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Abstract

In times when science, including paleontology, is being questioned by some, the rising interest in
the paleontology and paleobiology of the most intelligent invertebrates, namely cephalopods,
may raise the hope for a brighter future. Here we provide an overview of some exciting fields in
cephalopod research, where (in our biased opinion) the most impressive advances have been
made. These are, in roughly stratigraphical order: the phylogeny of early cephalopods (using
Bayesian approaches); the origin of ammonoids; functional morphology of ammonoids (using
ammonoid robots, grinding tomography, finite element analyses); stable isotope geochemistry
of Mesozoic–Cenozoic cephalopods; ammonoid reproduction (based on exceptionally pre-
served fossils and substantive fecundity estimates); ammonoid morphological evolution and
biodiversity dynamics; early coleoid evolution (multispectral imaging, RTI); new coleoid sys-
tematics; coleoid anatomy (synchrotron, UV); coleoid diversity in the Cretaceous (“digital fossil
mining,” i.e., a system that excavates all fossils embedded in rocks through a combination of
automated grinding tomography and artificial intelligence); food-web positions of various
cephalopods (as prey or predator); and nautiloid evolution. Furthermore, we highlight some
fields that require research focus and discuss threats and problems impacting research on fossil
cephalopods.

Non-technical Summary

Today, cephalopods include octopuses, squids, cuttlefish, and pearly nautilus. In the geological
past, numerous other groups of cephalopods existed, which have received quite some attention,
partly because they were used to date rock layers. In recent decades, new discoveries were made,
partially owing to the rapid development of new technologies such as tomography (synchrotron,
CT, and by grinding specimens). Here we summarize recent developments concerning cepha-
lopod origin and early evolution, origin of ammonoids, biology of ammonoids, geochemistry of
cephalopod skeletons, ammonoid conch shape, evolution of octopus and squid ancestors and
their systematics, diversity and anatomy, the ecological role in food webs, and the evolution of
nautiloids. We also describe potential topics for future research and some problems that research
on fossil cephalopods is facing.

Introduction

Cephalopod mollusks have a history of about half a billion years. Although there are currently
863 accepted living species (octobrachians: 321; decabrachians: 415; nautilids: 7; MolluscaBase,
2026), fossil species outnumbered them by at least one, but probably rather two or potentially
even three, orders of magnitude. In addition, several cephalopod groups occurred in great
numbers, which suggests that some of these extinct species produced a significant biomass not
just as adults, but also as hatchlings; an estimate for a layer particularly rich in ammonoids was
presented by Greif et al. (2022). Throughout their evolutionary history, cephalopods have played
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an important ecological role as both predator and prey in marine
food webs as they still do today, where their role is threatened by
global changes (Piatkowski et al., 2001; Boavida-Portugal et al.,
2022; Borges et al., 2023). Here we provide an overview of recent
research and briefly discuss fields requiring research and problems
that our research community encounters.

Materials

Since this is a review article, most materials presented here have
been published before. Hence, no new materials were gathered, and
no new permits were needed.

Repositories and institutional abbreviations.Specimens displayed in
the figures are stored at the Muséum d’Histoire Naturelle in Paris
(abbreviation: MNHN.F.) and in the Staatliches Museum für Nat-
urkunde, Stuttgart (abbreviation: SMNS).

Phylogeny of early cephalopods

For several reasons, the opinions on early cephalopod evolution
greatly differed between researchers. This is related to the origin of
cephalopods themselves and to the phylogenetic relationships of
the main early Paleozoic cephalopod groups. A considerable tem-
poral gap exists between the earliest known unambiguous cepha-
lopod occurrence (the latest Cambrian Plectronoceras; Kröger et al.,
2011; Pohle et al., 2024) and estimates based on molecular analyses,
which suggest an early Cambrian divergence date (Kocot et al.,
2020; Song et al., 2023; Chen et al., 2025). Most candidate occur-
rences older than Plectronocerashave been shown to be either a
stem chaetognath (Vinther et al., 2025) or a hyolith chimaera
(Landing et al., 2023). It is worth considering that the oldest
cephalopod (i.e., directly after the divergence from other mollusks)
would not be recognizable as such as the molecular divergence dates
allow no conclusions about the origin of diagnostic morphological
structures.

For cephalopods, the unequivocal diagnostic character is the
phragmocone, which may not have been present in the earliest
members of the cephalopod lineage or in the lineage leading there.
These mollusks would be difficult to distinguish from various
Cambrian mollusks considered as possible cephalopod ancestors
such as Tannuellaor Knightoconus(Kröger et al., 2011).

The rapid diversification of cephalopods during the latest Cam-
brian and Early Ordovician led to a dramatic richness in forms and
to an expansion in habits and habitats (Kröger and Zhang, 2009;
Kröger et al., 2009). By the Late Ordovician, cephalopods reached
peak diversities and disparities, especially in low-paleolatitude
shallow-water environments (Kröger, 2013; Kröger, 2025).

The phylogenetic relationships and systematics of these early
Paleozoic cephalopods were largely unresolved until a few years ago.
Researchers of previous generations purported that fossil cephalopod
taxa did not preserve enough characters for meaningful cladistic
analyses (Neige et al., 2007). Furthermore, many of the characters that
were preserved were typically homoplastic. Over the past two decades,
however, several attempts have been made to apply new phylogenetic
methods to cephalopods (Korn, 2001; Rouget et al., 2004; Monks,
2002; Cecca and Rouget, 2006; Kröger and Mapes, 2007; Yacobucci,
2012; Bardin et al., 2014, 2017a, 2017b; Fang et al., 2021; Kröger and
Pohle, 2021; Pohle et al., 2022, 2025b; Stevens et al., 2023). Another
problem is that the diversity of some of the earliest cephalopods
from the late Cambrian of China was overestimated, partly on the
basis of misoriented sections (Chen and Teichert, 1983); this led to

an over-splitting on several systematic levels. The resulting confu-
sion was clarified by comparing the Chinese material with the latest
Cambrian specimens from Australia, which had partially silicified
siphuncles (Pohle et al., 2024). Along with previous research
(Mutvei et al., 2007; Mutvei, 2020), these specimens revealed that
the siphuncle structure of plectronoceratids, the oldest cephalo-
pods, is rather complex, and two-dimensional sections are chal-
lenging to interpret (Pohle et al., 2024).

Disagreement also existed over the phylogenetic meaning of
morphological characters. While Mutvei (2015) relied entirely on
siphuncular structures, King and Evans (2019) preferred to include
muscle-scar patterns, and still other authors used the morphology
of the embryonic shell and juvenile growth stages (Kröger and
Mapes, 2007; Manda and Turek, 2019).

A major step in disentangling the evolutionary relationships of
these groups was undertaken by Pohle et al. (2022), who assembled
a large character matrix for Cambrian and Ordovician cephalo-
pods. Using Bayesian inference and the fossilized birth–death
model (Wright et al., 2022), they suggested a framework for higher-
level phylogenetic relationships and classification. This resulted in
the recognition of three major clades of early Paleozoic cephalo-
pods: Endoceratoidea, Multiceratoidea, and Orthoceratoidea
(Pohle et al., 2022). The Orthoceratoidea group is likely ancestral
to coleoids (including ammonoids; see Hoffmann et al., 2022),
while the origin of the Nautiloidea sensu stricto is most likely to
be found within the Multiceratoidea, although an origin from the
Orthoceratoidea may also be considered (King and Evans, 2019;
Pohle et al., 2022). Further research is needed to clarify remaining
uncertainties, in particular at the basal divergence between the
major clades close to the Cambrian–Ordovician transition.

It will also be interesting to see how the increasing understand-
ing of biomineralization of the conch (Immenhauser et al., 2016; De
Baets and Munnecke, 2018), including cameral and endosiphun-
cular deposits (Turek and Aubrechtová, 2024; Pohle et al., 2025a;
Peterman et al., 2026), fits within this phylogeny. Descriptions of
additional material can only further improve this endeavor
(Cichowolski et al., 2023; Aubrechtová and Korn, 2025; Fang
et al., 2025; Kröger, 2025).

Understanding has also improved about the early Paleozoic origin
(Manda and Turek, 2019; Turek and Manda 2026) and later
“explosion” of diversity and disparity (Korn, 2025; Korn and Gha-
deri, 2025) of the Nautiloidea. This group is important because, in the
restricted sense (Pohle et al., 2022), it contains the single order
Nautilida, including the only extant representatives, Nautilus and
Allonautilus.An unresolved problem, however, is the existing gap
between the oldest unambiguous occurrence of nautiloid fossils
(Dzik and Korn, 1992) in the Devonian and the Silurian molecular
divergence date (Kröger et al., 2011; Tanner et al., 2017; Uribe and
Zardoya, 2017; Chen et al., 2025). A Silurian divergence would also
imply that the Nautilida can have originated only from the Ortho-
ceratoidea since the Multiceratoidea diverged at the latest during the
Early Ordovician (Pohle et al., 2022). Nevertheless, more research
using molecular clocks is needed as these studies typically contain
wide uncertainty margins (±60 Myr in Kröger et al., 2011) and
strongly depend on fossil calibrations and underlying model assump-
tions (Warnock et al., 2012; O’Reilly and Donoghue, 2016; Budd and
Mann, 2024).

Origin of ammonoids

While the transition from orthoceratids via bactritids to ammonoids
and coleoids started crystallizing in the literature much earlier
(Schindewolf, 1935; Erben, 1964, 1965, 1966), a mix of new
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discoveries, application of cladistic methods, and morphofunctional
studies led to the emergence of a clearer and more coherent
picture. Some important steps were the discovery of: (1) the oldest
bactritids (Cichowolski and Rustán, 2017), (2) soft-tissue attach-
ment structures in orthoceratids and bactritids (Kröger et al.,
2005), (3) new early ammonoid faunas in Morocco (Klug, 2001;
De Baets et al., 2010; Becker et al., 2019) and Uzbekistan (Kim
et al., 2007; Naglik et al., 2019), as well as the revision of the
Hunsrück Slate ammonoids (De Baets et al., 2013). On the basis of
comparative anatomy, the phylogenetic transformations (Fig. 1)
are now quite well understood (Kröger et al., 2005). It is also well
documented that ammonoids rapidly explored the range of pos-
sible shapes during their initial radiation and that morphological
disparity is partially decoupled from taxonomic diversity (Allaire
et al., 2023, 2025).

In one of the first studies that applied cladistical methods to
cephalopods, Korn (2001) focused on Devonian ammonoids and
found some support for the following early groups: Agoniatitina
(paraphyletic), Gephuroceratina (monophyletic), Anarcestina
(paraphyletic), and Pharciceratina (monophyletic).

Korn and Klug (2003) and Klug and Korn (2004) examined the
morphofunctional meaning of the evolutionary innovations that
occurred in Early and Middle Devonian ammonoids (Fig. 1). Likely
drivers for the transition from orthoconic, via cyrtoconic and gyro-
conic, to fully coiled conchs is the shift in aperture orientation from a
vertically downward position to a horizontally upward position, the
proximity of the hyponome’s position transitioning from downward
(below the center of mass), to oblique downward (at an angle below
the center of mass), and finally to being aligned horizontally with the
center of mass, as well as the increasing compactness of the conch
(Tendler et al., 2015; Klug et al., 2016a).

Morphogenesis and functional morphology of the ammonoid
phragmocone

The quintessential question in ammonoid research has always been
about the evolution and function of the complexly frilled septa in
derived ammonoids (Klug and Hoffmann, 2015). Many different
explanations have been proposed, including, in no particular order:
to increase hydrostatic strength of the phragmocone, to accelerate
the chamber-emptying process by increasing the pellicle-covered
wettable surface, to accommodate muscle attachment in the frills to
operate a non-mineralized “pre septum” (Cartesian diver), to allow
for faster phragmocone growth, to increase mechanical strength of
the phragmocone against predation, and to optimize buoyancy
regulation by accelerating the filling and emptying processes. This
list might be incomplete, but it comprises the main ideas (more
details and references are provided by Klug and Hoffmann, 2015).
In the following discussion, we focus on only a few of these hypoth-
eses because they have received some recent attention and new
results have been published.

In a series of papers, Lemanis and co-authors (Lemanis et al.,
2015, 2016; Lemanis and Zlotnikov, 2023) assessed the functional
morphology of septa. While septa doubtlessly also served to with-
stand hydrostatic pressure, it is likely that other factors were more
important in terms of enhancing positive selection for increased
septal frilling. In their brilliant paper, Lemanis and Zlotnikov
(2023) examined the mechanical properties of virtual models of
phragmocone segments using finite element analysis (FEA). They
convincingly demonstrated that complex ammonite septa were
optimized to withstand point loads, a good indication that they

protected the ammonoid phragmocone against damage by teeth or
beaks of predators.

In contrast to mechanical hypotheses, a physiological function
was explored in experiments by Peterman et al. (2021). These
experiments used three-dimensional (3D) printed models to isolate
the variables of septal complexity while holding septal spacing and
chamber shape constant (Fig. 2). Furthermore, these experiments
were conducted across scales, spanning a broad range of chamber
sizes (whorl heights spanning 25 to 90 mm). These 3D-printed
models demonstrate that more complex septa have increased cap-
illary potential, readily accepting or holding droplets of liquid in the
folded septal margins. Furthermore, the fractal-like scaling of
ammonitic septa improves capillary potential across scales. That
is, lower-order folds increase capillary potential in smaller cham-
bers while higher-order folds increase capillary potential in larger
chambers. These results suggest that septal complexity could have
influenced the buoyancy regulation and/or growth of the conch by
increasing fluid retention or chamber refill potential. However,
more work is required to better understand these physiological
mechanisms.

Since evolution can act only on structures that exist, the question
for the origin of the complexity arises. The tie-point model by
Seilacher (1975) suggested a link with muscle insertion in the frills.
Self-organization was at play as suggested by self-similarity, espe-
cially in some of the more complex suture types. The viscous-
fingering model of Checa and Garcia-Ruiz (1996) represented an
incorrect analogy in their opinion (Lemanis and Zlotnikov, 2023).
Another explanation was provided by Klug and Hoffmann (2015).
They argued that the gradual ontogenetic increase in folding and
frilling of ammonoid septa is best explained by a moderately stiff
septal mantle, which keeps the shape of the preceding mineralized
septum. Since the new septum had to cover a larger area, it had to
grow outward and follow the inclination of the frills of the preced-
ing septum. Like the leaf of a Lollo Rosso salad, the frilling inten-
sified, eventually forming intensely folded sutures, especially in
some Mesozoic forms. Tighter coiling and strong whorl overlap
strengthened the effect (Monnet et al., 2011), hence the strongly
folded septa in oxycones such as Augurites, Celaeceras, and Pina-
cites(as early examples) or Pinacoceras, Ptychites, and Sphenodiscus
as Mesozoic examples.

Importantly, the discussion about ammonoid habitats is inti-
mately linked with the question of whether the phragmocone was a
buoyancy apparatus. Repeatedly, it was suggested that ammonoids
were actually benthic, which is unlikely in the light of the steadily
increasing (with rare evolutionary pseudo-inversions toward sim-
pler septa) sutural complexity in ammonoids and the complete
absence of ammonoid walking or crawling traces.

Grinding tomography (alternating grinding and scanning of
specimens with subsequent segmentation of the image stack) yielded
the first empirical data on ammonoid buoyancy. Naglik et al. (2016)
and Tajika et al. (2015a, 2015b) reconstructed conchs of Devonian,
Carboniferous, and Jurassic ammonoids. They quantified volumes
and masses of the shell volume, gas volume, and body-chamber
volume. They could demonstrate that, in the absence of chamber
water, each examined conch would have been positively buoyant; like
modern nautilids, they require some chamber liquid to attain neutral
buoyancy. Furthermore, they established the positions of the centers
of mass and buoyancy and thereby the resting position of the animal.
As predicted by theoretical models presented in several seminal
papers by Saunders and Shapiro (1986), Raup and Michelson
(1965), and Raup and Chamberlain (1967), the conch orientation
and hydrostatic stability depended on coiling and body-chamber
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Figure 1. Morphological changes during the evolution from bactritids (top) to the first and slightly derived Devonian ammonoids and changes in ecology. Modified after Klug and
Korn (2004).
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