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New evidence from exceptionally 
“well‑preserved” specimens 
sheds light on the structure 
of the ammonite brachial crown
C. P. A. Smith1*, N. H. Landman2*, J. Bardin3 & I. Kruta2,3*

Ammonite soft body remains are rarely preserved. One of the biggest enigmas is the morphology of 
the ammonite brachial crown that has, up till now, never been recovered. Recently, mysterious hook‑
like structures have been reported in multiple specimens of Scaphitidae, a large family of heteromorph 
Late Cretaceous ammonites. A previous examination of these structures revealed that they belong to 
the ammonites. Their nature, however, remained elusive. Here, we exploit tomographic data to study 
their arrangement in space in order to clarify this matter. After using topological data analyses and 
comparing their morphology, number, and distribution to other known cephalopod structures, in both 
extant and extinct taxa, we conclude that these hook‑like structures represent part of the brachial 
crown armature. Therefore, it appears that there are at least three independent evolutionary origins 
of hooks: in belemnoids, oegospids, and now in ammonites. Finally, we propose for the first time a 
hypothetical reconstruction of an ammonite brachial crown.

Ammonites are an abundant and iconic group of extinct marine organisms. Although they are ubiquitous in the 
fossil record, the anatomy of their soft body is unfortunately very poorly known, hindering our knowledge of 
their paleoecology and paleobiology. One of the biggest uncertainties involves the morphology of their brachial 
crown. According to phylogenetic bracketing, it is generally assumed that they had ten  arms1,2. However, no 
remains of arms or arm structures have ever been discovered in ammonites, not even when internal organs are 
 preserved3. This is most probably due to the retraction of the arms into the body chamber post-mortem1, and/
or the poor preservation potential of the arms’ soft  tissue4,5. Additionally, ammonites are thought to have been 
preyed upon by many  predators6–9, and even possibly by other  ammonites10, further reducing the probability of 
preserving soft tissues.

On the other hand, arm crowns are well documented in fossil coleoids through the presence of sclerotized arm 
structures such as hooks, most often  isolated11–13, but occasionally still  articulated14–20 and/or associated with soft 
tissue  remains21,22. Indeed, coleoid hook-like structures are reported in extant as well as in fossil coleoids since 
the  Carboniferous23,24. The hooks in these coleoids (only present today in a few families of the order Oegopsida) 
differ in morphology, possibly implying that cephalopod hook-like structures appeared multiple times during 
the history of the  group25. As a result, they are considered convergent  acquisitions23,26–28. Therefore, it is essential 
to compare any fossilized structures in ammonites to those in both fossil and modern cephalopods.

In the last few decades, enigmatic hook-like structures have been discovered in multiple specimens of Late 
Cretaceous ammonites of the family Scaphitidae, a large group of heteromorph ammonites. They were first 
described by Landman and  Waage29 who reported them in numerous specimens of Hoploscaphites from the 
Maastrichtian Fox Hills Formation of South Dakota (Fig. 1). At the time, the authors raised several questions 
regarding the nature of these structures: (1) Do they belong to the ammonite or are they the remains of some 
other organism? (2) If they belong to the ammonite, are they radular elements? (3) If not, what are they?

Kennedy et al.30 later described similar structures in Rhaeboceras, another member of the Scaphitidae, from 
the Campanian Bearpaw Shale of Montana. Based on the location of the structures (in the body chamber), they 
argued that these structures belonged to the ammonites and interpreted them as radular elements. They did, 
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however, express reservations about such an interpretation because of the unusually large size of the structures 
(approximately 50% of the length of the upper jaws) and the important morphological differences with other 
known radular elements.

Their concerns were justified, as Kruta et al.31 rejected the radular interpretation after discovering evidence 
of radulae in three specimens of Rhaeboceras halli. The morphology of the radular teeth reported was consistent 
with that of radular teeth known from other aptychophoran ammonites (Fig. 2C) and was completely unlike the 
hook-like structures previously described. These hook-like structures have now been documented in approxi-
mately 50 specimens of Rhaeboceras halli and closely related species. The study of these structures is complicated, 
however, by the fact that most of them are embedded in the sedimentary matrix filling the body chamber. Using 
high resolution X-ray imaging, Kruta et al.32 managed to capture the morphology of the structures in several 
specimens. They documented a large number of structures (as many as 171 in a single specimen) and described 
them as hook-like structures, categorizing them according to morphotype. They also emphasized that the size 
and shape of the structures were inconsistent with the radular tooth hypothesis, rejecting it once and for all. 
Instead, they suggested a possible brachial crown interpretation, leaving open the path for future investigation.

The present work further investigates the nature of theses mysterious hook-like structures in Rhaeboceras 
halli by studying their arrangement in space and comparing them with other known cephalopod structures. To 
accomplish this, we used high resolution X-ray imaging data to obtain complete 3-D images of all of the structures 
and their distribution in space in several specimens. Applying statistical analyses, including persistent homol-
ogy (i.e., a type of topological data analysis that consists in assessing topological features from a data set based 
on the proximity of the points in space; for more detail see Supplementary Material section “presentation of 
persistent homology”), we explore the distribution of the structures in each specimen with an emphasis on the 
spatial distribution of the various morphotypes. Several common patterns emerged allowing us to reconstruct 
the arrangement of the hooks on the arms. This leads, for the first time, to an interpretation of the morphology 
of the brachial crown in ammonites.

Results
Description of the hooks. The hooks in Scaphitidae are thin-walled (150  µm thick in Rhaeboceras 
halli), hollow structures (Figs. 1 and 2) that are generally bicuspid although in R. halli, a few (2%) are tricus-
pid (Fig. 2D–a), rounded or unicuspid (Fig. 2D–b). The base always exhibits a rather large opening (Figs. 1C 
and 2D, E) that may be related to soft tissue insertion, as in coleoid  hooks23,33. In Hoploscaphites, the hooks are 
slightly curved towards the end of their equally short cusps, have a wide round opening (2–5 mm in diameter), 
and do not vary in size or  shape29 (Fig. 1). In contrast, the hooks in R.halli tend to be straight with an oval slanted 
opening at their base and show a broad range of morphologies (Fig. 2D, E). Therefore, we use the designation 

Figure 1.  Hoploscaphites hooks. (A) H. nicolletii, AMNH 51333. Part of the phragmocone and most of the body 
chamber is preserved, with the jaw still in-situ testifying to the exceptional preservation. (B) Illustration of all 
the hooks uncovered in AMNH 51333 viewed from two different angles separated by the dashed line. The hooks 
have been reconstructed after segmentation using VGStudio MAX 3.0. (C) Illustrative drawing of Hoploscaphites 
hooks based on Landman et al.29 and the 3D rendering of the structures, drawing by A. Lethiers (CR2P).
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“hook” as a general term for any pointy structure despite the fact that these structures do not necessarily curve 
backward. Kruta et al.32 divided the hooks into five major bicuspid morphotypes. Morphotype 1 (G1) is elongate 
with the right cusp longer than the left one (Fig. 2E–a). Morphotype 2 (G2) is large and wide with the right cusp 
longer than the left one (Fig. 2E–b). Morphotype 3 (G3) is slightly smaller than the other morphotypes with both 
cusps of equal size (Fig. 2E–c). Morphotype 4 (G4) is large and wide with the left cusp longer than the right one 
(Fig. 2E–d). Morphotype 5 (G5) is elongate with the left cusp longer than the right one (Fig. 2E–e). The authors 
emphasized that morphotypes 1 and 5, and 2 and 4, were mirror images of each other, respectively. They also 
described several very small bicuspid hooks (Fig. 2D–c) with cusps subequal in size.

After fully reconstructing AMNH 95795, 122 hooks were reported; all of them are attributable to one of the 9 
morphotypes (5 major bicuspid morphotypes, the very small bicuspid morphotype, and the tricuspid, unicuspid 
and rounded morphotype) described in Kruta et al.32. Many hooks were also uncovered in AMNH 160989 but 

Figure 2.  Rhaeboceras halli hooks. (A) R. halli, AMNH 66351 with hooks occurring at the edge of the body 
chamber. (B) Close-up view of the hooks in AMNH 66351. (C) R. halli radular teeth identified by Kruta et al.31; 
from left to right: second lateral tooth, first lateral tooth and marginal tooth. (D) & (E) 3D rendering (VGStudio 
MAX 3.0.) of the structures identified in Kruta et al.32. (D) (a) tricuspid, (b) unicuspid, (c) very small bicuspid 
structures. (E) The five main bicuspid morphotypes and their typical shape.
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because of their chaotic distribution in the body chamber, we did not include this specimen in our study (the 
number of hooks of each morphotype for each specimen is available in Supplementary Table S1).

Position in the body Chamber. In all the scanned specimens (8 specimens hosting hooks), the hooks are 
grouped in clusters. Therefore, we assume that the hooks in many non-scanned specimens are also grouped in 
clusters. Thus, even if only a part of the cluster is visible, it marks the position of the entire assemblage. The hooks 
always occur in the body chamber. The side of the body chamber on which the hooks occur, however, varies from 
one individual to another and there seems to be no pattern in their distribution as they are on the right flank, left 
flank, or venter; they can be in the middle or posterior part of the body chamber, but rarely in the anterior part 
(Table S2). In specimens with jaws preserved in-situ (8 specimens; 28% of the specimens), the hooks are located 
beneath or behind the jaws but never inside them. Kennedy et al.30 reported one specimen in which the hooks 
appear to occur inside the jaws. However, after re-examining this specimen, we observed that some of the hooks 
actually point out of the jaw. We conclude that these hooks were not originally located in the jaw, but instead, left 
impressions on the jaw following the death of the animal, either due to gravitational or compressional processes 
during fossilisation.

Hook distribution. Our results reveal that not only do the hooks always occur together inside the body 
chamber, but they are also arranged by morphogroup. Based on the distances between hook centroids, we deter-
mined that the nearest neighbour of each hook is most often a hook of the same morphotype (Table 1; detail 
for each specimen in Supplementary Table S3). The hooks are, thus, non-randomly distributed. The hooks of 
the same morphotype are also commonly aligned in longitudinal rows, either straight or in an arc, and are 
imbricated. This pattern is particularly well illustrated using the persistent homology analyses (Fig. 3). When 
the hooks are arranged in a straight line, all of the cusps point in one direction (Fig. 3A). When the hooks are 
arranged in an arc, the cusps point outward (Fig. 3A, C). These patterns are conspicuous in the best preserved 
specimens i.e., the specimens with the most hooks such as AMNH 66350 and 66433.

Morphotype associations. We also noted associations between pairs of morphotypes (Table 1B). Mor-
photype 1 is most closely associated with morphotype 4 in four of the seven fully reconstructed specimens 
(AMNH 66350, 66433, 66434, and 95795; Table S4). In AMNH 66350 and AMNH 66433, the two morphotypes 
are aligned side by side, with the longest cusps next to each other (Fig. 3). In AMNH 66434 and 95795, although 
the distribution of the hooks seems a bit more chaotic, morphotypes 1 and 4 are still grouped together (Table S4; 
Fig. S2). In AMNH 66448, the two morphotypes are not touching but are distributed fairly close to each other 
along the same arc and in the same plane (Fig. S3A, B). In the two remaining specimens (Figs. S3 C, D and S4), 
very few (2 G1 and 2 G4 for AMNH 66351; 8 G1 and 7 G4 for AMNH 64405) of both morphotypes are present, 
which explains why the relationship between the two morphotypes is not apparent.

Morphotypes 2 and 5 are also associated with each other in five fully reconstructed specimens (AMNH 
66350, 66433, 66434, 95795, and 66351; Table 1B). In AMNH 66350, these two morphotypes are arranged side 
by side, with the longest cusps next to each other, forming a second axis (Fig. 3A,B). In AMNH 66434, the two 
morphotypes are grouped together (Fig. S2A,B), and in AMNH 66433, they are distributed along the same arc 
(Fig. 3C,D). Most of the structures in AMNH 66351 are of morphotype 2 or 5 (19 out of the 26 attributed to a 
morphotype). In AMNH 95795, morphotypes 2 and 5 are arranged together and underneath morphotypes 1 and 
4 (Fig. S2C,D). This pattern also seems to appear in AMNH 66448, but there are too few hooks of morphotype 
5 to be sure (Fig. S3A,B). When smaller morphotypes (morphotype 3 and the very small hooks) are present in 
the same specimens (AMNH 66350, 66433, and 95795), they occur together at the base of the axis described by 
the other morphotypes (Figs. 3 and S2).

Discussion
Our study of the hooks in Rhaeboceras halli confirms the existence of at least nine morphotypes, as previously 
 demonstrated32. Morphotypes 1, 2, 4, and 5 are also visible at the surfaces of several non-scanned specimens 
and we suspect that the other morphotypes are also present in these specimens, but embedded in the matrix. A 
detailed study of the hooks in Hoploscaphites has not yet been performed. Nevertheless, it is evident that Hop-
loscaphites hooks (Fig. 1) are different and less variable in shape than those in R. halli (Fig. 2). Thus, the following 
discussion and interpretations remain, for now, mostly restricted to R. halli.

In modern cephalopods, hooks appear as brachial crown structures only among decabrachians in seven 
families of  Oegopsida25 (Onychoteuthidae, Octopoteuthidae, Enoploteuthidae, Ancistrocheiridae, Pyroteuthidae, 
Gonatidae, and Cranchidae). The hooks are elongate, unicuspid, and curved, with a flared base and a double-
sided opening (Fig. 4). Hooks in extinct cephalopods (onychites) such as Belemnitida, Donovaniconida, and 
Phragmoteuthida are also elongate, unicuspid, and curved. They differ from modern decabrachian hooks by 
often presenting a small spur on their left or right side and having only a single-sided slanted opening at their 
 base23,25,34 (Fig. 5).

The morphology of the hooks in Rhaeboceras halli and Hoploscaphites is unique. The hooks are hollow with a 
well-defined bicuspid shape and a single-sided wide opening at their base. They do, however, share a few vague 
similarities with hooks of other cephalopods. The hooks in R. halli and Hoploscaphites fall in the same size range 
as those in modern  decabrachians35 and  belemnoids12,36. Morphotypes 2 and 4 in R. halli are similar in morphol-
ogy to some of the bicuspid hooks of Taonius pavo37,38 (Fig. 4D,E). Morphotypes 1 and 5 in R.halli resemble 
onychites with well-developed lateral shafts such as the onychites of Paraglycerites (Fig. 5D–c).

In modern decabrachians, the hooks originate from modifications of the chitinous rings around the 
 suckers39,40, hence their double sided opening. This contrasts with the single-sided opening of onychites. Engeser 
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and  Clarke23 argued that this difference between the hooks of modern decabrachians and belemnoids was due 
to a different ontogenetic origin, implying that cephalopod hooks evolved convergently more than once during 
their history and may not have originated from the same initial organ and thus, are not truly homologous. Indeed, 
hooks in belemnoids are thought to be homologous with cirri and trabeculae and not  suckers26. Nonetheless, it 
is commonly accepted that the hook-like structures present on the brachial crowns of modern decabrachians 
and belemnoids performed a similar function i.e., prey  grasping23,26–28,41,42. It seems therefore plausible that in 
ammonites as well, a far more distant relative of modern decapodiforms and  belemnoids43, brachial crown hooks 
may have evolved convergently as well.

Although they have been subject to taphonomic processes, the spatial distribution of the hooks in the best 
preserved specimens of Rhaeboceras halli is consistent with an arrangement on the arm crown (i.e., the hooks 
are aligned in pairs, forming up to two distinct axes). With one exception (out of 50 reported occurrences), they 
are always preserved in the body chamber. Presumably, the arms would have retracted into the body chamber 
directly preceding (due to stress) or following the death of the  animal1. In addition, in specimens that contain 
in-situ jaws, implying that the body was still inside the shell during fossilization, the hooks occur below the jaws, 
suggesting that they were derived from a ventral arm pair. Indeed, in some modern cephalopods, like Sepia, for 
example, the tentacles can retract into tentacular pockets slightly behind and below the  jaws44.

The number of brachial crown hooks varies broadly among coleoids: 20 to 100 hooks on each of 10 
arms in  belemnoids18,23,25; 40 to 45 hooks per arm in Ancistrocheirus lesueurii45,46;15 to 25 hooks per arm in 
 Enoplotheutidae47,48; 1 to 3 big hooks on the tentacular club in addition to smaller hooks along the arms I, II and 
III in the  Gonatidae35; and 60 hooks or small suckers per tentacular club in the  Onychoteuthidae49 (Fig. 4A,B). 
The total number of hooks per specimen in Rhaeboceras halli is also variable (40 to 168; Table S1). These values 
may represent underestimates since in some specimens of R. halli, not all the hooks were captured in the recon-
struction. In other specimens, weathering may have destroyed the hooks that were originally present. Indeed, in 
the specimens with the most hooks (AMNH 66350 with 168 structures and AMNH 95795 with 122 structures), 
the majority of hooks are not exposed at the surface. Thus, the number of hooks in R. halli is comparable to the 
total number of tentacular hooks or arm hooks known in other cephalopods.

The grouping and imbrication of multiple hooks of the same morphotype and the paired relation between 
morphotypes in Rhaeboceras halli also support the hypothesis that they belong to the brachial crown, as it is remi-
niscent of the distribution of hooks on the arms and tentacles in modern decabrachians and belemnoids (closely 

Table 1.  Summary of the nearest neighbour to each hook based on the centroid position of the hooks, 
according to morphotype and over all specimens: A With all the hooks. B Only taking into account hooks of 
a different morphotype, after excluding outliers. The colour scale is dependent on the counts, in comparison 
to what would have been expected if the hooks were randomly distributed in the body chambers. This does 
not apply to the unicuspid and tricuspid morphotypes due to too few representatives. The number in brackets 
represents the ratio observations/expected if randomly distributed. For detail per specimen, see Tables S3 & S4.

A M1 M2 M3 M4 M5 M6 Unicuspid Tricuspid

M1 59 (197%) 7 (42%) 4 (40%) 20 (94%) 16 (71%) 11 (79%) 0 0

M2 7 (42%) 25 (281%) 7 (127%) 6 (51%) 13 (105%) 5 (66%) 0 1  (101%)

M3 7 (70%) 5 (91%) 11 (337%) 5 (66%) 10 (216%) 1  (388%) 0

M4 22 (103%) 7 (60%) 0 33 (220%) 12 (75%) 9 (91%) 0 0

M5 19 (84%) 11 (89%) 7 (93%) 8 (50%) 40 (237%) 3 (29%) 0 0

M6 6 (43%) 2 (26%) 9 (194%) 5 (51%) 2 (19%) 26 (412%) 1  (280%) 3  (360%)

Unicuspid 0 1  (236%) 1  (388%) 0

0

0 1  (280%) 0 0

Tricuspid 0 1  (101%) 1  (166%) 0 1  (74%) 2  (240%) 0 2  (2162%)

B M1 M2 M3 M4 M5 M6 Unicuspid Tricuspid

M1 6 (34%) 4 (45%) 44 (152%) 32 (112%) 12 (93%) 1 (109%) 1 (60%)

M2 9 (57%) 4 (66%) 7 (57%) 33 (180%) 5 (66%) 1 (262%) 1 (59%)

M3 4 (56%) 4 (77%) 1 (20%) 4 (63%) 9 (263%) 3 (1050%) 2 (349%)

M4 33 (130%) 21 (166%) 1 (19%) 13 (69%) 4 (43%) 0 1 (71%)

M5 29 (130%) 29 (164%) 10 (143%) 14 (85%) 1 (11%) 0 0

M6 11 (85%) 3 (38%) 11 (292%) 6 (61%) 6 (58%) 3 (448%) 2 (195%)

Unicuspid 0 1 (287%) 1 (373%) 0 0 1 (178%) 0

Tricuspid 0 2 (132%) 1 (177%) 0 0 3 (317%) 0

< 120 % < < 150 % <
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aligned in pairs along the arms). The chirality between the morphotypes in R. halli highlighted by Kruta et al.32 is 
consistent with the chirality observed on the armature (i.e., the whole of the arm structures) of some specialised 
arms in modern decabrachians, such as in Taonius pavo, in which bicuspid hooks on the tentacles mirror each 
 other35. Based on the attachment between the onychites and arms in  belemnoids23,25,34 and the hooks and arms 
in modern  decabrachians23,35, we can also assume that the hooks in R.halli were attached via their openings to 
soft tissue on the arms. Besides, given the multiple similarities between the opening in R.halli hooks and that 
of onychites (e.g., single sided slanted opening), the insertion of the hooks was more likely similar to that of the 
latter rather than to that of modern decabrachians. The persistent homology analyses support this hypothesis, 
with the hooks of the same morphotype describing up to two distinct axes in space and pointing outwards. They 
were thus probably aligned in pairs on the arms with the cusps pointing forward.

A surprising feature, however, is the broad variation in size and shape of the elements in Rhaeboceras halli. 
In extinct coleoids (e.g., Donovaniconida, Belemnitida, and Phragmoteuthida), some morphological variability 
has been  reported50, yet no more than four morphotypes within a single individual have been identified. Besides, 
the morphological differentiation of these morphotypes appears to mainly be due to their curvature. In modern 
cephalopods, arm hooks are generally nearly uniform within a single individual and per arm. Structures of differ-
ent morphology have occasionally been reported in arms that are modified for reproduction, i.e.,  hectocotyli51. A 

Figure 3.  Distribution of the hooks in-situ in Rhaeboceras halli. (A) & (B) AMNH 66350. (C) & (D) AMNH 
66433. (A) & (C) 3D rendering (VGStudio MAX 3.0.) of the structures preserved in the body chamber. (B) & 
(D) Simplified representation of the distribution of the hooks in space (R software, package  rgl65). The thick lines 
represent the links between the hooks according to morphotype, based on the persistent homology analysis of 
the centroid position of their opening. Only the strongest and best integrated links are shown. The white arrows 
indicate the two suspected axes. Additional animated figure is available in the corresponding supplementary 
“.gif ” document and interactive plot is available in the corresponding supplementary “.html” document.
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hectocotylus is a single modified arm for reproduction on which the suckers develop laterally in order to form a 
trench along the whole arm. This trench is then used to transfer the spermatophores into the mantle cavity of the 
female. After the process, some males are capable of self-amputation of their hectocotylus, which then remains 
in the female. This structure could therefore be found in the pallial cavity of females, as in argonauts where this 

Figure 4.  Examples of modern tentacular clubs and their armature. (A) Onychoteutis banskii left tentacular 
club, YPM 17906. (B) Sketch of a Onychoteutis banskii left tentacular club, modified from Roper et al.66. (C )
Hook of Onychoteuthis banskii with soft tissues modified from Kulicki &  Szaniawski34. From left to right: 
lateral view, outer side view and inner side view. (D) Sketch of a Taonius pavo right tentacular club with various 
modified suckers, after  Sasaki37. (E) Taonius pavo left tentacular club manus, YPM 37340. In all specimens the 
base of the hooks is open on two sides (basal and distal.
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feature is  common52. However, given the size and number of hooks in R. halli (up to 168 in AMNH 66350), the 
likelihood that they belong to a single arm is low. In other extant decabrachians and belemnoids, giant hooks 
(Mega-onychites) found only as a single pair have been interpreted by several authors as mating structures used 
to hold the female during  reproduction12,53.

Besides the hectocotylus, the only brachial crown structures that come close to the structures described here 
in terms of morphological variability are tentacular club structures. High morphological variability among ten-
tacular structures is common in modern  decabrachians35 where a differentiation can usually be observed between 
the structures on the carpus, manus, and dactylus and/or across the width of the tentacle, as in Onychoteutis 
bankssi (Fig. 4A,B). In extant Cranchiidae, structures show broad variation along the tentacular club, from little 
suckers with chitinous rings to enlarged bicuspid and even multicuspid  teeth37,38 (Fig. 4D,E).

The morphological variation among the different morphotypes of hooks in Rhaeboceras halli, their number 
per specimen, their size, their distribution within the body chamber, their arrangement, and the presence of 
up to two axes inferred from the persistent homology analysis supports the hypothesis of a pair of arms. More 
specifically, we envision tentacles with soft tissue inserted through the openings of the hooks to link them to 
the arm, rather than simple arm structures. This leads us to the following reconstruction of the hypothetical, 
original hook distribution in R.halli (Fig. 6).

Conclusion
With their characteristically hollow, bicuspid shape and their single-sided, wide opening at the base, the struc-
tures in Rhaeboceras halli and Hoploscaphites are unique and very different from other known cephalopod struc-
tures, whether extant or extinct. Indeed, this is the first report of cephalopod-associated hook-like structures 
outside coleoids, restricting comparisons. Morphological variations are observable among the structures of 
different members of the Scaphitidae. Variability within individuals, which has yet to be formally described, has 
also been observed. Nonetheless, the nine major morphotypes described by Kruta et al.32 in R. halli have been 
confirmed. Study of the morphology of the hooks has already allowed the rejection of a radular  origin32. Their 
precise nature, however, was up till now still uncertain. The study of their spatial distribution in R. halli provides 
new elements allowing us to clarify this matter. Recurrent patterns in the arrangement of the hooks, conspicu-
ous in the best preserved specimens, have been highlighted. They are always located in the body chamber. Some 
morphotypes are associated with each other in pairs (G1&G4; G2&G5). These associated morphotypes define 
up to two distinct axes in space, with up to about 60 or 70 hooks per axis (maximum estimate); these topological 
features are all the more highlighted by the persistent homology analyses, emphasising the potential of topologi-
cal data analyses applied to palaeontological material, especially given the growing popularity of topographical 

Figure 5.  Examples of extinct belemnoid onychites. (A) Hook bearing belemnoid specimen, AMNH 046611. 
(B) Close up image of AMNH 046611, brachial crown. (C) Schematic drawing of a fossil arm hook with 
particular morphological elements and their terminology modified from Kulicki &  Szaniawski34. (D-) Examples 
of different onychites identified by Kulicki &  Szaniawski34 : Falcuncus falcus onychites (a); Longuncus longus 
onychites (b); Paraglycerites gracilis onychites (c); Deinuncus brevirostris onychites (d).
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analysis. The morphology of the hooks varies along these axes, with the very small structures at the base, fol-
lowed by the biggest structures. All these traits seem to indicate that the hooks are brachial crown structures. 
The comparison with other cephalopod structures further supports this hypothesis, as the previously described 
arrangement of hooks in R. halli is reminiscent of the distribution of structures known from decabrachian ten-
tacle clubs. Given all this evidence, we come to the conclusion that the hook-like structures in R. halli do indeed 
represent arm structures and, most likely, tentacular club structures.

Armature hooks in belemnoids (i.e., onychites) and modern decabrachians are believed to be convergent 
acquisitions as they both serve as grasping devices related to feeding habits. It is plausible the structures in Rhae-
boceras halli served the same function. One hypothesis is that R.halli developed some sort of ambush hunting 
strategy in which the hooks were used to clasp small prey despite being slow  swimmers54–56, as perhaps suggested 
by the co-occurrence of hooks and fish remains preserved together in a single concretion (Fig. S5). Further work 
must however be conducted before being able to elucidate the exact function of these hooks, as grasping devices 
for mating remains, among others, a plausible hypothesis. Nonetheless, these structures are the very first ammo-
nite brachial crown elements described, considerably improving our knowledge about the evolution of arms and 
their armature in cephalopods, and opening a whole new field of study in ammonite evolution and paleoecology.

Material
The specimens of Rhaeboceras halli examined in this study are from the upper Campanian Baculites jenseni  Zone57 
of the Bearpaw Shale in northeast Montana. They are reposited at the American Museum of Natural History 
(AMNH), New York; the Black Hills Institute of Geological Research (BHI), Hill City, South Dakota; and the U.S. 
National Museum (USNM), Washington, D.C. We re-examined six specimens of R. halli previously studied by 
Kruta et al.32 AMNH 64405, 66350, 66351, 66433, 66434 and 66448. In addition, we examined 17 other R. halli 
specimens from the same site that also contained hooks. Of these, we concentrated on the six best preserved 
specimens and CT-scanned them: BHI 4818, AMNH 95795, 51333, 162970, 108408, and AMNH 160989. Only 
AMNH 95795 and AMNH 160989 provided satisfactory scan results. Three specimens (BHI 4818, AMNH 51333, 
and AMNH 162970) turned out to contain no hooks at all and one specimen (AMNH 108408) was too dense 
to provide exploitable tomographic data.

Six specimens of Hoploscaphites representing three species (H. gilberti ?, H. nicolletii, H. comprimus) were 
also examined (Table S2) and one was CT-scanned: H. nicolletii (AMNH 51333) from the upper Maastrichtian 
Fox Hills Formation, north-central South Dakota. It preserves part of the body chamber and the lower jaw is 
in-situ. The hooks are preserved in the matrix.

Figure 6.  Hypothetical reconstruction of a R. halli tentacular club. The arrangement of the different 
morphotypes of hooks along the tentacular clubs was inferred based on the recurrent 3D patterns and 
morphotype associations identified in multiple specimens throughout this study, and comparisons with extant 
coleoid armatures. The size of the clubs is estimated, and falls within the range observed in modern coleoids. 3D 
reconstruction by A. Lethiers (CR2P).
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Scaphitid ammonites are sexually  dimorphic58, with the larger morph (the macroconch) interpreted as the 
female, and the smaller morph (the microconch), interpreted as the male. We therefore interpret the studied 
specimens as macroconchs based on their large size and robust shape. Only two specimens of Rhaeboceras halli 
collected in the upper Campanian Baculites jenseni Zone of the Bearpaw Shale in northeast Montana have been 
interpreted as microconchs. Neither exhibits any hook-like structures. It should however be noted that some 
uncertainty persists regarding the recognition of males and females, as dimorphism has not yet been thoroughly 
studied in Rhaeboceras.

All of the specimens we examined (29 specimens) are internal moulds and retain part or all of the body cham-
ber. The hooks occur inside the body chamber and although some of them are visible on the surface (Fig. 2A,B), 
most of them are still embedded in the matrix. We observed only one occurrence of hooks not in connection with 
an ammonite; the hooks are preserved in a small limestone concretion (15 cm in length) associated with a nearly 
complete fish skeleton (Fig. S5). The nature of this co-occurrence remains however unclear. A high proportion 
of the specimens with hooks also retain the jaws inside the body chamber (Table S2), which is interpreted as 
evidence of rapid burial after death.

To better interpret our results, we also investigated the morphology of modern and extinct cephalopods based 
on the literature and examination of actual specimens housed in the Yale Peabody Museum (YPM). We selected 
the species Taonius pavo (YPM 029245 and 037340) and Onychoteuthis banksii (YPM 17905, 17907, 17909 and 
17911) for study due to the particular armature of their arms consisting of horny, unicuspid and bicuspid hooks.

Methods
Hook segmentation and identification. The cluster of hooks in each body chamber was revealed using 
µCT-scanning and propagation phase-contrast X-ray synchrotron microtomography (PPC-SR-µCT-ESRF pro-
posal es-859). For more detail on data acquisition, refer to Kruta et al.32. The six newly studied specimens of 
Rhaeboceras halli were µCT-scanned at the AMNH using a GE PHOENIX v|tome|x s 240. The 3D segmentation 
was performed using VG studio Max 3.2 (Volume Graphics, Heidelberg, Germany). Most of the segmentation 
was performed using threshold tools.

The hooks are hollow and filled with the surrounding sedimentary matrix. They are composed of a thin wall 
of black material identified as the mineral  brushite32. As a result, the density difference between the hooks and 
the surrounding matrix is high, facilitating their reconstruction with threshold tools. However, when the hooks 
were partly exposed on the surfaces of specimens, segmentation was performed manually.

After further examination of the different hook morphologies and the morphological disparity of the hooks 
studied by Kruta et al.32, and taking into account the morphotypes that had previously been defined, each newly 
reconstructed hook was assigned to a morphotype.

Study of spatial distribution. In order to better comprehend the distribution of the hooks in the body 
chamber and their relations between each other, the same landmarks used in Kruta et al.32 were positioned on 
the reconstructed hooks of the newly CT scanned specimens. The coordinates of these landmarks were then 
exported along with the coordinates of the landmarks used in Kruta et al.32 and analysed using R software (R 
Core Team 2016).

Multiple aspects of the spatial distribution of the hooks were examined based on observations and the centroid 
position of each hook derived from the landmarks: (i) The overall position of the hooks in the body chamber was 
studied through examination of 8 CT-scanned specimens. In addition, 18 specimens where also examined on the 
outside. (ii) The reconstructions of the hooks obtained from the CT-scan data using VGL 3.2 Volume Graphics 
(Heidelberg, Germany), a 3D data visualisation software, were used to validate the morphotypes described in 
Kruta et al.32, and describe the general arrangement of the structures in space within the body chamber. (iii) Using 
statistical analyses, the position of each hook was studied in relation with other hooks of the same morphotype, 
as well as with hooks of different morphotypes.

Statistical analyses. The approach used here to describe the relationships between hooks is based on their 
centroids. The centroid of each hook provides the best estimate of the position of the hook inside the body 
chamber. We used the centroid of the four landmarks of the opening, as we assume it corresponds to the position 
of the soft tissue attachment. In order to identify the geometrical arrangement of the hooks, we used a method 
derived from persistent homology, which is a new topological data analysing method that has only recently been 
applied in a few fields such as  neurology59, molecular  chemistry60–62, and material  sciences63 but never, as far 
as we know, in paleontology. This method consists in establishing links between points in space based on their 
proximity in order to highlight possible pathways between them (for more detail see Supplementary Material 
section “presentation of persistent homology”). To do so we used functions from the R package  TDA64.

To investigate the spatial relationships among morphotypes, we examined the distances between the hooks. 
In each specimen, and for each hook, we first searched for its closest neighbour among all the hooks, including 
those of the same morphotype and then, only among hooks of a different morphotype. Our hypotheses are that 
(i) if hooks are clustered per morphotype, the closest neighbour to any hook of morphotype mi should most 
of the time be a hook of that same morphotype mi, (ii) that if any morphotypes mi and mj are related, then the 
closest neighbour to any hook of morphotype mi and from a different morphotype than mi should most often 
be a hook of morphotype mj rather than of any other morphotype and vice versa. To test these hypotheses, we 
computed the distances between the centroids of all hooks in each specimen. Then, for all hooks of each mor-
photype mi, (i) we first counted the number of times the closest hook belonged to the same morphotype mi, 
(ii) and then counted the number of times the closest hook belonged to each of the other morphotypes mj after 
excluding the relation mi-mi. Given the results in (i) (i.e., the structures are clustered by morphotype), in order 
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to avoid biasing the analyse in (ii) we excluded the outlier hooks of each morphotype based on their distance 
to the other hooks of the same morphotype using the 1.5xIQR rule. In other words, the hooks that are far apart 
from the cluster formed by the other hooks of the same morphotype were excluded. We compared these counts 
to the null hypothesis value:

- For (i) 
∑

specimens

Emi−i , where Emi−i is the estimated number of hooks of morphotype mi that have as closest 

neighbour a hook of the same morphotype mi ,assuming the hooks are randomly distributed. For each specimen, 
Emi−i = (Nmi − 1)/(Ntot − 1)× Nmi with Nmi corresponding to the number of hooks of morphotype mi and 
Ntot corresponding to the number of hooks in the specimen.

- For (ii) 
∑

specimens

Emi−j , where Emi−j is the estimated number of hooks of morphotype mi that have as closest 

neighbour a hook of morphotype mj after excluding outliers and the other hooks of morphotype mi, assuming 
the hooks are randomly distributed. For each specimen, Emi−j = N ′mj/

(

N ′

tot − N ′mi

)

× N ′mi with N ′mi cor-
responding to the number of hooks of morphotype mi after excluding outliers, N ′mj corresponding to the number 
of hooks of morphotype mj after excluding outliers, and N ′

tot corresponding to the number of hooks in the speci-
men after excluding outliers.

Finally, the ratio of the observed values to the null hypothesis values indicates the deviation from a random 
distribution scenario. The higher these ratios (expressed as a percentage) are (i) the better the hooks of the same 
morphotype are clustered and (ii) the stronger the relationship between morphotype mi and mj is. To make the 
procedure as clear as possible, an example for each hypothesis testing is provided in Supplementary Material.

Received: 1 March 2021; Accepted: 5 May 2021

References
 1. Klug, C. & Lehmann, J. Soft part anatomy of ammonoids: reconstructing the animal based on exceptionally preserved specimens 

and actualistic comparisons. in Ammonoid Paleobiology: From Anatomy to Ecology 507–529 (Springer, 2015).
 2. Klug, C. et al. Anatomy and evolution of the first Coleoidea in the Carboniferous. Commun. Biol. 2, 1–12 (2019).
 3. Klug, C., Schweigert, G., Tischlinger, H. & Pochmann, H. Failed prey or peculiar necrolysis? Isolated ammonite soft body from 

the Late Jurassic of Eichstätt (Germany) with complete digestive tract and male reproductive organs. Swiss J. Palaeontol. 140, 1–14 
(2021).

 4. Maeda, H. & Seilacher, A. Ammonoid taphonomy. In Ammonoid paleobiology 543–578 (Springer, 1996).
 5. Wani, R. & Gupta, N. S. Ammonoid taphonomy. In Ammonoid Paleobiology: from Macroevolution to Paleogeography 5, 555–598 

(2015).
 6. Klug, C. & Vallon, L. H. Regurgitated ammonoid remains from the latest Devonian of Morocco. Swiss J. Palaeontol. 138, 87–97 

(2019).
 7. Hoffmann, R., Stevens, K., Keupp, H., Simonsen, S. & Schweigert, G. Regurgitalites—a window into the trophic ecology of fossil 

cephalopods. J. Geol. Soc. 177, 82–102 (2020).
 8. Gale, A. S., Kennedy, W. J. & Martill, D. Mosasauroid predation on an ammonite-Pseudaspidoceras-from the Early Turonian of 

south-eastern Morocco. Acta Geol. Pol. 67, 31–46 (2017).
 9. Vullo, R. Direct evidence of hybodont shark predation on Late Jurassic ammonites. Naturwissenschaften 98, 545–549 (2011).
 10. Ibáñez, C. M. & Keyl, F. Cannibalism in cephalopods. Rev. Fish Biol. Fish. 20, 123–136 (2010).
 11. Lehmann, J., Solarczyk, A. & Friedrich, O. Belemnoid arm hooks from the Middle-Upper Albian boundary interval: taxonomy 

and palaeoecological significance. Paläontol. Z. 85, 287–302 (2011).
 12. Stevens, G. Palaeobiological and morphological aspects of Jurassic Onychites (cephalopod hooks) and new records from the New 

Zealand Jurassic. NZ J. Geol. Geophys. 53, 395–412 (2010).
 13. Klug, C., Davesne, D., Fuchs, D. & Argyriou, T. First record of non-mineralized cephalopod jaws and arm hooks from the latest 

Cretaceous of Eurytania, Greece. Swiss J. Palaeontol. 139, 1–13 (2020).
 14. Engeser, T. & Reitner, J. Beiträge zur Systematik von phragmokontragenden Coleoiden aus dem Untertithonium (Malm zeta," 

Solnhofener Plattenkalk") von Solnhofen und Eichstätt (Bayern). N. Jb. Geol. und Paläont. 527–545 (1981).
 15. Reitner, J. & Urlichs, M. Echte Weichteilbelemniten aus dem Untertoarcium (Posidonienschiefer) Südwestdeutschlands. N. Jb. 

Geol. Paläont. 165, 450–465 (1983).
 16. Fuchs, D., Donovan, D. T. & Keupp, H. Taxonomic revision of “Onychoteuthis” conocauda Quenstedt, 1849 (Cephalopoda: Cole-

oidea). N. Jb. Geol. Pal. A. 270, 245–255 (2013).
 17. Donovan, D. T. & Crane, M. D. The type material of the Jurassic cephalopod Belemnotheutis. Palaeontology 35, 273–296 (1992).
 18. Klug, C., Schweigert, G., Fuchs, D. & Dietl, G. First record of a belemnite preserved with beaks, arms and ink sac from the Nusplin-

gen Lithographic Limestone (Kimmeridgian, SW Germany). Lethaia 43, 445–456 (2010).
 19. Hart, M. B., Hughes, Z., Page, K. N., Price, G. D. & Smart, C. W. Arm hooks of coleoid cephalopods from the Jurassic succession 

of the Wessex Basin, Southern England. Proc. Geol. Assoc. 130, 326–338 (2019).
 20. Doyle, P. & Shakides, E. V. The Jurassic Belemnite Suborder Belemnotheutina. Palaeontology 47, 983–998 (2004).
 21. Doguzhaeva, L. et al. An Early Triassic gladius associated with soft tissue remains from Idaho, USA—a squid-like coleoid cepha-

lopod at the onset of Mesozoic Era. APP 63, 341–355 (2018).
 22. Doguzhaeva, L. A., Summesberger, H., Mutvei, H. & Brandstaetter, F. The mantle, ink sac, ink, arm hooks and soft body debris 

associated with the shells in Late Triassic coleoid cephalopod Phragmoteuthis from the Austrian Alps. Palaeoworld 16, 272–284 
(2007).

 23. Engeser, T. S. & Clarke, M. R. Cephalopod hooks, both recent and fossil. in Paleontology and Neontology of Cephalopods 133–151 
(Elsevier, 1988).

 24. Johnson, R. G. & Richardson, E. S. Ten-armed fossil cephalopod from the Pennsylvanian of Illinois. Science 159, 526–528 (1968).
 25. Fuchs, D. & Hoffmann, R. Treatise Online no. 91: Part M, Chapter 10: Arm Armature in Belemnoid Coleoids. Treatise Online 

(2017).
 26. Fuchs, D., von Boletzky, S. & Tischlinger, H. New evidence of functional suckers in belemnoid coleoids (Cephalopoda) weakens 

support for the ‘Neocoleoidea’ concept. J. Molluscan Stud. 76, 404–406 (2010).
 27. Fuchs, D., Heyng, A. M. & Keupp, H. Acanthoteuthis problematica Naef, 1922, an almost forgotten taxon and its role in the inter-

pretation of cephalopod arm armatures. N. Jb. Geol. Pal. A. 269, 241–250 (2013).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11862  | https://doi.org/10.1038/s41598-021-89998-4

www.nature.com/scientificreports/

 28. Young, R. E., Vecchione, M. & Donovan, D. T. The evolution of coleoid cephalopods and their present biodiversity and ecology. 
S. Afr. J. Mar. Sci. 20, 393–420 (1998).

 29. Landman, N. H. & Waagé, K. M. Scaphitid ammonites of the Upper Cretaceous (Maastrichtian) Fox Hills Formation in South 
Dakota and Wyoming. Bull. AMNH 215, 257 (1993).

 30. Kennedy, W. J., Landman, N. H., Cobban, W. A. & Larson, N. L. Jaws and Radulae in Rhaeboceras, a Late Cretaceous Ammonite. 
20 (2002).

 31. Kruta, I., Landman, N., Rouget, I., Cecca, F. & Tafforeau, P. The radula of the Late Cretaceous scaphitid ammonite Rhaeboceras 
halli (Meek and Hayden, 1856). Palaeontology 56, 9–14 (2013).

 32. Kruta, I., Bardin, J., Smith, C. P. A., Tafforeau, P. & Landman, N. H. Enigmatic hook-like structures in Cretaceous ammonites 
(Scaphitidae). Palaeontology 63, 301–312 (2020).

 33. Miserez, A. et al. Microstructural and biochemical characterization of the nanoporous sucker rings from Dosidicus gigas. Adv. 
Mater. 21, 401–406 (2009).

 34. Kulicki, C. & Szaniawski, K. Cephalopod arm hooks from the Jurassic of Poland. Acta Palaeontol. Pol. 17, 379–419 (1972).
 35. Jereb, P. & Roper, C. F. E. FAO Cephalopods of the World No. 4 Vol. 2, Oegopsid and Myopsid squids, 605 (Rome, 2010).
 36. Riegraf, W. v, Werner, G. & Lörcher, F. Der Posidonienschiefer: Biostratigraphie, Fauna und Fazies des Südwestdeutschen Unter-

toarciums, 1–195.  (F. Enke, 1984)..
 37. Sasaki, M. A monograph of dibranchiate cephalopods of the Japanese and adjacent waters. J. Coll. Agric. Hokkaido Univ. 20, 1–357 

(1929).
 38. Evans, A. A systematic review of the squid family Cranchiidae (Cephalopoda: Oegopsida) in the Pacific Ocean. (PhD diss., Auck-

land University of Technology, 2018).
 39. Naef, A. Die fossilen Tintenfische. 322 pp. (1922).
 40. Kristensen, T. K. Scanning electron microscopy of hook development in Gonatus fabricii (Lichtenstein, 1818) (Mollusca: Cepha-

lopoda). Vidensk. Meddel. Natuirist. Foren. Kjobenhavn. 140, 111–116 (1977).
 41. Hart, M. B., Arratia, G., Moore, C. & Ciotti, B. J. Life and death in the Jurassic seas of Dorset, Southern England. Proc. Geol. Assoc. 

131, 629–638 (2020).
 42. Jenny, D. et al. Predatory behaviour and taphonomy of a Jurassic belemnoid coleoid (Diplobelida, Cephalopoda). Sci. Rep. 9, 1–11 

(2019).
 43. Kröger, B., Vinther, J. & Fuchs, D. Cephalopod origin and evolution: a congruent picture emerging from fossils, development and 

molecules: Extant cephalopods are younger than previously realised and were under major selection to become agile, shell-less 
predators. BioEssays 33, 602–613 (2011).

 44. Jereb, P. & Roper, C. F. Cephalopods of the world. An annotated and illustrated catalogue of cephalopod species known to date. Volume 
1. Chambered nautiluses and sepioids (Nautilidae, Sepiidae, Sepiadariidae, Idiosepiidae and Spirulidae). 262 (2006).

 45. Bello, G., Potoschi, A. & Berdar, A. Adult of Ancistrocheirus  lesueurii caught in the straits of Messina (Cephalopoda: Ancistro-
cheiridae). Bollettino Malacologico 29, 259–266 (1993).

 46. Okutani, T. Rare and interesting squid from Japan V.: A gravid female of  Ancistrocheirus lesueuri (D’ORBIGNY, 1839) Collected 
in the Kuroshio Area (Oegopsida: Enoploteuthidae). Venus (Japanese Journal of Malacology) 35, 73–81 (1976).

 47. Tsuchiya, K. Abralia fasciolata, a new species of enoploteuthid squid from the western Indian Ocean (Cephalopoda: Oegopsida). 
Bull. Natl. Sci. Museum 17, 69–79 (1991).

 48. Hidaka, K. & Kubodera, T. Squids of the genus Abralia (Cephalopoda: Enoploteuthidae) from the western tropical Pacific with a 
description of Abralia omiae, a new species. Bull. Mar. Sci. 66, 417–443 (2000).

 49. Bolstad, K. S. R. Systematics of the Onychoteuthidae Gray, 1847 (Cephalopoda: Oegopsida). Zootaxa 2696, 1–186 (2010).
 50. Hoffmann, R., Weinkauf, M. F. G. & Fuchs, D. Grasping the shape of belemnoid arm hooks—a quantitative approach. Paleobiology 

43, 304–320 (2017).
 51. Mangold K. Les organes génitaux. In Traité de zoologie, Céphalopodes Tome V fascicule 4,  Grassé, P. P (ed). 459–492. (Masson, 

1989)
 52. Rosa, R. & Seibel, B. A. Voyage of the argonauts in the pelagic realm: physiological and behavioural ecology of the rare paper 

nautilus, Argonauta nouryi. ICES J. Mar. Sci. 67, 1494–1500 (2010).
 53. Jackson, G. D. & O’Shea, S. Unique hooks in the male scaled squid Lepidoteuthis grimaldi. J. Mar. Biol. Ass. 83, 1099–1100 (2003).
 54. Naglik, C., Tajika, A., Chamberlain, J. & Klug, C. Ammonoid locomotion. In Ammonoid Paleobiology: From anatomy to ecology 

649–688 (Springer, 2015).
 55. Hoffmann, R., Lemanis, R., Naglik, C. & Klug, C. Ammonoid buoyancy. In Ammonoid paleobiology: From Anatomy to Ecology 

613–648 (Springer, 2015).
 56. Ebel, K. Swimming abilities of ammonites and limitations. Paläontol. Z. 64, 25–37 (1990).
 57. Cobban, W. A., Walaszczyk, I., Obradovich, J. D. & McKinney, K. C. A USGS zonal table for the Upper Cretaceous middle 

Cenomanian-Maastrichtian of the Western Interior of the United States based on ammonites, inoceramids, and radiometric ages. 
U.S. Geol. Surv. Open-File Rep. 1250, 45 (2006).

 58. Landman, N. H., Kennedy, W. J., Cobban, W. A. & Larson, N. L. Scaphites of the “Nodosus Group” from the Upper Cretaceous 
(Campanian) of the Western Interior of North America. Bull. Am. Mus. Nat. Hist. 342, 1–242 (2010).

 59. Lee, H., Chung, M. K., Kang, H., Kim, B.-N. & Lee, D. S. Computing the Shape of Brain Networks Using Graph Filtration 
and Gromov-Hausdorff Metric. in Medical Image Computing and Computer-Assisted Intervention–MICCAI 2011. 6892, 302–309 
(Springer Berlin Heidelberg, 2011).

 60. Xia, K. & Wei, G.-W. Persistent homology analysis of protein structure, flexibility, and folding. Int. J. Numer. Methods Biomed. Eng. 
30, 814–844 (2014).

 61. Townsend, J., Micucci, C. P., Hymel, J. H., Maroulas, V. & Vogiatzis, K. D. Representation of molecular structures with persistent 
homology for machine learning applications in chemistry. Nat. Commun. 11, 1–9 (2020).

 62. Xia, K. Persistent homology analysis of ion aggregations and hydrogen-bonding networks. Phys. Chem. Chem. Phys. 13, 13448–
13460 (2018).

 63. Krishnapriyan, A. S., Montoya, J., Hummelshøj, J. & Morozov, D. Persistent homology advances interpretable machine learning 
for nanoporous materials. arXiv: 2010. 00532 [cond-mat, physics:physics] (2020).

 64. Fasy, B. T., Kim, J., Lecci, F. & Maria, C. Introduction to the R package TDA. arXiv preprint arXiv: 1411. 1830 (2014).
 65. Adler, D., Nenadic, O. & Zucchini, W. Rgl: A r-library for 3d visualization with opengl. in Proceedings of the 35th Symposium of 

the Interface: Computing Science and Statistics, Salt Lake City 35, 1–11 (2003).
 66. Roper, C. F., Sweeney, M. J. & Nauen, C. Cephalopods of the world. An annotated and illustrated catalogue of species of interest to 

fisheries, 277 (FAO Fish Synopsys, 1984).

Acknowledgements
We thank Alexandre Lethiers (CR2P-SU) and Ana Rashkova (AMNH) for the illustrations, Paul Tafforeau (ESRF) 
for PPC-SR-µCT data acquisition and reconstruction and Morgan Chase (AMNH) for CT scan acquisition. We 
also thank Arnaud Brayard (Biogéosciences) for his precious advice and Rémi Laffont (Biogéosciences) for the 
constructive discussions regarding the 3D representations. We would like to thank for funding support, the 

http://arXiv.org/2010.00532
http://arXiv.org/1411.1830


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11862  | https://doi.org/10.1038/s41598-021-89998-4

www.nature.com/scientificreports/

Annette Kade fellowship (AMNH), ESRF (proposal es-859), the Richard Gaylord Donnelley Fellowship (Yale) 
and the AMNH collection visit grant. Additionally, we are grateful to the Invertebrate zoology division of the 
Peabody museum of Natural History, and to Eric A. Lazo-Wasem for allowing us access to modern specimens. 
We also warmly thank the Rhaeboceras team, especially Tom Linn, for their collecting effort in Montana. Finally, 
we thank Christian Klug and Kathleen Ritterbush for their helpful and constructive comments and  advice.

Author contributions
C.P.A.S. wrote the manuscript, performed the 3D rendering, the statistical and topological analyses and inter-
preted the results. I.K and N.L. designed the research topic. I.K is responsible for data acquisition (selection of 
specimens-CT scan) and lead ESRF Synchrotron proposal es-856. J. B. co-designed the methodological approach. 
All authors discussed the results and reviewed the manuscript.

Competing interest 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 89998-4.

Correspondence and requests for materials should be addressed to C.P.A.S., N.H.L. or I.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-89998-4
https://doi.org/10.1038/s41598-021-89998-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	New evidence from exceptionally “well-preserved” specimens sheds light on the structure of the ammonite brachial crown
	Results
	Description of the hooks. 
	Position in the body Chamber. 
	Hook distribution. 
	Morphotype associations. 

	Discussion
	Conclusion
	Material
	Methods
	Hook segmentation and identification. 
	Study of spatial distribution. 
	Statistical analyses. 

	References
	Acknowledgements


