-
teuthis syriaca sample. Genera-level values (Fuchs 2020) are provided
for reference.

Very small Small Medium

sample enera | S0P le enera sample enera

(n=50) |& m=3) & m=1)| &
Range  |67.6-175.1| <50 | 40-47 |50-200| 241 |201-400
Mean 113.4 - 44.1 - - -
Standard 38 3 21 B B B
error
Standard |7 ~ | 36 | - - -
deviation

was able to be measured for 43% (n = 23) of the individuals
in the whole sample, and ranges from 68 mm (the holotype)
to 456 mm (MNHN.F.A50402, Jattiot et al. 2015: fig. 4.3).
Gladius size and shape: All the measured individuals have
a triangular-shaped median field (Figs. 2 and 4A—C) 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 2006a:
fig. 4). An anteriorly rounded imprint or contour on the ven-
tro-medial section of the gladius is observed in four individ-
uals (e.g., Fig. 4D). It is located just posterior to the anterior
margin and bears a resemblance to the medial component of
the head retractors seen in Vampyroteuthis infernalis Chun,
1903 (Bizikov and Toll 2016: fig. 12). As such, we suggest this
feature corresponds with an attachment site for muscle tissue.
87% of the individuals have the slender (gladius width-
max to gladius length) gladius proportions of Dorateuthis
(Table 3, SOM: table 3), though 13% show a very slender
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Fig. 5. Comparison of size ranges among the different sites sites in Lebanon
using a gladius index (A) and gladius length (B). The gladius index is based
on the ratio between gladius length and median field width. n = 8 (15%) of
the sample were noted to be from the Santonian-aged site of Sahel Aalma,
and the older Cenomanian localities of Hagel (n = 3, ~6%), and Hjoula (n =
36, ~67%). As a small number of the individuals from these Lebanese out-
crops lack their specific locality information (n = 7, ~13%), a more general
grouping of “Lebanon” was also included.

B -

Y

Fig. 6. The morphological variation observed in the lateral fields (in blue)
of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883: not visible
(A), anteriorly positioned (B), and posteriorly positioned (C). Modified
from Fuchs (2006b, 2020). Not to scale.

gladius. All the individuals exhibit the requisite apical (open-
ing) angle (<12°, mean of 6.9°). We found no statistical differ-
ences between gladius size, shape, apical angle, or body size,
and any of the three specific localities (Fig. 5). 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 out-
crop, which was not expected given the small sample size.
Gladius reinforcements, lateral fields, and median field
area: Each of the 54 studied individuals has characteris-
tic lateral reinforcements (keels) that are pronounced, and
continuous from the anterior to the posterior margins of the
gladius (Figs. 2, 4A—C). More than half of the sample (63%)
exhibited some form of median reinforcements (Fig. 4A—C,
SOM: table 4), longitudinally bisecting the gladius. These
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median reinforcements vary and take the form of either a
central medial line (Figs. 2, 4B) or ridge (Figs. 2, 4C), which
may be uni- or bi-partite. A central median field, an elon-
gate area in the central section of the median field (Figs. 2,
4A) may also be visible and span the line or ridge; they are
also observed without a line or ridge. So far, there is no
evidence to explain the type of median reinforcement ex-
hibited. Longitudinal striations on the gladius (Fig. 4A, B)
were commonly observed in the central median field in
both dorsal and ventral view. These have previously been
illustrated in plesioteuthids, such as Plesioteuthis prisca
(Riippell, 1829) (Naef 1922: fig. 42b) and noted to be “fine
longitudinal lines” (translated from German).

The gladius has three observed morphological variations
(Fig. 6). The most common type of gladius (78% of the
sample) shows a complete absence of lateral fields (Fig. 6A).
Seven individuals have anteriorly projected lateral fields
(Fig. 6B), which extend approximately 80% to 90% along
the length of the gladius. Four have elongated posterior lat-
eral fields (30% of the gladius length) with no evidence of
anterior lateral fields (Fig. 6C). 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., mineral replacement across
the gladii, disarticulation, or non-uniform compression),

ACTA PALAEONTOLOGICA POLONICA 69 (4), 2024

ontogenetic stage, dimorphism, or polymorphism enabling
potential variation in muscular attachment (e.g., Toll 1998;
Fuchs et al. 2016a; Bizikov and Toll 2016).

Where lateral fields were observed, the area of the me-
dian field was calculated following the formula given in
Fuchs (2020) (median field area to gladius area,), who
notes this is “very large” (>0.8) in Dorateuthis. All the in-
dividuals measured had a median field area >0.8 consistent
with the diagnosis (SOM: table 3).

Conus: The conus is preserved in only two individuals,
one in ventral view (Fig. 4E), the other in lateral. The length
represents 3—5% of the gladius (conus length,,, to gladius
length,,,,), and 80% of the width (conus width,,,, to glad-
ius width,,,,). No diagnostic indices currently exist for this
character.

Arms: Twenty-two individuals (41%) provided the basis
for arm measurements in this sample. Each of these indi-
viduals preserve at least one arm; nineteen preserve two or
more, and only two show a complete arm crown. 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 and Larson 201la:
fig. 3). The three smallest individuals (gladius <50 mm) in
the sample, including the holotype, show very little varia-
tion in arm length (SOM: table 2).
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Fig. 7. Arm length vs. gladius median field length for the seventeen individuals that preserve at least two measurable arms, so that 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.
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of titanium (red), iron (green), and strontium (blue) distributions. Mantle tissue is commonly enriched in yttrium and strontium. This figure shows examples
of strontium enrichment though yttrium exhibits the same distribution. A. BMNH C5017, holotype (Sahel Aalma, Santonian). B. MNHN.F.A88588 (Hjoula,
Cenomanian). C. MNHN.F.A88589 (Hjoula, Cenomanian). D. BHI 2205 (Hjoula, Cenomanian). A, C, collected using the M6 Jetstream Bruker XRF, UAR
3224 CRC, MNHN; B, using the PUMA beamline, SOLEIL synchrotron; D, using Atlas X microXRF, iXRF Systems, Austin, TX. Scale bars 10 mm.
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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 differ-
entiation in the arm crown with allometry (Fuchs 2006a;
Fuchs and Larson 2011a; Jattiot et al. 2015).

Chemical investigation reveals that the muscular mantle
tissue of D. syriaca is commonly enriched in yttrium and
strontium (Fig. 8) the presence of which is indicative of sub-
stitution for calcium in calcium phosphate (apatite) during
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diagenesis (Gueriau et al. 2018). This is consistent with phos-
phatization, a mode of preservation common in Cretaceous
Lebanese coleoid fossil soft tissues (Clements et al. 2017; Klug
et al. 2021c). Donovan and Fuchs (2016) supposed that arms
were also preserved in apatite though they lacked mineralog-
ical analyses. XRF data shows an enrichment in yttrium and
strontium and supports their initial assumption (Fig. 8A). The
substitution of these elements 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
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Fig. 9. Photographs (A;, By, UV light), and interpretative line drawings (A,, B,) of the head and arm crown region of plesioteuthid coleoid Dorateuthis
syriaca Woodward, 1883, from the Cenomanian of Houla, Lebanon. A. BHI 2229, in ventral (A;), and dorsal (A,) views. B. BHI 5779, in ventral (B;) and
dorsal (B,) views. Though not well preserved, what we interpret to be suckers and axial nerves are identifiable. See SOM: fig. 3 for additional images of

suckers. Illustrations by Jessica Gardner. Scale bars 10 mm.
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Fig. 10. Photographs (UV, natural light), and interpretative line drawing of the head and arm crown region of plesioteuthid coleoid Dorateuthis syriaca Woodward,
1883, from Lebanon. A. BHI 2203 (Hjoula, Cenomanian), dorso-lateral view preserving eye capillaries, beak, and statocyst. B. NHMW1998z0105/0000
(Sahel Aalma, Santonian), retaining the entire arm crown and posterior salivary glands; B, modified from Lukeneder and Harzhauser 2004: pl. 1.1. Scale
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Lebanon. A. MNHN.F.A88589 (Hjoula, Cenomanian): A;, pXRF overlay of titanium (red), strontium (green) and iron (blue) distributions; A,, lumines-
cence emission at 385 nm under 514 nm illumination, UV-visible-near infrared multispectral imaging; A;, interpretative line drawing. B. MNHN.F.50396
(Sahel Aalma, Santonian), image from the Reflectance Transformation Imaging (RTI) stack. C. NPL 52121 (Haqel, Cenomanian), C;, part; Cs, coun-
terpart; illustrations (C,, C4) and photographs (C;, Cs) in natural light showing the ovoid structure and beak. D. NHMW1998z0105/0000 (Sahel Aalma,
Santonian), from Jattiot et al. 2015: fig. 12.3. Note the two, pointed ovoid structures in A, and one pointed ovoid structure in C that are positioned adjacent
to the external margins of the lateral keels. They appear different from the posterior salivary glands in MNHN.F.50396 (B) and NHMW1998z0105/0000
(D). Scale bars 10 mm.

of phosphatization, which is known to be highly selective of  preted here as suckers (Fig. 9A, SOM: fig. 1). These appear
particular tissues (as outlined in Clements et al. 2022). uniserial and radially symmetrical when observed under

Armature: Eight individuals (15%) exhibit faint circular UV light. Although no individual has an entire row observ-
structures (~1-2 mm in diameter) on the arms that are inter-  able, we infer they were present along the entire length since
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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, hooks,
or cirri. Three individuals show remnants of the axial ner-
vous system in the arm crown (Fig. 9B). These axial nerve
elements (Klug et al. 2023; Rowe et al. 2023) are visible in
UV light, and observed as delicate paired filaments, or dot-
ted 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 proxi-
mally and medially (Fig. 9A, SOM: fig. 1).

Head: The cephalic cartilage (Fig. 9) 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;, B)).
Structures interpreted as statocysts (e.g., Figs. 9B 10A) are
present on 4 individuals, just posterior to the cephalic car-
tilage. Internal calcareous statoliths (Boyle and Rodhouse
2008) are not observable.

Eye measurements were obtained on 15 specimens (28%
of the total individuals). As we had more precise measure-
ments for the gladius, the gladius length was used to iden-
tify a ratio for maximum eye diameter (gladius length:eye
diameter 0.13—0.25) rather than follow the index of Young
and 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. 10A by the
positioning of the capillary system in the eye (Donovan and

‘retractor,
muscle’
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Fig. 12. Hypothesized beak reconstruction for plesioteuthid coleoid Dora-
teuthis syriaca Woodward, 1883, based on measurements from BHI 2203
(Hjoula, Cenomanian) and NPL52121 (Haqel, Cenomanian); see also
Fig. 11C. Illustration by Alexandre Lethiers, CR2P. Not to scale.

Fuchs 2016; Fuchs et al. 2016b; Fuchs and 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. 10A).

Preservation of the buccal area is common and observed
in ~72% of the individuals. The rostral tips, darker in co-
lour than the rest of the beak chitin, are often visible under
natural light. The muscular tissues of the buccal mass fluo-
resce under UV light (Figs. 9B, 10A, 11A3). uXRF analysis
demonstrates that the muscular tissue has elevated strontium
traces compared with the matrix, indicating replacement of
the original organic material by calcium phosphate (Gueriau
et al. 2018). The length of the buccal mass was measured
in 31 individuals. The ratio of buccal mass length/gladius

-~

't

Fig. 13. Variation in paired structures interpreted as funnel retractor muscles or their insertions associated with the anterior part of the gladius of plesio-
teuthid coleoid Dorateuthis syriaca Woodward, 1883, from the Upper Cretaceous of Lebanon. A. BHI 2222 (Hjoula, Cenomanian), photograph in natural
light (A;) and interpretative drawing (A,). B. MNHN.F.A50400 (Sahel Aalma, Santonian), RTI stack (B;) and interpretative drawing (B,). Both individu-
als have rope-like structures positioned posterior to the gladius anterior margin, which appear different from the paired structures shown in Fig. 11. Scale
bars 10 mm.
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length ranges from 0.08—0.19. More detailed measurements
of the buccal mass were taken on individuals NPL52121
(Fig. 11C) 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. 12).

Posterior salivary glands and other paired structures:
Previous descriptive works on D. syriaca have identi-
fied a pair of posterior salivary glands located next to the
anterior-most parts of the lateral margins of the gladius
(Lukeneder and Harzhauser 2004: pl. 2.2; Jattiot et al. 2015:
figs. 12.1, 12.2). Our study includes two individuals figured
in Jattiot et al. (2015) and Lukeneder and Harzhauser (2004)
(Fig. 11B and D respectively), that provide 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 visu-
ally from the previously described posterior salivary glands
(Figs. 11A, C, 13). Two exhibit ovoid-shaped imprints in the
region of the anterior lateral keels (Fig. 11A C). In natural
light, one of these structures is visible laterally to the ante-
rior gladius margin in both individuals (shown here in NPL
52121, Fig. 11C). The XRF and MSI images reveal a corre-
sponding ovoid area, which 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 pos-
sess paired structures with a rope-like morphology (Fig. 13).
These are either visible as hemispherical projections anteri-
orly angled towards the lateral keels (Fig. 13A), or medially
angled inwards from the lateral keels (Fig. 13B) and are
interpreted here as remnants of funnel retractor muscles
(Bizikov and Toll 2016; Fuchs et al. 2016a).

Digestive system: Preserved digestive contents are pres-
entin 19 individuals. Typically, the remains are ingested, and
their relative position in the body enables comparison with
the digestive organs in extant coleoids (Mangold and Young
1998; Wells 2011). One individual (MNHN.F.A88589) pre-
serves remains in 3 areas (Fig. 14A,—Ay): two are positioned
in the posterior section of the mantle (Fig. 14A,, A3, A4) 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. 14A3), contains
an articulated ray fin and a pelvic girdle, likely from a tele-
ost fish; the posterior-most mass (Fig. 14A,) has a collection
of less distinct, individual bones surrounded by a soft mass
and likely represents caecal contents. The third mass of di-
gestive remains (Fig. 14A,) 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 observa-
tion of almost all elements of the digestive system of D. syri-
aca. While the preservation of ingested food matter is not
uncommon in organisms that are phosphatically preserved
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Fig. 14. Components of the digestive system of plesioteuthid coleoid
Dorateuthis syriaca Woodward, 1883, from the Cenomanian of Houla,
Lebanon. A. Individual MNHN.F.A88589 in natural light (A;), showing
three separate areas preserving digestive contents, which indicates the
presence of a crop, stomach, and caccum; A,—A,, close ups of the diges-
tive contents from individual images of the RTI stack. Scale bars 10 mm.
B. An illustration of the vampyromorph digestive system modified from
Mangold and Young (1998) and provided here for reference. The vampy-
romorph, Vampyroteuthis infernalis Chun, 1903, is described with one
posterior salivary gland, here, we observe two for plesioteuthid coleoid
Dorateuthis syriaca Woodward, 1883 (Fig. 11B, D). Photograph in natural
light (A) by Lilian Cazes, MNHN. Not to scale.

(see Clements et al. 2022), phosphatization appears to be
highly selective in terms of which tissues are replaced by ap-
atite—and while ingested organics appear 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 deter-
mination 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. 14A5) and most Octopoda, but it is absent in modern
Decabrachia (Mangold and Young 1998: fig. 1). As such,
this configuration of the digestive system is consistent with
the assignment of Dorateuthis to Octobrachia.

Funnel: A funnel can be inferred in BHI 2213, preserved
in dorso-lateral view (Fig. 15B). The feature was not ob-
served directly, though its presence was determined by a
stained elongated mass within the boundaries of the mantle.
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, consistent with the
placement of the funnel in both fossil and modern coleoids.

This stained impression shows evidence of diagenetic
circular structures (Fig. 15B) associated with the presence of
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Fig. 15. Digestive and possible reproductive elements of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, from the Upper Cretaceous of
Lebanon. A. MNHN.F.R06746 (Sahel Aalma, Santonian) is dorso-laterally preserved, and the funnel is inferred; A, part, individual image from the RTI
stack; A,, counterpart under UV light; A3, a coprolite preserved at the anterior aperture of the funnel. B. Photographs of BHI 2213 (Hjoula, Cenomanian)
in natural light showing the entire mantle with the funnel in situ (B,), and a close-up of the anterior-most part of the funnel (B,). C. Individual image from
the RTI stack of MNHN.F.A88589 (Hjoula, Cenomanian) in the Spectacular Enhancement rendering mode showing the region of a possible oviductal
gland (C,), and a close-up with overlay of the same (C,). Photograph in A, by Lilian Cazes, MNHN. Scale bars 10 mm.
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Fig. 16. Gill preservation in plesioteuthid coleoid Dorateuthis syriaca
Woodward, 1883, from the Cenomanian of Houla, Lebanon. A. RTI image
of MNHN.F.A88589 showing impressions of at least 10 gill blades B. RTI
image of MNHN.F.A88590 (B)) and simplified illustration (B,), showing
preservation as orange stains. C. BHI 2219, photographed in natural light
(C)). The gills appear black in colour, possibly a result of ink-staining.
The branchial heart is observable in the posterior part of the gill structure
(illustrated in C,). Scale bars 10 mm.

ink (Klug et al. 2021c). These circular patterns are also pres-
ent in individual MNHN.F.R06746 on an unresolved struc-
ture (Fig. 15A3). 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. 15A) 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 and Rodhouse 2008).

Gills: Remains of gills are present in 12 individuals (22%)).
They are preserved either as impressions (Fig. 16A), orange/
yellow (Fig. 16B), or black stains (Fig. 16C). The orange
staining of the gill relics represents pyritization, rather than
phosphatization (Donovan and Fuchs 2016). The most com-
plete gills (Fig. 16C) 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 gill blades taper distally (~4—1.3 mm). Lamellae
(n = minimum of 9) and gill blades are present in MNHN.F.
A88589 (Fig. 16A). Under natural light, the blades are visible
as orange filaments, and the lamellae are preserved as con-
toured relief. No main efferent vessel is observed.

Fins: The “oar-shaped” fin described for D. syriaca
(Fuchs 2020: fig. 3, le) is observed in the holotype from
the Santonian of Sahel Aalma (Fig. 3A,, A,, B), as well as
six (~11%) other individuals (Fig. 17) from the Cenomanian
outcrops. It is preserved as a mineralized structure (Fig.
17A), an impression (Fig. 17B) or an orange-coloured stain
(Fig. 17E), making it generally distinguishable from the
matrix under natural light. Its visualization can be enhanced
using uXFR elemental mapping (Figs. 8B, C and 17D) and/
or UV photography (Fig. 17C, F).

Reproductive system: Reproductive organs were tenta-
tively included in a summary of known soft tissues in D.
syriaca (Donovan and Fuchs 2016). This was based on a
description by Roger (1946: fig. 7) of spermatophores in in-
dividual MNHN.F.R06746. Observations on this individual
show that what Roger (1946) interpreted to be spermato-
phores are, instead, digestive contents (Fig. 15A ). However,
in MNHN.F.A88588 there are impressions present which
possibly represent oviductal glands (Fig. 15C). These corre-
spond with a titanium-enriched area that is observable using
uXRF mapping (Fig. 8B).

Novel anatomic characters of Dorateuthis syriaca: The
multimodal imaging approach and quantitative analyses per-
formed in this work has enabled a revision of the summary of
known soft tissues in D. syriaca (Fig. 18, SOM: table 5) that
were previously synthesized in Donovan and Fuchs (2016).
Furthermore, we have identified morphological characters,
which were 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 tenta-
cles, tentacular pockets, and hooks within the arm crown, and
confirm that D. syriaca possessed suckers.

Stratigraphic and geographic range—Lower upper Ceno-
manian—upper Santonian of Lebanon.

Discussion

General taphonomy.—Despite the exceptional preserva-
tion 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 anatomi-
cally complete organism (e.g., Purnell et al. 2018; Clements
et al. 2022). Additionally, the depositional environments
and diagenetic processes of Lebanese Lagerstétten are cur-
rently poorly understood and no comprehensive taphonomic
model for Lebanese coleoid fossils has yet been undertaken
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Fig. 17. “Oar-shaped” fins of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, from the Cenomanian of Lebanon. A. NPL52121 (Hagel), nat-
ural light. B. BHI 2212 (Hjoula), natural light. C. MNHN.F.A88589 (Hjoula), UV photograph (Lilian Cazes, MNHN). D. MNHN.F.A88588 (Hjoula),
uXRF overlay of titanium (red), strontium (green) and iron (blue) distributions. E. BHI 2227 (Hjoula), natural light. F. BHI 2205 (Hjoula), UV photo-
graph provided by DF. Scale bars 10 mm.

(George et al. 2024). However, the most common mode of
soft tissue preservation in these deposits is through phos-
phatization, a process of authigenic mineralisation (typically
by calcium phosphate) that replaces the labile tissues with
mineral replicas. As such, the morphology of the tissue is
retained though the original organic tissues themselves are
lost. This relatively rapid mode of preservation is dependent
on specific environmental conditions which are reviewed in
Clements et al. (2022). As shown here, the various tissues
and organs of Dorateuthis syriaca are not all preserved to
the same extent (see SOM: table 5). For example, the ink sac
and parts of the muscular mantle are commonly preserved
and seen in almost all the individuals in the study. The tis-
sues from the arm crown and fins, however, are much less
common. Some of the least represented elements are those
of the reproductive system, and axial nerves of the arms.

Morphological variation in the gladius.—To further
complicate our interpretation of the fossil material, there
are many uncertainties regarding the existing diagnostic
characters of Dorateuthis and more specifically D. syriaca
(Woodward 1883; Roger 1946; Fuchs 2006a, 2007; Fuchs
and Larson 2011a; Jattiot et al. 2015). For example, previ-

ous observations on the posterior lateral fields have been
conflicting, and both elongate (Fuchs 2006a: pl. 1: B) and
rounded lateral fields (Fuchs and Larson 2011a: fig. 2.7)
have been described. As such, there is no definitive diag-
nosis on the lateral fields in Dorateuthis (Fuchs 2020). Our
observations of the elongated posterior lateral fields are
consistent with the interpretation of Fuchs (2006a).

In Mesozoic coleoids, the muscular mantle was attached
to the lateral margins of the gladius with the lateral keels (re-
inforcements) providing strength to the median field (Fuchs
et al. 2016a, b). The fins were inserted either into the hyper-
bolar zones or dorsal margin of the lateral fields (Fuchs et
al. 2016a). For the first time, this study describes long ante-
rior lateral fields in D. syriaca, which resemble those seen
in Plesioteuthis prisca (Rippell, 1829) from the Tithonian
of Solnhofen and the contemporaneous Boreopeltis smithi
Fuchs & Larson, 2011a (Fuchs 2020). It is possible that the
extended lateral keels in D. syriaca added extra support
and rigidity to the mantle and fins during locomotion. If
this is the case, we could infer that both prototeuthids from
Lebanon, B. smithi and D. syriaca benefited from increased
levels of mantle stability and exploited active locomotion.
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Fig. 18. A hypothesized illustration of the internal anatomy and arm elements of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, based on both
the anatomical observations in this study in combination with the anatomy of extant Octobrachia. Organs and tissues that were observed are represented in
brown, while those that are part of extant forms but not observed here, are in pale grey (with the exception of the ink sac, which was the most commonly
preserved organ in this study). The external proportions of the head and arm crown are based on the adult reproduction in Fig. 19 (this paper). The body
profile has been extended dorso-ventrally to reduce the potential for overlapping organs and show the anatomy more clearly. Not to scale.

An analysis of other prototeuthid genera, and taxa
contemporaneous to Dorateuthis (Fuchs 2020), shows no
evidence that this variation can be attributed to mistaken
identity (SOM: table 6). As such, the polymorphism ob-
served—the variation in the presence and location of the
lateral fields, as well as the differences in the median rein-
forcements—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 associ-
ated with either dimorphism or ontogenetic stage, as these
are known to contribute to interspecific variation in extant
gladii (e.g., Toll 1998; Bizikov and Toll 2016).

Size.—The measurements obtained on the individuals in the
sample enabled a hypothesized reconstruction for the holo-
type (likely a juvenile; see below), and an “average-sized”
individual of D. syriaca (Fig. 19). 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 (SOM: figs. 2, 3).
Additionally, there appears to be no size selectivity by lo-
cality (Fig. 5A). 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 greatest size disparity
as the smallest and largest outliers are from the site (SOM:
fig. 5B). More individuals from museum collections, would
need to be studied to determine if this is a real signal in
Sahel Aalma, or if this reflects a sampling bias.

The body size (including head and arms) was deter-
mined for 23 individuals. Even in the best-preserved in-
dividuals, precise measurements are difficult to obtain as

boundaries in the 2D phosphatized individuals are not al-
ways clear. However, the characteristic arm crown configu-
ration for D. syriaca—an elongate dorsal pair, a shorter ven-
tral pair, and two intermediately sized lateral pairs (Fuchs
and Larson 201la)—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.

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 2006a; Fuchs and Larson 2011a; Jattiot et al. 2015).
Here, we suggest that the most likely explanation of the
smaller sizes observed in the entire study sample (Table 4) is
that it is comprised mostly of juveniles, and the genera-level
description in Fuchs (2020) included more mature individ-
uals. Additionally, we hypothesize that the three smallest
individuals, with minimal differentiation in the arm crown,
represent young juveniles.

Systematic and phylogenetic implications.—Dorateuthis
syriaca is included in several published morphological ma-
trices that contain both fossil and extant taxa. Initially pub-
lished by Sutton et al. (2016), the matrix was minimally mod-
ified to assess the phylogenetic position of Proteroctopus
Fischer & Riou, 1982 (Kruta et al. 2016) and Vampyronassa
Fischer & Riou, 2002 (Rowe et al. 2022) and underwent a
more extensive revision by Whalen and Landman (2022).
Our study provides new character state information on 21 of
the 153-character states for D. syriaca, 6 of which are spe-
cific to the gladius (SOM: table 7).
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adult reconstruction

holotype reconstruction

Fig. 19. Hypothesized reconstructions of plesioteuthid coleoid Dorateuthis syriaca Woodward, 1883, in inferred life positions (A), and lateral view (B).
The larger individual in B reflects an average, medium-sized D. syriaca; the smaller is a reconstruction of the holotype, which is considered to be a juve-
nile. The reconstruction of the holotype was based on direct measurements of visible structures revealed by the pXRF, RTI, and UV imagery. As it was not
possible to obtain measurements of all the preserved soft tissue on one individual, measurements from four individuals were used and scaled to the correct
size. BHI 2232 (Hjoula, Cenomanian) provided the basis for the reconstruction. Scaled elements were obtained from BHI 2203 (eye and lens diameter),
NHMW 1998201050000 (arm lengths), and BHI 2227 (fins). These are from Hjoula (Cenomanian), Sahel Aalma (Santonian), and Hjoula (Cenomanian),
respectively. Reconstructions Alexander Lethiers, CR2P. The mantle length is approx. 139 mm in the adult and approx. 40 mm in the holotype.

Although the gladius of coleoids is a relatively simple
structure, it contributes approximately half of the charac-
ter states to the systematics of fossil and extant coleoids
(Sutton et al. 2016; Whalen and Landman 2022). However,
ambiguity regarding certain terminology introduces inher-
ent issues, for example, when determining median rein-
forcements and fin shape. Currently, D. syriaca is coded as
possessing a convex median keel (characters 54/55, Whalen
and Landman 2022). However, this is in contrast with de-
scriptions in the literature for both the genus and species,
which specifically notes the absence of a keel (Fuchs and

Larson 2011a: 238; Fuchs 2020: 10). Following these au-
thors, 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 ac-
knowledged (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.
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(2018). Citing this issue, Sutton et al. (2016) coded only for
two shapes, lobate and rhomboidal. Currently, Dorateuthis is
coded as lobate (Whalen and Landman 2022). Determining
the states for fin shape will continue to be limiting without
a more concise terminology (Young et al. 2001). As the cur-
rent systematic framework for Mesozoic coleoids has many
inherent, widely recognized uncertainties (e.g., Young and
Vecchione 1996; Lindgren et al. 2004; Kruta et al. 2016;
Sutton et al. 2016; Fuchs 2020; Whalen and Landman 2022),
a phylogenetic analysis was not conducted here. However,
this study has revealed previously unknown information
on multiple characters and characters states that provides
new data for future systematic analysis (SOM: table 7).
This includes states that were previously coded as unknown
(presence, placement and symmetry of suckers; absence of
arm pair II; shape of the eyes; presence of the outer capsule
of the statocyst; presence and placement of the posterior
salivary gland, and a bipartite ventral interruption), as well
as states that need to be amended (the polymorphic states of
the lateral fields; shape of the anterior gladius margin and
tip; absence of a keel and presence of lines and ridges; pres-
ence of thin lateral plates on the dorsal median field, and the
absence of cirri on the arms).

In the most recent morphology-based phylogeny, Whalen
and Landman (2022) position D. syriaca as a prototeuthid,
the earliest diverging octobrachian clade. This fossil coleoid
suborder possesses a slender, triangular-shaped gladius,
which differs from the gladius shape of the other two fos-
sil subgroups (Loligosepiina and Teudopseina) who have
more developed lateral fields. Indeed, each of the 3 groups
(Prototeuthina, Loligosepiina, and Teudopseina) bear a dis-
tinctive gladius that is generally homologous on a subordi-
nal level, though displays considerable variation at a genus
and species level (Fuchs 2016, 2020). Though this study
documents previously unknown polymorphism in the glad-
ius of D. syriaca, it is still consistent with the assignment to
the prototeuthid.

Lifestyle implications.—The slender gladius morphology
of Dorateuthis syriaca was originally compared with that
of modern Ommastrephes d’Orbigny, 1835, by Woodward
(1883) and has subsequently been explored by Fuchs and
Iba (2015) and Bizikov and Toll (2016). The data presented
here supports those comparisons and offers insight into the
lifestyle of D. syriaca. Individuals of Ommastrephes spp.
are powerful pelagic swimmers that are found in continental
shelf environments and in nutrient-rich upwelling zones,
preying on fish and crustaceans (Jereb and Roper 2010).
Ommastrephidae Steenstrup, 1857, is a group of active vi-
sual hunters at all stages of ontogeny, generally fast grow-
ing, and vary in adult size based on relative growth rate in
larval and juvenile stages (Jereb and 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 con-
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clusively identified as head or funnel retractor musculature
(Bizikov and Toll 2016; Fuchs et al. 2016a). The presence of
prominent eyes suggest D. syriaca was a visual predator,
and the volume and type of meal remains preserved in the
digestive system indicates they were active feeders with a
diet consisting largely of fish. The arms, differentiated in
size, likely facilitated the manipulation of their relatively
large prey, which would have needed to be disarticulated
with their sharp beak before being ingested (Lukeneder and
Harzhauser 2004; Nixon 2015); this feeding strategy is ob-
served in Recent coleoids (Roscian et al. 2022). The expul-
sion of ink to conceal or confuse is a distinctive behaviour in
modern forms (Bush and Robison 2007; Nixon 2011; Derby
2014) and ink sacs are preserved in almost all the individuals
in the fossil sample. The size of the ink sac varies—though
this is not interpreted as having a diagnostic value but rather
reflects the amount of ink preserved in the organ (Fuchs
2006a). The presence of this character indicates they also
utilized obfuscation techniques, likely to avoid predation.

Conclusions

This study represents the most comprehensive analysis to
date of Dorateuthis syriaca to combine non-destructive im-
aging techniques and comprehensive morphological mea-
surements. The resulting qualitative and quantitative dataset
provides the most comprehensive understanding to date of
the morphology of this key species. The data allows us
to rectify existing anatomical misinterpretations and char-
acter states from the published morphological matrix that
were either previously unknown or coded incorrectly. It
also highlights intraspecific anatomical variation related to
ontogeny (e.g., arm length) or dimorphism (e.g., gladius mor-
phology). Indeed, most individuals in the study are smaller
than size ascribed for the genus diagnosis, and potentially
represent juveniles or young adults. This emphasizes the
need for a clearer understanding of the observed variation
and whether this variation reflects ontogenetic stage.

In extant coleoids, a considerable amount of data on tax-
onomy, ecology, and lifestyle is determined by the config-
uration of soft tissues and internal organs. However, fossil
coleoids are primarily known from their gladius. Though
this structure is not often well preserved and difficult to
classify, it dominates the purely palacontological analyses of
coleoid relationships. There is no complete soft tissue record
for a species of Mesozoic Octobrachia, though the collec-
tive amount of data is growing. Exceptionally preserved
coleoids from Lagerstétten deposits like Haqel, Hjoula, and
Sahel Aalma, are vital in helping to bridge this divide as
they retain evidence of soft tissues and provide unparalleled
opportunities to study the anatomy and morphological de-
tail of fossil coleoid groups.

The level of detail obtained in the present study shows
the inherent benefits of using multimodal imagery to in-
crease the quality of observations and, given the many
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poorly resolved details in existing morphological matri-
ces, emphasizes the need to re-evaluate a large number of
specimens. However, diagenetic preservational processes
are poorly understood in the Lebanese Lagerstitte deposits,
making it difficult to establish a taphonomic model that
can constrain pre-diagenetic decay, and thus morphological
character loss. As such, identifying clear parameters to de-
fine the selectivity for preservation—what anatomical char-
acters are likely to preserve and with what frequency—is
now an essential step in the study of fossil coleoids for accu-
rate character interpretation in any paleontological analysis
from systematics to phylogenetic character coding or paleo-
ecological interpretations.
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