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Earliest octopuses were giant top
predators in Cretaceous oceans

Shin Ikegami't, Jérg Mutterlose?, Kanta Sugiura’, Yusuke Takeda®,
Mehmet Oguz Derin*, Aya Kubota®, Kazuki Tainaka®,
Takahiro Harada®, Harufumi Nishida’, Yasuhiro Iba*$

Top predators drive changes in ecosystem structure. For the
last ~370 million years, large-sized vertebrates have dominated
the apex of the marine food chain, while invertebrates have
served as smaller prey. Here we describe invertebrate top
predators from this “age of vertebrates,” the earliest finned
octopuses (Cirrata) from Late Cretaceous sediments

(~100 to 72 million years ago), as identified based on huge,
exceptionally well-preserved fossil jaws and their wear. This
extensive wear suggests dynamic crushing of hard skeletons.
Asymmetric wear patterns further indicate lateralized
behavior, suggesting advanced intelligence. With a calculated
total length of ~7 to 19 meters, these octopuses may

represent the largest invertebrates thus described, rivaling
contemporaneous giant marine reptiles. Our findings show
that powerful jaws, and the loss of superficial skeletons,
convergently transformed cephalopods and marine vertebrates
into huge, intelligent predators.

Top predators impose strong top-down effects on biodiversity and
ecosystem structures (I, 2). Vertebrates have been top predators in
marine ecosystems for more than 370 million years (3, 4). They have
repeatedly evolved large body sizes, which have allowed them to have
advanced hunting abilities through allometrically enhanced physical
strength, mobility, and cognition (3-6). This pattern was reinforced
by iterative adaptation of tetrapod vertebrates since the early Mesozoic
(~250 Ma), as documented by the fossil record of marine reptiles and
whales (4). In the late Mesozoic (~200 to 66 Ma), the radiation of
durophagous vertebrates, namely shell-crushing predators, opened a
new phase in predator-driven evolution, shaping the modern-type
marine ecosystem (7-9). Invertebrates of this interval primarily served
as small prey, evolving hard, mineralized shells for protection over
time (8-11).

Octopuses (suborders Cirrata and Incirrata), which thrive as intel-
ligent mid-level carnivores in present-day oceans, followed an excep-
tional evolutionary pathway among invertebrates (12-15). Octopuses
and their stem groups comprise the superorder Octobrachia, a group
that demineralized their protective shells (16-18). This group experi-
enced multiple diversifications after the Late Triassic in which the
external shell was reduced, and octopuses consequently have only
vestigial or no shells (16-18). This evolution of octopuses into a soft-
bodied form represents a key innovation that enhanced swimming
ability and facilitated improved eyesight and intelligence (17-20).

Among fossil Octobrachia, several gigantic genera, of more than
2 m in total length, have been documented from Mesozoic sediments
by their chitinous jaws and gladii (remnant of the shell) (16, 21, 22).
These so-called “krakens” may have been high-level carnivores at the
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time. Their position in the food chain, however, has remained com-
pletely unknown since direct evidence such as the stomach contents
of these giants has not been found to date (23). In fossil and extant
cephalopods, including octopuses, the arm morphology does not pro-
vide any evidence concerning prey type. The jaw morphology, exhibit-
ing a pointed tip and sharp edges (figs. S1 and S2), is also not a reliable
proxy of feeding habits as it varies considerably throughout cephalo-
pod phylogeny (24, 25). Here we use a different approach, in which
the wear of fossil jaws is documented and used to reconstruct their
carnivorous feeding habits. The wear was caused by cracking skeletons
of prey, which are harder than the jaws composed of stiffened chitin
(26). This pronounced wear of the jaws is a common feature of duro-
phagous modern cephalopods (fig. S3) (26, 27).

We revisited 15 large-sized fossil jaws of Octobrachia, previously
reported from Cretaceous sediments of Japan and Vancouver Island
(table S1) (21, 28-30). Distinctive wear features were observed on an
exceptionally well-preserved specimen. Additionally, we discovered
12 jaws of finned octopuses (suborder Cirrata) from Cretaceous rocks
of Japan through the digital fossil-mining method (table S2) (24, 31).
This technique uses high-resolution grinding tomography and a zero-
shot learning artificial intelligence (AI) model, developed here, to
process large image datasets precisely (movie S1) (31). The pigmenta-
tion patterns of the digital jaws reflect ontogenetic change within
species and enable interspecific comparisons of growth rate (31, 32).
As all 27 specimens came from low-energy, outer-shelf deposits with-
out wave or current influence, transport-induced abrasion is unlikely.
Our technical approach, and the excellent preservation of the mate-
rial, enabled a precise identification of the wear; artificial damage
by fossil preparation can be excluded. The approach and material
thus allowed for important aspects of the feeding habits of fossil
Cirrata to be revealed. Investigations of their taxonomy, stratigraphic
ranges, and body size further allow a reconstruction of the position
of the Cirrata in Cretaceous marine ecosystems.

Taxonomic revisions

Five species of Octobrachia have been reported from Cretaceous sedi-
ments, based on fossil jaws in the past (21, 28-30). Here, these taxa are
taxonomically reorganized as two species, Nanaimoteuthis jeletzkyi
and N. haggarti (Fig. 1, supplementary text, and fig. S4). Nanaimoteuthis,
which was previously assigned to the order Vampyromorpha (vam-
pire squids) (30), is here included in the suborder Cirrata (finned
octopuses) of the order Octopoda (supplementary text and fig. S5).
The extant families of the suborder Cirrata have either an elongated
body or a short body (12). In their jaw morphology, broad wings are
characteristic of long-bodied forms, whereas the wings of short-
bodied forms are narrow. Nanaimoteuthis, having broad wings, is
assigned to the long-bodied group (supplementary text). The newly
discovered specimens extend the stratigraphic range of N. jeletzkyi
to the earliest Cenomanian-late Campanian (~100 to 72 Ma), and
that of N. haggarti to the Santonian-late Campanian (~86 to 72 Ma)
(tables S1 and S2).

Body size estimations and growth

The ontogenetic growth of jaws and soft body is allometric (32-34),
thereby allowing reliable body size calculations (31). This study quanti-
fies the maximum mantle length of N. jeletzkyi and N. haggarti based
on the largest jaws observed for each species, using the comprehensive
size data of modern long-bodied forms (tables S3 and S4) (31). The
largest jaw of N. jeletzkyi was discovered here through the digital
fossil-mining method (Fig. 1A), and that of N. haggarti is a nondigital
specimen previously reported (Fig. 1B) (2I). The maximum mantle
length calculated based on jaws is ~0.67 to 1.84 m for N. jeletzkyi and
~1.58 to 4.43 m for N. haggarti (table S4). The pigmentation patterns
of juvenile jaws indicate that N. haggarti is larger than N. jeletzkyi at
the same growth stage (fig. S6).
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Fig. 1. Huge lower jaws of fossil octopuses and of an extant giant squid. (A and B) The largest lower jaws of the Late Cretaceous finned octopus species N. jeletzkyi [(A) NMNS
DS00042 3LmvTpM] and N. haggarti [(B) KMNH IvP 902001]. Both specimens show extensive loss of jaw material caused by wear. (C) A lower jaw of the extant giant squid
Architeuthis dux (NSMT-Mo 85956), a species having the largest jaw among modern cephalopods. (A) is a digital fossil jaw visualized as a 3D model; (B) is an exceptionally
well-preserved nondigital fossil jaw; and (C) is a modern jaw dissected from a carcass of ~10 m total body length. Solid lines indicate the extension of striation on the outer
surface of the hood and broken lines show the estimated outline of the rostrum without wear. The hood and lateral walls lost by weathering, shown as shadowed areas, are
reconstructed based on the holotype and specimens in fig. S4. (A) and (C) are exhibited in a mirrored position. Scale bar, 20 mm.

Fig. 2. Wear on the largest lower jaw of N. jeletzkyi. (A and B) The entire specimen [(A) dorsal view; (B) anterior view]. The broken line in (A) shows the boundary where
striations become lost. (C to H) Close-ups of wear, of which the positions are indicated by boxes in (A) and (B). (C) Lateral view of the right jaw edge with chips (arrows). (D)
Dorsal view of the rounded rostral part with scratches (arrows). (E) Oblique view of the rostral part with chips (arrows). (F) Area showing striations, which extends vertically
in this figure (arrows). (G) Polished area where striation is lost, with scratches (arrows). (H) Asymmetric loss of the jaw edges (arrows), indicated by a mirrored image in 50%
transparency overlaid beneath the original image. All panels show the specimen NMNS DS00042 3LmvTpM. Scale bars, 10 mm for (A), (B), and (H); 1 mm for (C) to (G).
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Wear patterns

The largest specimens of N. jeletzkyi and N. haggarti have a blunt ros-
trum and rounded jaw edges as a result of intensive wear, both these
jaw elements are sharp in juveniles (Figs. 1to 3, supplementary text, and
fig. S4). The rostral part, which has been lost by wear, was reconstructed
from striations, original ornamentation of the jaw surface (Fig. 1) (31).
The length of this lost part at the rostral tip is ~5.7 mm in N. jeletzkyi
and ~10.6 mm in N. haggarti, which amounts to ~10% of the total jaw
length for each species (Fig. 1). The right edge of the jaw is more worn
than the left edge in both N. jeletzkyi and N. haggarti (Figs. 2H and 3K).
The observed signs of wear include chips, scratches, and polish (Figs. 2
and 3). The chips and scratches in N. jeletzkyi were precisely visualized
in the digital three-dimensional (3D) models (Fig. 2, C to E and G, and
movie S1). Those in N. haggarti are filled with sediment, indicating that
they were not caused by mechanical preparation (Fig. 3, C and D). In
both species, many chips that surpass 1 mm in size are preserved on the
jaw edges (Figs. 2, C and E, and 3, C and D). The outer surface of the
rostrum is polished, obscuring primary striations (Figs. 2, A, F, and G,
and 3, A, and G to J). It also shows numerous scratches up to 5 mm in
length superposed on the polished part (Figs. 2, D and G, and 3, C to H).
These scratches extend vertically or obliquely to the jaw edges. The inner
surface of N. jeletzkyi, facing the oral cavity for chewing, is more worn
than the outer surface (Fig. 2E). The rostrum of N. haggarti shows many
transverse cracks up to 5 mm in length (Fig. 3, E to H).

cracks

Fig. 3. Wear on the largest lower jaw of N. haggarti. (A and B) The entire specimen
[(A) dorsal view; (B) anterior view]. (C to K) Close-ups of the wear, of which the
accurate positions are indicated by boxes in (A), (B), and (G). (C) and (G) Lateral view
of the right jaw edge with chips, scratches, and cracks. (E) Dorsal view of the rounded
rostral part with scratches and cracks. Schematic drawings of (C), (E), and (G) are
shown in (D), (F), and (H), respectively. (I) Area showing striation, which extends
vertically in this figure. (J) Polished area where striation is lost. (K) Asymmetric loss of
the jaw edges (arrows), indicated by a mirrored image in 50% transparency overlaid
beneath the original image. All panels show the specimen KMNH IvP 902001. The
broken line in (A), (G), and (H) shows the boundary where striation becomes lost.
Scale bars: 10 mm for (A), (B), (E) to (H), and (K); 1 mm for (C), (D), (1), and (J).
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Finned octopuses: Possibly the largest animals in

Cretaceous oceans

Octopuses are classified into two suborders, the Cirrata (finned octo-
puses) and the Incirrata (finless octopuses) (12). In modern oceans,
the Cirrata primarily inhabit deep-sea environments, and the
Incirrata are mainly found in coastal areas (12). The specimens of
N. jeletzkyi, newly discovered here, extend the oldest record of Cirrata
(30) by ~15 million years and that of octopuses (16) by ~5 million years
to the earliest Cenomanian (~100 Ma). The Cirrata extensively inhabited
the shelf seas of the circum-North Pacific, the largest ocean during
the Late Cretaceous.

The extant suborder Cirrata consists of two morphologically different
groups, the long-bodied forms including four families (Cirroctopodidae,
Cirroteuthidae, Grimpoteuthidae, and Stauroteuthidae), and the short-
bodied forms comprising one family (Opisthoteuthidae) (12). We re-
vealed here that Nanaimoteuthis had an elongated body, which is
supported by previously reported fossils and molecular phylogeny.
Numerous soft-body imprints of Mesozoic Octobrachia are known and
so far more than 50 genera have been described based on these fossils
(16). All of these taxa, such as Trachyteuthis and Enchoteuthis, have
an elongated mantle (16). Molecular phylogenetic analyses covering
all extant families of Cirrata show that the long-bodied form is ances-
tral to the short bodied (35). In modern long-bodied Cirrata, the total
length including the arms is on average ~4.2 times the mantle length
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Fig. 4. Body size estimation of Late Cretaceous octopuses. The graph shows an
allometric relationship between the length of the jaw and mantle in long-bodied
species of extant finned octopus (tables S3 and S4) (31). The name of the correspond-
ing species is shown along each growth curve. The sizes of N. jeletzkyi and N. haggarti
based on their largest specimen are indicated by black vertical lines. Reconstruction
of these two species, the extant giant squid (36), and gigantic vertebrate predators
(37-40) in the Late Cretaceous are shown with their maximum total length.
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Fig. 5. Convergent evolution among marine top predators in the Paleozoic—Mesozoic. This model shows the acquisition of jaws and the reduction of superficial skeletons in
the evolutionary history of marine vertebrates (top) and cephalopods (bottom) to become top predators. The gray horizontal bars show the chronological range of some
selected groups of vertebrates and cephalopods (3,4, 18). For cephalopods, stepwise reductions of skeletons are indicated by the blue background.

(table S5) (12). Based on this ratio, N. jeletzkyi with a mantle length of
~0.67 to 1.84 m reached a total length of ~2.8 to 7.7 m, and N. haggarti
with a mantle length of ~1.58 to 4.43 m reached a total length of ~6.6 to
18.6 m (Fig. 4 and table S6). This difference in maximum body size
(Fig. 4), together with that in growth rates shown by pigmentation
patterns (fig. S6), suggests that N. haggarti grew larger and faster than
N. jeletzkyi. As N. haggarti occurs from stratigraphically younger sedi-
ments (~86 to 72 Ma) than N. jeletzkyi (~100 to 72 Ma), these differ-
ences indicate that the Cirrata became more gigantic ~15 Myr after
their origin toward the end of the Cretaceous.

N. haggarti is characterized by its extremely large size (Figs. 1
and 4). Its jaw size surpasses that of the giant squid, which has the
largest jaw among extant cephalopods (Fig. 1C; ~80 mm maximum
length) (34) by a factor of ~1.5. The giant squid, with a mantle length
of 2.5 m and a total length of ~12 m, is the biggest species among all
fossil and living invertebrates so far known (22, 36). Our calculations
show that N. haggarti is comparable to the giant squid in both mantle
and total length (Fig. 4). N. haggarti also rivals the dimensions of the
largest bony fish (Xiphactinus audax, ~5 m) (37), chondrichthyans
(Ptychodus mortoni, ~10 m) (38), plesiosaurs (Styxosaurus sp., ~12 m)
(39), and mosasaurs (Mosasaurus hoffmannii, ~17 m) (40) known from
the Cretaceous (Fig. 4). The Cirrata thus had among the largest body
sizes of all organisms in the Cretaceous oceans.

Earliest octopuses: Intelligent top predators

Most extant octopuses and cuttlefishes are generalist carnivores that
consume both soft and hard prey, mainly crustaceans, shelled mol-
lusks, other cephalopods, and bony fishes (41). Frequent durophagous
predation on hard-shelled prey causes wear of their jaw tips and jaw
edges, which is absent in nondurophagous cephalopods such as squids
(fig. S3) (26, 27). This wear provides reliable evidence of durophagy,
in a broader sense carnivory, in fossil cephalopods. The wear was
found on adult jaws of Late Cretaceous Cirrata, but not on their juve-
nile jaws (fig. S4). It is also absent in co-occurring fossil squid jaws,
including both juveniles and adults (24). In the largest specimens of
N. jeletzkyi and N. haggarti, the loss of jaw material caused by the
accumulated wear reaches ~10% of the total jaw length (Fig. 1), which
is more severe than in modern durophagous cephalopods (26, 27).
These wear patterns suggest that Late Cretaceous giant Cirrata were
active carnivores that frequently crushed hard shells and bones. The
long scratches distributed on wide areas of their jaw (Figs. 2, D and
G, and 3, C to H) reflect the dynamic use of the entire jaw for disman-
tling prey. Asymmetric loss of the jaw edges suggests lateralized
behavior (Figs. 2H and 3K), which has been linked to a highly devel-
oped brain and cognition (42). This, in turn, suggests that the earliest
octopuses already possessed advanced intelligence. Laterality is known
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in modern octopuses, whose high intelligence matches that of verte-
brates (42, 43). The exceptionally large jaws of adult N. jeletzkyi and
N. haggarti (Fig. 1) suggest a strong bite force because cephalopod jaw
muscles enlarge as the jaw size increases (26). The long lateral walls
in their jaws revealed by the new digital specimens reported here show
that Nanaimoteuthis had large jaw muscles (Fig. 1 and fig. S4). The
chipping on both the rostrum and jaw edge (Figs. 2, C and E, and 3,
C and D) was caused by strong shear stress beyond the yield point of
the most robust part of the jaw. The transverse cracks in N. haggarti
(Fig. 3, E to H) are probably a trace of larger shear failures. These large
fractures thus suggest a powerful bite. In giant Cirrata, the jaws are
smaller than those of contemporaneous Cretaceous vertebrate top
predators, which measure ~1.7 m in length (40). Instead of using a
large mouth, the long and flexible arms of octopuses serve for catching
large prey (fig. S1A) (13). The giant Cirrata probably consumed large
prey with their long arms and jaws, playing the role of top predators
in Cretaceous marine ecosystems.

Octopuses competed with large vertebrates
The marine ecosystem has evolved with vertebrates as top predators
for the past ~370 Myr (3, 4, 44, 45). In the late Mesozoic, the increase
of durophagous predation enhanced both taxonomic and ecological
diversity, shaping the modern-type marine ecosystem (8-11). The
Cretaceous, the final period of this interval, saw a peak of this predator-
prey arms race (8-1I). Previous studies have recognized only large ver-
tebrates as durophagous top predators that drove this coevolution,
represented by chondrichthyans (e.g., Ptychodus and Coupatesia) and
mosasaurs (e.g., Globidens and Carinodens) (Fig. 4) (7-9, 40). By con-
trast, Cretaceous invertebrates have been primarily regarded as prey
that underwent protective adaptations (8-1I). This study shows that
the earliest, gigantic octopuses were exceptional invertebrates that
invaded a position in the top tier of the Cretaceous food webs (Fig. 5).
Vertebrates and cephalopods evolved jaws contemporaneously be-
tween 423 to 407 Ma, an innovation that improved feeding efficiency
(Fig. 5) (#5-48). Vertebrate top predators have since lost their armor
plates and reduced scales to evolve smooth skin (3, 49), whereas cepha-
lopods have internalized, demineralized, and reduced their external
shell to become soft-bodied (Fig. 5) (17, 18, 50). Through these changes,
both groups increased swimming performance, body size, and intel-
ligence at the expense of defensive hard parts (Fig. 5) (3, 4, 17-20, 51).
Long after the rise of vertebrate top predators, octopuses evolved body
plans capable of rivaling them, as demonstrated here (Fig. 5). Our
discovery of octopus top predators highlights that this convergent
evolution of robust jaws and the reduction of superficial skeletons in
cephalopods and vertebrates is essential for becoming a large, intel-
ligent marine top predator.
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Earliest octopuses were giant top predators in Cretaceous oceans
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Editor’'s summary

The Kraken, the giant cephalopod of legend, was feared by sailors for centuries. Later interpretations suggested that

it may have been based on sightings of the giant squid, which can be 10 meters long. Although they lived far too early
to have been the source of the legend, Ikegami et al. describe fossil octopods from the late Cretaceous that truly would
have fit the description of the monster, reaching up to 19 meters in length. Wear patterns on their jaws suggest that
these octopods preyed upon the large reptiles present at the time, including plesiosaurs and mosasaurs. The authors
interpret asymmetry in these wear patterns as an indication of corresponding asymmetry in behavior, suggesting
complex brain development and, potentially, high intelligence. —Sacha Vignieri
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