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Abstract. A new sperm whale species is described from the late Zanclean (Early Pliocene) of  Piedmont, 
northwest Italy, based on a partial vertebral column and parts of  the forelimb. The new taxon, Eophyseter damarcoi gen. 
nov. sp. nov., is characterized by elongated vertebral centra in the thoracic and lumbar regions of  the vertebral co-
lumn, wider and higher articular facets for the occipital condyles in the atlas, elliptical and dorsoventrally compressed 
posterior articular facet of  the axis-bearing block, ulna with posteriorly convex margin. These characters distinguish 
Eophyseter damarcoi gen. nov. sp. nov. from other physeteroids and show that the vertebral proportions are differently 
arranged with respect to those of  the extant sperm whale species. A phylogenetic analysis was performed to under-
stand the relationships of  Eophyseter damarcoi gen. nov. sp. nov. by adding 20 postcranial characters to a previous cha-
racter x taxon matrix; it revealed that E. damarcoi gen. nov. sp. nov. forms a clade with P. macrocephalus. A taphonomic 
analysis suggested that the carcass of  the holotype specimen of  Eophyseter damarcoi gen. nov. sp. nov. was exploited 
by sharks and colonized by barnacles and molluscs; however, a quick burial prevented its total destruction by other 
invertebrates, as usual in the cetacean fossil record from the Pliocene of  Piedmont.

Keywords:  Italy; Physeteridae; Phylogeny; Eophyseter; Physeteroidea; Piedmont; Pliocene; Postcranial skeleton.

Introduction

In the last days of  November 1929 a skeleton 
of  a sperm whale was found in the Pliocene outcrop 
of  the Sabbie d’Asti Formation near Valmontasca 
village in the municipality of  Vigliano d’Asti (about 
4 km South of  Asti and about 45 km South-East of  
Torino, Piedmont, North-West Italy; Fig. 1). A liv-

ing witness of  the excavation has recently reported 
that the skeleton was perfectly articulated and head-
less, and it seemed a sea snake (Nosenzo 2022). The 
specimen was excavated during the 1929 winter and 
was transported to Torino in January 1930 where it 
was consolidated. A preliminary report on this sperm 
whale was published by Parona (1930) who described 
the excavation and the consolidation procedures, and 
who provided a first taxonomic assessment based on 
the morphology of  the vertebral column. This early 
account was supported by Richard (1930) who took Received: January 22, 2024; accepted: January 16, 2025
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the responsibility for the preparation and consolida-
tion of  the specimen together with its anatomical 
study. Both Parona and Richard concluded that the 
specimen represented a Pliocene sperm whale close 
to the extant sperm whale species, Physeter macro-
cephalus Linnaeus, 1758. They further suggested that, 
based on the asymmetry observed in one chevron 
bone, this Pliocene sperm whale was particularly 
close to the southern population of  P. macrocephalus 
that, at that time, was assigned to its own species, 
Physeter australis Gray, 1846. Socin (1954) briefly re-
viewed this find and assigned it to Physeter australis 
var. astensis following Sacco’s philosophy about the 
use of  varieties in the systematics of  fossil cetaceans 
(Sacco 1897, 1899; see also Bisconti et al. 2020, 2021 
for historical studies).

After about one century, the specimen was 
newly prepared for an exhibition at the Museo Pa-
leontologico Territoriale dell’Astigiano (hereinafter: 
MPTA; Fig. 2A); this exhibition is part of  broader 
scientific education programs carried out by this 

agency in the last ten years (Damarco et al. 2023; 
Bisconti et al. 2020, 2023a). During the new prepa-
ration process, the specimen was newly available for 
study allowing the realization of  a MS thesis on the 
morphology of  selected anatomical structures in-
cluding the atlas, the scapula and the humerus that 
confirmed its close affinity with the living Physeter 
macrocephalus (Stecca 2021). However, further inves-
tigations on the vertebral characteristics revealed 
significant differences suggesting that the Vigliano 
sperm whale represents a new genus and species.

In this paper, we provide a detailed mor-
phological study of  the skeleton of  the Vigliano 
sperm whale in a broader comparative context that 
includes extant and extinct physeteroid cetaceans. 
By means of  this comparative analysis, we find that 
the Vigliano sperm whale represents a new taxon, 
Eophyseter damarcoi n. gen. and n. sp. that we de-
fine and dedicate to Piero Damarco, Paleontology 
curator at the Museo Paleontologico Territoriale 
dell’Astigiano (see below, Systematic Paleontology 

Fig. 1 - Location of  the discovery of  MGPT-PU 13864, holotype of  Eophyseter damarcoi gen. nov. sp. nov. A) Map showing the Italian peninsula 
with Piedmont indicated in yellow; scale bar equals 100 km. B) Map of  Piedmont showing the extension of  the Asti province; scale 
bar equals 50 km. C) Map showing the Asti province with indication of  the locality of  the discovery of  MGPT-PU 13864; scale bar 
equals 20 km.
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section; Fig. 2B). Moreover, we assess the phylo-
genetic relationships of  the Vigliano sperm whale 
by means of  a cladistic analysis of  Physeteroidea. 
Finally, we provide an assessment of  the functional 
regionalization of  the vertebral column of  the Vi-
gliano sperm whale that supports the definition 
of  the new genus and species and sheds light on 
a scarcely understood aspect of  the sperm whale 
evolutionary history, that is the evolution of  the 
postcranial skeleton.

Material and methods

Studied specimen
This paper focuses on a partial skeleton from 

the Pliocene outcrop of  the Sabbie d’Asti Forma-
tion near Vigliano d’Asti (Valmontasca village). The 
specimen is part of  the collection of  the Geologi-
cal and Paleontological Museum of  the University  
of  Torino (hereinafter: MGPT) and is unambigu-
ously identified by the number MGPT-PU 13864. 

Fig. 2 - Reconstruction of  the sperm 
whale Eophyseter damarcoi  
gen. nov sp. nov. (MGPT-
PU 13864, holotype). A) 
Final preparation of  the di-
splay in the Chiesa del Gesù, 
Michelerio Palace, Asti; note 
that the skull and the mandi-
ble are reconstructed based 
on their morphology in the 
modern sperm whale Physe-
ter macrocephalus; a number 
of  ribs is still to be mounted 
and is located on the ground 
on the left side of  the ske-
leton. B) Piero Damarco, 
to whom Eophyseter damarcoi 
gen. nov. sp. nov. is dedica-
ted, applying the final touch 
to the skeleton MGPT-PU 
13864 on display in Asti.
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It is currently on exhibition at the Museo Paleonto-
logico Territoriale dell’Astigiano in Asti (Fig. 2A). It 
consists of  seven cervical vertebrae in two blocks, 
eleven thoracics, six lumbars and twelve caudal ver-
tebrae (total: 36 vertebrae); seven ribs from the right 
side and eight ribs of  the left side; partial sternum; 
left scapula, left humerus, partial radius and ulna, 
and three chevron. Skull, ear bones, mandible and 
teeth are absent.  

Anatomical terminology, photography 
and measurements

Given that the skull is absent, we used the 
anatomical terminology for postcranial skeleton 
provided by Bisconti & Carnevale (2022), Martínez-
Cáceres et al. (2017) and Benke (1987). The speci-
men was photographed with a Nikon Z7 full frame 
mirrorless camera with Nikkor 24-70 mm  f/4 and 
40 mm f/2 lenses with a SB700 speedlight flash 
mounted on the camera. Pictures were adjusted in 
Adobe Photoshop 2023 and Nik Collection Viveza 
3 for contrast, noise, sharpness and light. Measure-
ments were taken with Sourcingmap (300 mm) and 
Tacklife D02 (150 mm) digital calipers with error 
margin to the nearest 0.1 mm.

Photogrammetry
For this project, we decided to 3D scan the 

whole skeleton, thus providing a complete 3D repli-
ca of  the specimen. We started by performing pho-
togrammetry of  the vertebral column, taking pic-
tures of  the vertebrae using a Samsung a52s 64MP 
camera. The bones were photographed in groups 
of  two or three on a single surface although some 
of  them, like the atlas, have been individually pho-
tographed to obtain the maximum fidelity or due to 
issues with the reconstruction procedure.

On average, we acquired 190 photos per 
group which were then imported into Meshroom. 
The raw mesh from Meshroom was refined in 
Blender where we isolated each bone and fixed ar-
tifacts and meshes’ topology.  After we decimated 
the mesh and scaled the bones accordingly, we ob-
tained a model made, on average, of  7100 polygons 
per vertebra and a total of  205792 polygons for the 
vertebral column.

The ribcage and forelimb were reconstructed 
subsequently. We acquired 260 pictures of  both af-
ter the skeleton was mounted on its metal frame for 
the museum exhibition. The metal structure did not 

cause any major issues with the reconstruction in 
Meshroom. Once completed, it was manually re-
moved in Blender while also applying the same pro-
cedure used with the vertebrae. This second model 
resulted in a 60510 polygon mesh, which was joined 
with the previously made model of  the vertebral 
column.

For museum exhibition, we then added the 
cranium of  a Physeter macrocephalus published by the 
Natural History Museum of  London on Sketch-
fab (NHMUK ZD 2007.100, https://sketchfab.
com/3d-models/sperm-whale-cranium-fcbad-
dea99a3408fbf2142556e84feb2) and the lower 
jaw from California Academy of  Sciences of  San 
Francisco also from Sketchfab (https://sketchfab.
com/3d-models/sperm-whales-lower-jaw-cacha-
lot-99770bded0ff43939de039a88ebc4f68) which 
were properly scaled to fit the atlas and complete 
the model, reproducing how the specimen is cur-
rently exhibited to the public in the museum.

An excerpt of  the photogrammetry is shown 
in Fig. 3 including some views. The photogramme-
try of  MGPT-PU 13864 can be freely downloaded 
from Morphosource at the following link: n2t.net/
ark:/87602/m4/598404.  

Inference of  body size
We are not aware of  any statistical method 

able to infer the body size (skeletal length, total 
body length, body weight) from skeletal portions 
other than the skull for sperm whales. For this rea-
son, we analyzed published data to find correlations 
between the size of  specific postcranial bones and 
body size. In particular, Flower (1868) published 
the measurements of  four sperm whales from the 
southern hemisphere (units were feet and inches) as 
reported in Table 1; he reported the measurements 
of  the skull, the skeleton and the total body length 
of  the intact animal. From his measurements it is 
clear that the skull represents a mean of  33.48% 
of  the total skeletal length (the skull length/skel-
etal length ratio ranges from 28.54 to 39.03% in 
the four specimens). Flower (1868) published the 
measurements of  the whole forelimb (correspond-
ing to 11% of  the total skeletal length), the height 
of  the scapula and the proximodistal length of  the 
humerus (Table 1) which we selected for a search 
of  a relationship to the total body length. We calcu-
lated four ordinary least squares regression analyses 
by using Past (Hammer et al. 2001) and we found 

https://sketchfab.com/3d-models/sperm-whale-cranium-fcbaddea99a3408fbf2142556e84feb2
https://sketchfab.com/3d-models/sperm-whale-cranium-fcbaddea99a3408fbf2142556e84feb2
https://sketchfab.com/3d-models/sperm-whale-cranium-fcbaddea99a3408fbf2142556e84feb2
https://sketchfab.com/3d-models/sperm-whales-lower-jaw-cachalot-99770bded0ff43939de039a88ebc4f68
https://sketchfab.com/3d-models/sperm-whales-lower-jaw-cachalot-99770bded0ff43939de039a88ebc4f68
https://sketchfab.com/3d-models/sperm-whales-lower-jaw-cachalot-99770bded0ff43939de039a88ebc4f68
http://n2t.net/ark:/87602/m4/598404
http://n2t.net/ark:/87602/m4/598404
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that all the points of  the regression plots fall within 
the 95% confidence interval for the searched rela-
tionships. The search for the relationship between 
height of  scapula and skull length resulted in the 
following equation (1): 

Skull length = 0.32582 (height of  scapula in 
m) + 4.9912

The search for the relationship between 
height of  scapula and skeletal length resulted in the 
following equation (2):

Skeletal length = 9.1744 (height of  scapula in 
m) + 7.5816

The same searches performed by including 
proximodistal length of  humerus and skull and 
skeletal lengths provided the following equations 
(3) and (4):

Skull length = –1.3706 (length of  humerus) 
+ 6.1072

Skeletal length = 3.2106  (length of  humerus) 
+ 13.444

It must be taken in mind that these equations 
are based on an extremely limited number of  indi-
viduals (Table 1) and that the species we are study-
ing is different from those sampled in Table 1; for 
these reasons, the results are to be considered as 
mere approximations in the hope that future works 
will provide new measurements of  sperm whale 
skeletons.

We then looked for eventual correlations 
among skeletal length and the total body length 
of  the intact animal and found the intact animal is 
longer than its skeleton by about 15%, an amount 
that corresponds to the total intervertebral space. 
We applied equations (1)-to-(4) to evaluate the total 
skull length and the total skeletal length of  MG-
PT-PU 13864 and then corrected the total skeletal 
length by increasing it by 15%.  

Functional regionalization of  the vertebral 
column

Buchholtz (1998) provided a rationale to 
functionally interpret the morphometric varia-

tions measured in the vertebral centra of  cetacean 
species. She demonstrated that length, width and 
height of  vertebral centra can be used to graphically 
individuate different functional regions of  the ceta-
cean vertebral column that do not necessarily corre-
spond to anatomical regions. Whereas it is common 
practice to distinguish between cervical, thoracic, 
lumbar and caudal vertebrae when describing a ce-
tacean skeleton, it is not similarly common to find 
analyses of  functional regionalization of  the verte-
bral columns. Buchholtz (2004, 2005) studied the 
functional regionalization of  the vertebral columns 
of  Delphinidae and also detailed the swimming 
abilities of  Lagenorhynchus Gray, 1846 by including 
additional metrics to her method. Moreover, she 
applied the method to fossil cetaceans including 
archaeocetes and mysticetes providing hypotheses 
about the swimming abilities of  extinct whale spe-
cies (Buchholtz 1998, 2001). 

Variations in the morphometry of  the verte-
bral centra may be shown in plots of  length, width 
and height values for the whole vertebral column. 
Peaks in variations between adjacent vertebrae in-
dividuate boundaries of  functional regions. Usually, 
in modern cetaceans, four functional regions are 
found by this method: (1) cervical (corresponding to 
cervical vertebrae), (2) chest (corresponding to part 
of  the thoracic vertebrae), (3) torso (corresponding 
to part of  the thoracic, the whole lumbar and ante-
rior part of  the caudal vertebrae), (5) peduncle and 
(6) fluke (corresponding to specific portions of  the 
caudal section of  the vertebral column. The rela-
tive extent of  the different functional regions was 
correlated to different ways extant cetacean species 
undulate and oscillate their vertebral column dur-
ing swimming (Buchholtz 2001). She found four 
fundamental movement patterns of  the column in 
extant cetaceans and related these patterns to dif-
ferent patterns of  functional regionalization of  the 
vertebral columns. The main point of  this method 
is that different morphometric patterns in the ver-
tebral centra correspond to different functional re-

Tab. 1 -  Measurements of  the sperm whales published by Flower (1864). 1Legend: SL, skull length; SkeL, skeletal length; LintA, length of  
intact animal; hSca, proximodistal height of  scapula; LHum, proximodistal height of  humerus; WC1, width of  atlas.
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gionalizations of  the vertebral columns which, in 
turn, correspond to different swimming behaviors. 

Application of  this method to the cetacean 
fossil record has been limited because of  obvious 
problems due to the common incompleteness of  
postcranial skeletons. An attempt to use this meth-
od to characterize a Pliocene balaenid with peculiar 
vertebral and rib characters was done by Bisconti et 
al. (2023b) resulting in the inference of  a different 
swimming behavior in the fossil species to extant 
right and bowhead species. We applied the Buch-
holtz (1998) method to MGPT-PU 13864 in order 
to provide biometric comparisons against the extant 
sperm whale Physeter macrocephalus and to characterize 
the functional regionalization of  the vertebral col-
umn of  the fossil specimen under investigation. We 
measured length, width and height of  the vertebral 
centra and provide the resulting plots for both the 
extant sperm whale (data from Omura et al. 1962) 
and MGPT-PU 13864. Moreover, to better char-
acterize morphometric patterns, we calculated the 
following parameters (from Buchholtz 1998, 2001, 
2004, 2005): (1) relative centrum length (hereinaf-
ter: RCL), (2) percent change (hereinafter: PCH), 
(3) (centrum height/centrum width) ratio (hereinaf-

ter: CH/CW) and (4) 2CL/(CW+CH) which repre-
sents an averaged metric giving a summary view of  
dimensional changing along the vertebral column 
(hereinafter: SUM). Once all the biometric data were 
computed, we looked for possible correlations with 
the categories of  swimming behaviors provided by 
Buchholtz (2001) and searched for similarities and 
differences in the functional patterns of  the extant 
sperm whale and MGPT-PU 13864.

Phylogenetic analysis
We used the morphological dataset of  Lam-

bert et al. (2023) that was based on Peri et al. (2022), 
Alfsen et al. (2021) and Lambert et al. (2017). We 
accepted all the changes introduced in this dataset 
by Lambert et al. (2023) and added 20 characters 
from the postcranial skeleton. This is the first time 
that such an amount of  postcranial data was added 
to a morphological analysis of  the physeteroid phy-
logeny and for this reason, we provide descriptions 
for each of  the characters together with a brief  dis-
cussion in Supplementary Information Text S1. In 
total, the dataset used in the present paper includes 
79 character states. The operational taxonomic units 
used here are 36, including MGPT-PU 13864 and 

Fig. 3 - Excerpts from the photo-
grammetry of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov. 
A) Lateral view. B) Dorsal 
view. C) Left dorsolateral 
view. Note that in the pho-
togrammetry the recon-
structed skull is also inclu-
ded that is not part of  the 
original skeleton. 
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four skeletons assigned to the extant Physeter macro-
cephalus. We included these four specimens to rep-
resent the individual variation observed in differ-
ent skeletal districts by previous authors including 
Flower (1868), Omura et al. (1962), Van Beneden 
& Gervais (1880) and our own observations on the 
specimen MSNUP 265 currently on display at the 
Museo di Storia Naturale del Mediterraneo, Livor-
no (Roselli et al. 2014). The outgroup comparison 
criterion was used to determine the polarity of  the 
character states and polarizations are explained on 
a character-by-character basis in Supplementary In-
formation Text S1. The character x taxon matrix is 
shown in Supplementary Information Table S1.

We analyzed the matrix with TNT 1.5 (Golo-
boff  & Catalano 2016) by using the Traditional 
search option that uses the tree bisection recon-
nection (TBR) algorithm with 10 trees to save per 
replication and 10 replicates with later archaeocetes 
as outgroups. We then performed a standard Boot-
strap analysis (1000 replicates, Traditional Search, 
default parameter values). Both consistency and re-
tention indices (respectively, CI and RI) were calcu-
lated through TNT; the homoplasy index (HI) was 

calculated by hand with the formula HI = 1 – CI. 
We studied the distribution of  character states at 
ancestral nodes by using Mesquite 3.61 (Maddison 
& Maddison 2019) by using the maximum likeli-
hood (ML) algorithm with the default Mk1 model. 

Taphonomy

The completeness of  the skeleton may be 
visually assessed in Supplementary Information 
Fig. S1 that is based on the skeletal components 
of  the extant sperm whale (Flower 1868; Omura et 
al. 1962). Assuming that the number of  the bones 
of  MGPT-PU 13864 was the same as that of  the 
extant sperm whale (that is, 133 assuming that the 
head can be dismembered in five different compo-
nents including skull, right and left dentaries, right 
and left tympanoperiotic bones), the overall com-
pleteness of  the Pliocene sperm whale from Vigli-
ano is 41.3%. 

The specimen was found in articulation 
(Parona 1930; Richard 1930) but in the early reports 
there are no maps of  bone dispersion. The state-

Fig. 4 - Taphonomy of  MGPT-PU 
13864. A) Third thoracic 
vertebra showing remains of  
two barnacles (in the dashed 
rectangle); scale bar equals 5 
cm. B) Close-up view of  the 
barnacles. C) Third lumbar 
vertebra with nacreous frag-
ments; scale bar equals 5 cm. 
D) Close-up view of  the na-
creous fragments; scale bar 
equals 5 cm. E, F, G) Digital 
microscopy of  the nacreous 
fragments; scale bar equals 1 
mm.
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ment that, at the time of  the discovery, the speci-
men was found in anatomical articulation is con-
sistent with the presence of  almost all the neural 
processes of  the vertebrae and of  most of  the ver-
tebral column. The transverse processes are pre-
served on the right sides of  the vertebrae but those 
from the left side are mainly lost (17 processes are 
completely or incompletely preserved on the right 
side and only 10 from the left side; Table 2). This 
observation suggests that the carcass was lying on 
the right flank at the time of  its deposit on the sea 
floor. After the decay of  the soft tissues, the right 
sides of  the vertebrae were immersed in soft sedi-
ment and for this reason most of  the transverse 
processes of  the right side are now preserved. The 
transverse processes of  the left side were exposed 
for longer time and suffered more from physical 
degradation and, in the end, most of  them were 
lost. The permanence of  most of  transverse and 
neural processes in the fossil vertebral column is 
an indication that these bones were not subject to 
movement over the sea floor and, indirectly, that 

the vertebral column was not significantly dismem-
bered and the vertebrae were not displaced after 
the decay of  the soft tissues (Liebig et al. 2003). 
Such an indication supports the report that the 
skeleton was fully articulated in the early literature 
and by a living witness (Nosenzo 2022). The lack 
of  the skull, both mandibular rami and parts of  
the forelimbs suggest that the carcass floated for 
a while before being deposited on the sea floor 
(Boessenecker 2013). 

There are barnacle remains on the third tho-
racic vertebra (transverse diameter ranges from 48 
to 50 mm; Fig. 4A, B). Shell fragments are observed 
on the third lumbar vertebra (Fig 4C-E) and barna-
cle traces are present on one rib (Fig 5). Shark bite 
marks are observed on the first right rib (Fig. 6) 
that show sharp, linear margins thus excluding that 
they were made by a white shark or any other shark 
with serrated teeth (Fig. 6C-E). In general, the mi-
crostructures of  the bones are well-preserved and 
trabeculae and lacunae can be easily appreciated in 
the natural cross-sections of  the bones (Fig. 7). In 

Tab 2 - Preservation and morphology of  the vertebral column of  MGPT-PU 13864, holotype of  Eophyseter damarcoi gen. nov. sp. nov. 
Caption: - not preserved; ?poorly preserved and impossible to describe.
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some cases, the sediment entered the lacunae and 
filled them so that the shape and volume of  the la-
cunae is preserved even when the bony trabeculae 
are lost due to taphonomic processes (Fig. 7A, B).

The presence of  both shark bite marks and 
barnacle traces suggests that the skeleton was not 
quickly buried once deposited on the sea floor. 
Rather, it remained on the sea floor for a period suf-
ficient to allow the barnacles to grow on the bones 
(probably, for some months based on the diameter 
of  the barnacle marks). The shark’s bite marks sug-
gest that the carcass was exploited before burial. In 

any case, the burial did not occur very long after 
the decay of  most of  the soft tissues because oth-
erwise the skeleton would be heavily damaged by 
bioturbation, anatomical articulation would be lost 
and more dispersion of  the bones would be no-
ticed. An alternative explanation of  the high quality 
preservation could be that the carcass was depos-
ited in an anoxic floor but this is inconsistent with 
the presence of  full-grown barnacles on the bones 
supporting the idea that this whale was deposited 
in a well-oxygenated sea floor. Another alternative 
explanation of  the good preservation could be that 

Fig. 5 - Taphonomy of  MGPT-PU 
13864. A) Proximal por-
tion of  a rib (m in Fig. 13) 
showing traces of  barnacle 
attachments in the dashed 
rectangle; scale bar equals 
5 cm. B) Close-up view of  
the proximal portion with 
indicated the best preserved 
barnacle attachment scar 
(dashed rectangle). C) Digi-
tal microscopy of  the barna-
cle attachment scar indicated 
in the dashed rectangle in B; 
scale bar equals 1 mm.

Fig. 6 - Taphonomy of  MGPT-
PU 13864. A) First left rib 
showing shark’s bite marks 
in the dashed rectangle; scale 
bar equals 10 cm. B) Close-
up view of  the shark’s bite 
marks indicated by the ar-
rowheads. C, D, E) Digital 
microscopy of  portions of  
the shark’s bite marks show-
ing sharp borders; scale bar 
equals 1 mm.
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the whale carcass was deposited in a deep sea floor 
but this is not the case because the Sabbie d’Asti 
Formation represents an environment whose depth 
was about 30 m (Bisconti et al. 2021 and literature 
therein).

The bones are intensely fractured; the frac-
tures mainly occur perpendicularly to the long axis 
of  the long bones suggesting that the weight of  the 
sediments after burial was the principal reason of  
the fractures. The weight of  the sediment was prob-
ably responsible of  some post-mortem deformation 
observed in the neural canals of  many vertebrae 
which appear transversely slightly flattened. No 
shark teeth were found around or over the bones. 
The hypothesis of  a burial occurring after a mod-
erate time interval after the deposition on the sea 
floor is consistent with the general biostratinomic 
model provided by Bisconti et al. (2021a) for the 
Pliocene mysticetes from the Sabbie d’Asti Forma-
tion and this, together with observations on the ar-
ticulation and good preservation of  other Pliocene 
odontocetes from Piedmont (Bisconti et al. 2023a), 
supports the general validity of  such a model

.

Systematic palaeontology

Class MAMMALIA Linnaeus, 1758
Order Cetacea Brisson, 1762

Clade Neoceti Fordyce & Muizon, 2001
Parvorder Odontoceti Flower, 1867
Superfamily Physeteroidea Gray, 1868

Family Physeteridae Gray, 1821

Genus Eophyseter gen. nov.

Type species: Eophyseter damarcoi sp. nov., only included species. 

Etymology: Eo is a Greek word (ήώς) that means dawn, 
meaning ancestral, old. Physeter derives from the Greek φυσώ mean-
ing blower. 

Diagnosis of  genus: Eophyseter damarcoi gen. nov. sp. nov. 
shows a unique morphology of  the atlas, in the axis-bearing cervical 
block, in the proportions of  the vertebral column and in the ulna. 
Diagnostic characters are the following: (1) the atlas is characterized 
by articular facets for the occipital condyles that protrude dorsally to 
the body of  the vertebra and reach the height of  the superior surface 
of  the neural arch; (2) the articular surface for occipital condyles are 
comparatively wider than those of  all the other physeteroids in which 
the atlas is preserved, and their ventromedial portion is comparatively 
longer; (3) in the axis-bearing cervical block, the epiphysis of  the 7th 
cervical vertebra is dorsoventrally compressed and transversely wid-
ened to form showing an elliptical outline (it is transversely narrow 
and rounder in all the other physeteroids in which the axis-bearing 
block is preserved); (4) the lengths of  the vertebral centra are com-
paratively more elongated than those of  physeterids in which the 
vertebral column is known; in particular, in a long portion of  the 
thoracic and lumbar regions of  the vertebral column, the lengths of  
the centra are almost equal to the corresponding widths and heights 
(this pattern contrasts with that of  extant sperm whales in which 
the length values are lower than those of  heights and widths); (5) 
the posterior border of  the ulna is posteriorly convex rather than 
being straight or concave as in other physeterids in which the ulna 
is preserved.

Eophyseter damarcoi gen. nov. sp. nov.
Figs 10-25

Holotype: MGPT-PU 13864, a partial skeleton including 
most of  the vertebral column (a total of  36 vertebrae including seven 
cervicals subdivided into two blocks: one including the atlas, C1, and 
the other including axis, C2, and C3-C7 vertebrae), eleven thoracics, six 
lumbars and twelve caudals; the skeleton includes also the left scapula 
and left humerus, partial radius and ulna, part of  the sternum, 15 ribs 
and one chevron. The holotype skeleton is currently on display in a 
temporary exhibition at MGPTA; for exhibition reasons, reconstruc-
tions of  skull, mandibular rami and the left manus were added to the 
skeleton (Fig. 2).  

Etymology: The patronymic damarcoi is to honor Piero 
Damarco (Fig. 2B) who coordinated and executed extensive prepara-
tion of  the specimen and who dedicated his life to the discovery and 
curation of  the fossil treasures of  Piedmont, Northwest Italy.

Diagnosis: As for genus.

Fig. 7 - Internal bony structures of  
MGPT-PU 13864. Internal 
bone structure as exposed in 
the proximal portion of  a rib 
(m in Fig. 13) showing lacu-
nae and bony trabeculae. A, 
B) The lacunae are invaded 
by the sand of  the Sabbie 
d’Asti Formation; the bony 
trabeculae are often lost. C) 
Small lacunae and bony tra-
beculae partially invaded by 
sand. D) Wide lacunae and 
bony trabeculae mostly free 
from sand. Scale bar equals 
1 mm.
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Type locality and stratigraphy: Parona (1930) stated that 
the specimen was found in the territory of  the Valmontasca village, 
more precisely in “Regione Cavallino”, in the municipality of  Vigli-
ano d’Asti (about 4 km South of  Asti and about 45 km South-East 
of  Torino, Piedmont, North-West Italy; Fig. 1). Nosenzo (2022) was 
able to find a living witness of  the excavation made by Parona and 
Richard in 1929 and, together with him, could find the exact dis-
covery site where the Sabbie d’Asti Formation extensively outcrops. 
The Sabbie d’Asti Formation was reviewed by Bisconti et al. (2021c; 
see also the literature cited therein for a full characterization of  the 
Sabbie d’Asti Formation). Based on the evidence provided by Bis-
conti et al. (2021c and literature therein), the age of  the Sabbie d’Asti 
Formation can be constrained between 3.2 and 3.0 Ma in the early 
Piacenzian; overall depth was limited to the upper 30 m; climate was 
mainly tropical-to-subtropical based on mollusk community analyses 
(Damarco 2009).   

Description

Body size inference
Application of  the equations (1)-to-(4) to 

MGPT-PU 13864 resulted in the following esti-
mates. Equation (1) provides a total skull length of  
5.19 m, equation (3) provides a result of  5.69 m. 
We thus estimate that the mean length of  the skull 
of  MGPT-PU 13864 based on these results is 5.44 
m. Equation (2) results in a total skeletal length of  
13.18 m and equation (4) provides an estimation of  
the total skeletal length of  12.47 m. Based on these 
estimations, we find that the mean skeletal length of  
MGPT-PU 13864 is 12.83 m. After correction, we 
estimate that the total body length of  the intact ani-
mal is 15.1 m which is consistent with an adult age 
based on the life tables of  the extant sperm whale 
(Omura et al. 1962; Nishiwaki et al. 1956).

In our knowledge, there are no life tables of  
the extant sperm whale in which the degree of  fu-
sion of  the vertebral epiphyses to the vertebral bod-
ies, or the degree of  fusion of  the limb epiphyses 
are put into relationships with the age of  the indi-
viduals. Based on that, we can only make a rough 
estimation of  the age of  the specimen under in-
vestigation that derives from the observation of  
the complete fusion of  the humeral epiphyses to 
the shaft of  the humerus and on the large size of  
the individual. Based on these observations, we es-
timate that the individual was fully adult at the mo-
ment of  its death. 

Osteology
The skeleton includes most of  the vertebral 

column together with ribs and two chevrons (Figs 
8-16) and part of  the forelimb (Figs 17-20). Ver-

tebral measurements are provided in Table 3, ribs 
measurements are reported in Table 4 and forelimb 
measurements are presented in Table 5. Based on 
our counts and on comparisons with the extant 
sperm whale, we propose the following verte-
bral formula for Eophyseter damarcoi: 7C, 12T, 6+L, 
12+Ca = 36. We estimate that about 10 caudal ver-
tebrae and a couple of  lumbars are missing because 
of  biostratinomic processes able to remove them 
and move them apart. Therefore, the total estimated 
vertebral count of  E. damarcoi including preserved 
and missing vertebrae and is 37+12 = 49.  Accord-
ing to Flower (1868) and Omura et al. (1962) the 

Tab. 3 - Vertebral measurements (in mm) of  the MGPT-PU 13864, 
holotype of  Eophyseter damarcoi gen. nov. sp. nov.

1Caption: CH, centrum height; CL, centrum length; CW, centrum 
width; NCH, height of  neural canal; NCW, width of  neural 
canal.

Tab. 4 - Measurements of  the ribs of  MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. nov. sp. nov. in mm. 1As preserved.
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extant Physeter macrocephalus shows the following ver-
tebral formula: 7C, 10-12T, 8L, 23-24Ca = 49-50. 

Vertebral column. The cervical vertebrae include 
the atlas (C1) and a block of  fused vertebrae including 
the axis (C2) and the other five vertebrae (C3-C7) (Fig. 
8A-G). The atlas resembles that of  the extant sperm 
whale very closely. According to the descriptions pro-
vided by Flower (1868) and Omura et al. (1962), the 
Vigliano sperm whale shows a trapezium-like overall 
outline of  C1 in which the dorsal and ventral surfaces 
are scarcely convex and the lateral sides are squared. 
In both the extant and the Vigliano sperm whales the 
articular facets for the occipital condyles are oblique-
ly oriented with respect to the dorsoventral axis of  
the vertebra and mainly project dorsally and laterally. 
Their transverse diameter increases approaching the 
dorsal border therefore their shapes is almost trian-

gular. The articular surfaces are scarcely concave and 
are ventrally separated by an intercondyloid incisure 
that is 34 mm in width; dorsally, they are separated by 
the dorsal border of  the neural canal that is 215 mm 
in width. 

The neural canal is between the articular facets 
for the articulation with the occipital condyles; it is 
broadly triangular and its lateral borders are external-
ly convex. At about 180 mm from the dorsal border, 
the neural canal abruptly diminishes its transverse di-
ameter and gets an elliptical shape; this ventral-most 
portion is interposed between the ventromedial bor-
ders of  the articular facets for the occipital condyles 
and slightly dorsal to the intercondyloid incisure. 

The neurapophysis is absent; the neural arc is 
reduced to a rod-like, straight bar running between 
the dorsomedial corners of  the articular facets for 
the articulation with the occipital condyles. 

Tab. 5 - Measurements in mm of  
the forelimb of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov.
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The transverse processes are short and 
squared. The ventral border of  the transverse pro-
cesses is scarcely inclined dorsolaterally and forms 
a right angle with the lateral border which projects 
dorsally and medially. At the height of  the dorsal 
surface of  the neural arch, the lateral border of  the 

transverse processes form a right angle and project 
medially to join the dorsal surface of  the atlas.

There are no transverse foramina in the atlas 
of  the Vigliano sperm whale.

Posteriorly, the articular facets for the axis are 
triangular and obliquely oriented with respect to the 

 Fig. 8 - Cervical vertebrae of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov. Atlas in A) an-
terior view; B) right dorsola-
teral view; C) dorsal view; D) 
posterior view; E) right late-
ral; F) left lateral; G) ventral 
views. Axis in H) anterior; I) 
posterior; J) right lateral; K) 
left lateral; L) posteroventral; 
M) dorsal; N) ventral views. 
Scale bar equals 10 cm.

Fig. 9 - First thoracic vertebra in A) 
anterior; B) posterior; C) left 
lateral; D) right lateral; E) 
dorsal; and F) ventral views. 
Scale bar equals 20 cm. 
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dorsoventral axis of  the vertebra. The articular fac-
ets protrude for c. 10 mm from the body of  the ver-
tebra. A wide incisure (75 mm in width) separates 
ventromedial apices of  the articular facets.

The ventral surface of  the atlas body is an-
teroposteriorly thicker along the median axis of  the 
vertebra where it is also more ventrally convex and 
rounded.

The block including the vertebrae C2-C7 is 
badly preserved (Fig. 8H-N); its maximum trans-
verse diameter, including the transverse processes 
of  the axis, is 470 mm and its maximum height, in-
cluding the neural arch, is 394 mm. In anterior view, 
this block shows the anterior surface of  the axis 
(C2). The odontoid process is low and wide and its 
surface shows signs of  abrasion. The neural arch is 
low, triangular and does not show a well-developed 

neural apophysis; rather, its dorsal surface is widely 
rounded and scarcely protruding. The superior por-
tion of  the neural arch is thick (111 mm in height 
from the roof  of  the neural canal to the apex of  the 
neural arch) and bears a transverse foramen charac-
terized by an oval outline. The neural canal is trans-
versely expanded and shows a rectangular outline.   

In posterior view, the block shows the pos-
terior aspect of  the seventh cervical vertebra. The 
articular facet for the articulation with the first tho-
racic vertebra is badly eroded and flattened. It is 
subdivided into two parts by an incision developed 
from the dorsal border of  the facet at the middle of  
the width of  the vertebra. The right and left por-
tions are respectively c. 174 and c. 150 mm in height 
and a shallow fossa is interposed between them. 
The neural canal is low, wide and elliptical.

Fig. 10 - Vertebral column of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov. A) Left lateral 
view. B) Right lateral view. 
Caption: C) Cervical verte-
brae; T, thoracic vertebrae; 
L, lumbar vertebrae; Ca, 
caudal vertebrae. Scale bar 
equals 20 cm.
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The neural arch of  the whole block is formed 
by a single neural apophysis due to the fusion of  
the apophyses of  the cervical vertebrae C2-C7. The 
lateral wall of  the neural canal is formed by an an-
teriorly-placed lateral wall belonging to the axis (C2) 
that is slender and a posteriorly-placed lateral wall of  
pillar-like shape that belong to the other cervical ver-
tebrae (C3-C7). These two lateral walls of  the neural 
canal bound a transversely-developed alar foramen 
that connects the neural canal with the outside of  the 
block. Transverse processes are absent in the verte-
brae C3-C7 and only a short and squared transverse 
process is observed for the axis.

Completeness of  the vertebral column is 
shown in Table 2 and Supplementary Information 
Fig. S1, and vertebral measurements are provided 
in Table 3. Apart from the first thoracic vertebra 
(T1) that is largely broken and reassembled in an al-
most not intelligible way (Fig. 9),  the other eleven 
preserved thoracic vertebrae show variable outlines 
of  the anterior and posterior epiphyses of  the cen-
tra. (Figs 10-13). The first thoracic vertebra shows 
a dorsoventrally compressed centrum and robust 
lateral portions of  the neural arch. The outline of  

the epiphysis of  T2 is similar to a half-circle with a 
straight dorsal border; the outlines of  the epiphyses 
of  T3-T6 are grossly hexagonal; the outline of  the an-
terior epiphysis with the T6 is roughly octagonal and 
those of  T8-T12 are hexagonal with sharper corners. 
The tubercle-like transverse processes of  T2-T8 are 
connected to the lateral walls of  the neural canals; the 
flat transverse processes of  the subsequent thoracic 
vertebrae are connected to the lateral surfaces of  the 
vertebral centra.

In lumbar vertebrae, a ventral keel is observed 
in L1-L4 and also in one of  two of  the last thoracics 
(T11 and T12) and the transverse processes are elon-
gated and flat.

Metapophyses are located dorsal to the neu-
ral arch along most of  the vertebral column; sepa-
rate metapophyses are present in T2-T11, L2 and L4. 
Metapophyses are fused in a single structure in L3, 
L5, L6, and Ca1-Ca3 and Ca7. In T12 the metapophysis 
is poorly preserved; in the other vertebrae not men-
tioned above the metapophyses are not preserved.

In anterior view, the neural canal is elliptical 
and very wide in T2-T8; it is triangular and higher than 
wide in T9-Ca3 and Ca5-Ca6. In Ca7-Ca8, the neural ca-

Fig. 11 - Vertebral column of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov.  A) Dorsal view. 
B) Ventral view. Caption: C) 
cervical vertebrae; T, thora-
cic vertebrae; L, lumbar ver-
tebrae; Ca, caudal vertebrae. 
Scale bar equals 20 cm.
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nal is small-sized and indistinct in shape; in the last 
caudal vertebrae from Ca8, the neural canal is closed. 

The superior portion of  the neural arch disap-
pears in Ca13-Ca14. In these vertebrae, the foramen 
in the transverse process is close to the neural arch; 
the two foramina are present in a ventral fossa. In 

Ca13 the foramina in the transverse processes are lo-
cated within a dorsomedian fossa whereas the couple 
of  foramina located in the ventromedian fossa are 
placed more distantly. In Ca14 there is a transverse 
fissure instead of  a dorsomedian fossa; in this fis-
sure two foramina are located that correspond to the 

Fig. 12 - Vertebral column of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov. in anterior view. 
Caption: C, cervical verte-
brae; T, thoracic vertebrae; 
L, lumbar vertebrae; Ca, 
caudal vertebrae. Scale bar 
equals 20 cm.
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foramina for the transverse processes; in the ventro-
median fossa, the foramina are more closely spaced.

Chevrons. Two chevron bones and a partial 
third one are well-preserved (Fig. 14). The larger 
chevron (Fig. 14A-D) includes a ventral process 
that is anteroposteriorly and dorsoventrally elon-
gated (maximum dorsoventral diameter, 101 mm; 
maximum dorsoventral diameter, 173 mm); its lat-
eral surface is flat and straight. The anteroposterior 
length of  the ventral process is 104 mm and its height 
from the peduncles bearing the attachment sites for 
the caudal vertebra is 100 mm. The ventral border 
of  the ventral process is straight and its anterior and 
posterior corners are rounded. The attachment sites 
for the caudal vertebra are divergent from the dor-

soventral axis and their distance increases towards 
the dorsal border of  the bone. The articular facets 
for the caudal vertebra are transversely flat  (maxi-
mum transverse diameter is 35 mm in the left and 
39 mm on the right) and anteroposteriorly convex. 
The fossa included between the peduncles of  the 
articular facets for the caudal vertebra, is elliptical 
in anterior view and 23 mm deep. The distance be-
tween the articular facets for the caudal vertebra is 
31 mm. Judging from the illustrations provided by 
Omura et al. (1962), we suggest that this chevron 
is the number 7 (count starting from the anterior 
one).

A second chevron (Fig. 14E-I) is anteroven-
trally shortened with respect the previous one; the 

Fig. 13 - Vertebral column of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov. in posterior 
view. Caption: C, cervical 
vertebrae; T, thoracic ver-
tebrae; L, lumbar vertebrae; 
Ca, caudal vertebrae. Scale 
bar equals 20 cm.
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fossa between the articular processes is elliptical in 
anterior and posterior views; the articular processes 
are clavate in anterior view and show dorsally con-
vex articular surfaces. The ventral, crest-like portion 
bears a keel that protrudes ventrally for about 115 
mm. The maximum transverse diameter of  the fos-
sa located between the articular processes is about 
20 mm and the maximum height of  the ventral por-
tion is about 100 mm. Size and shape suggest that 
this chevron was the second of  the series starting 
from the anterior-most position according to Omu-
ra et al. (1962) figures.

The third chevron (Fig. 14J-N) is only repre-
sented by the ventral portion as the articular process-
es are broken. This particular chevron was published 
by Richard (1930) who used its peculiar morphologi-
cal characteristics to establish a relationship between 
the Vigliano sperm whale and the extant southern 
sperm whale population that was known as Physeter 
australis at the times of  Richard’s publication. This 
chevron is visibly asymmetrical in that the dorso-
ventral axis of  the ventral portion is not vertical in 

anterior and posterior views. Rather, the main axis 
of  this portion is obliquely directed to the left side. 
The ventral portion of  this chevron is anteropos-
teriorly elongated in lateral view; this observation 
suggests that it was located close to the first chev-
ron described above in the living animal. The main 
anteroposterior diameter of  the ventral portion is 
about 110 mm and this suggests that this chevron 
was probably the sixth in the series based on the 
proportions published by Omura et al. (1962). The 
maximum height of  this chevron is about 160 mm.

Ribs. It is possible to count seven ribs from 
the right side and eight ribs from the left side (Fig. 
15). Maximum chords and maximum anteroposte-
rior diameters of  the shafts are provided in Table 4. 
The first rib is preserved on both sides (ribs a and h 
in Fig. 15). It include a complex head (see below), a 
curved shaft and a transversely expanded epiphysis. 
The head of  the first rib shows a rounded capitu-
lum that is morphologically similar to that described 
by Flower (1868) in a skeleton of  a southern sperm 

Fig. 14 - Chevrons of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov. 
First chevron (No. 7). A) 
Right lateral view. B) Ante-
rior view. C) Posterior view. 
D) Dorsal view. Second che-
vron (No. 2). E) Right lateral 
view. F) Anterior view. G) 
Posterior view. H) Dorsal 
view. I) Ventral view. Third 
chevron (No. 6). J) Right la-
teral view. K) Anterior view. 
L) Posterior view. M) Dorsal 
view. N) Ventral view. Scale 
bar equals 20 cm. 
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whale. Differing from the latter, in the northern 
sperm whale described by Omura et al. (1962) the ca-
pitulum of  the first rib is straighter. The tuberculum 
of  the first rib is triangular and slender (30 mm in 
basal diameter and 50 mm in length) and differs from 
both the tubercula described in the first rib by Flower 
(1868) and Omura et al. (1962) that are shorter and 
higher; it is separated from the capitulum by a wide 

and concave incisure. The distal expansion of  the 
first rib is formed by two distinct protrusions on the 
opposite sides of  the rib; these protrusions form a 
rough articular surface for the sternum. On the pos-
terior surface of  the first right rib, at the level of  the 
distal epiphysis, a wide concavity is present but it is 
absent in the first left rib. The anterior surface of  the 
shaft of  the first rib is proximally flat and the shaft 

Fig. 15 - Ribs of  MGPT-PU 13864, 
holotype of  Eophyseter damar-
coi gen. nov. sp. nov. A) Ribs 
from the right side (a, b, c, d, 
e, f and g). B) Ribs from the 
left side (h, i, j, k, l, m, n and 
o). Scale bar equals 20 cm.



Bisconti M., Daniello R., Stecca R. & Carnevale G.158

is thin with respect to the distal epiphysis where it is 
visibly thicker. 

A possible second rib is present on the right 
side (rib b in Fig. 15). It includes a strongly arched 
shaft with bifid head including an elongated and 
squared tuberculum (60 mm in basal diameter and 
120 mm in length). The other ribs from the right 
side are fragmentary; they include segments of  ribs 
posterior to the second and only two of  them still 
include the articular heads. In one case (rib d in Fig. 
15), the single head includes an elongated and tri-
angular tuberculum (225 mm in length) and a sharp 
corner probably corresponding to the iliocostal tu-
berosity which is located at a distance of  185 mm 
from the tubercular apex. In the second case (rib 
e in Fig. 15), the single head shows the basis of  an 
elongated tuberculum missing the apex. 

On the left side the ribs are more complete 
but mostly posterior ribs are present. A possible 

second rib is badly damaged (rib i in Fig. 15). The 
subsequent ribs show truncated proximal and distal 
epiphyses. The internal angle of  these ribs dimin-
ishes approaching the posterior portion of  the rib-
cage. The inferred last two left ribs (ribs n and o in 
Fig. 15) are substantially straight. 

Iliocostal tuberosities are indistinct in most 
ribs with the exceptions of  ribs k, l and m (Fig. 15) 
where the tuberosities are evident and well-devel-
oped. These ribs may correspond to ribs 4 and 5 as 
described by Omura et al. (1962). 

Sternum. Three fragments of  the sternum are 
preserved (Fig. 16). The two bones forming the ma-
nubrium are juxtaposed along the longitudinal axis 
of  the animal body and form a median opening 
showing a vaguely-olive outline. The right manu-
brium bone is more fragmentary and is represented 
by a central portion of  the plate preserving part of  

Fig. 16 - Sternum of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov. 
A-E) Different views of  the 
right manubrium bone. F-J) 
Different views of  the left 
manubrium bone. K) Ven-
tral view of  the body bone. 
L) Superior view of  the left 
manubrium bone. M) Supe-
rior view of  the right ma-
nubrium bone. N-Q) Diffe-
rent views of  the left body 
bone. Note that E, J and K 
views are superimposed on 
the outline of  the sternum 
of  an extant sperm whale in 
inferior view redrawn with 
modification from Omura et 
al. (1962). Note also that L, 
M and Q views are superim-
posed on the outline of  the 
sternum of  an extant sperm 
whale in superior view re-
drawn with modification 
from Omura et al. (1962). 
Scale bar equals 20 cm.
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both the anteromedial and the anterolateral edges 
showing that the lateral border projects posteriorly 
toward the longitudinal axis of  the bone (Fig. 16A-
E). Its main transverse diameter is 430 mm, its main 
anteroposterior diameter is 340 mm and its thick-
ness ranges from 15 to 52 mm. 

The left manubrium bone is represented by 
an anterior portion that shows an almost rectangu-
lar shape (Fig. 16F-K). Its anterior border is slightly 
concave; the lateral corner is approximately squared 
and the lateral edge projects posteriorly converging 
toward the longitudinal axis of  the bone. The main 
transverse diameter of  this portion is 585 mm, its 
main anteroposterior diameter is 328 and its thick-
ness ranges from 106 to 125 mm. 

On the left side, a portion of  the body of  the 
sternum is preserved that shows a convex median 
border, an overall triangular outline and a concave 
lateral edge (Fig. 16K, N-P). The main transverse 
and anteroposterior diameters are, respectively, 381 
and 282 mm and its thickness ranges from 20 to 65 
mm.

All these fragments are flat. Most of  the ster-
num portions are still unprepared and the original 
tape and plaster used by Camillo Richard during the 
excavation are still in place (Fig. 16E, M, K, Q). 

Scapula. A largely complete left scapula is 
present (Figs. 17, 18) that shows a long proximodis-
tal diameter and a short anteroposterior diameter 
(Table 5). Even though the dorsal border is not 
complete, based on what is preserved it can be in-
ferred that it is straight in outline. The anterodorsal 
corner is wide and rounded. The rostral margin is 
sinuous. The posterodorsal corner of  the scapula 
is triangular with obtuse apex. The caudal margin is 
uniformly concave.

In lateral view, the scapular spine is low and 
shows a triangular cross-section; it diminishes its 
height towards the proximal border and disappears 
at about 80 mm from it.  The supraspinous fossa is 
anteroposteriorly short; it widens anteroposteriorly 
towards the proximal border. Posteriorly, the fossa 
for the teres muscle is well-bordered by a rounded 
bony strip that obliquely runs from the proximal 
border to the caudal margin. The subspinous fossa 
is wide and concave. 

The acromion is a large process projecting 
anteriorly from the base of  the scapular spine. It 
shows a broadly rectangular shape and its anterior 

border protrudes as far as the anterodorsal corner 
does. The anterior border of  the acromion shows 
rounded corners. The superior border of  the ac-
romion is remarkably concave whereas the inferior 
border is straight. The coracoid process is shorter 
than the acromion; it is placed immediately superior 
to the glenoid fossa of  the scapula and projects an-
teriorly and distally to reach a length that is about 
one-third of  the length of  the acromion. The shape 
of  the coracoid process is approximately triangu-
lar with anteriorly converging superior and inferior 
borders; the apex is squared-off. The overall aspect 
of  the coracoid process is that of  a stocky, robust 
and short structure.

In medial view, the surface of  the scapula is 
largely reconstructed because it suffered heavy dam-
age after burial. As a whole, the subscapular fossa 
appears flat and wide lacking anatomical structures 

Fig. 17 - The forelimb of  MGPT-PU 13864, holotype of  Eophyseter 
damarcoi gen. nov. sp. nov. Scale bar equals 30 cm. The sca-
pula is mirrored.
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to be described. The medial aspect of  the acromion 
shows that a shallow fossa is located on its superior 
border close to its base and that the medial surface 
of  the acromion is convex. 

The glenoid fossa is shallow and shows an el-
liptical outline. 

Humerus. Overall, the left humerus is a robust 
structure (Figs. 17, 19). In the osteological description 
of  the humerus, we will use the terminology provided 
by Benke (1987). The articular head of  the humerus 
is uniformly rounded and shows a ventrally convex 
external border that can be observed in medial view. 

Fig. 18 - Left scapula of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov. 
A) Medial view. B) Lateral 
view. C) Ventral view show-
ing the glenoid cavity for 
articulation with humerus. 
Scale bar equals 20 cm.

Fig. 19 - Left humerus of  MGPT-PU 
13864, holotype of  Eophyse-
ter damarcoi gen. nov. sp. nov. 
A) Lateral view. B) Medial 
view. C) Proximal view. D) 
Anterior view. E) Posterior 
view. F) Distal view. Scale 
bar equals 20 cm.
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The articular head protrudes posteriorly with respect 
to the posterior margin of  the shaft that is straight. 
Distally, the ulnar epicondyle (corresponding to the 
facet for articulation for the olecranon process of  
the ulna) protrudes posteriorly forming an obtusely-
triangular tubercle in lateral and medial views. In pos-
terior view, the ulnar epicondyle resembles a short 
rectangle. The tuberculum deltoideum (correspond-
ing to the anterodistal corner of  the humerus) forms 
an anteriorly-projecting, triangular protrusion. 

The tuberculum proximale humeri is low and 
obtuse; it is located anterior to the anterior margin of  
the articular head of  the humerus. The deltopectoral 
crest is straight and long; it is robust and triangular 
in cross-section. The tuberculum medial humeri is 
triangular and is connected to the anterior margin 
of  the shaft by a sharp angle. In cross section, the 
humeral shaft shows a convex medial surface and a 
mostly flat lateral surface. The distal epiphysis shows 
that both the articular facets for radius and ulna are 
characterized by long anteroposterior diameters and 
narrow transverse diameter. These facets are sepa-
rated by a low transverse crest.

 Radius. The radius consists of  a short and ro-
bust bone characterized by concave posterior border 
and convex anterior edge (Figs. 17, 20). The maxi-
mum convexity of  the anterior border is located 
proximally, slightly below the proximal epiphysis and 
is thought to be homologous to the radial process 
of  archaeocetes (Bisconti & Carnevale 2022). The 
lateral surface is flatter than the medial surface that 
is more externally convex. The proximal epiphysis is 
obliquely oriented with respect to the long axis of  the 
radius and its anterior border is raised with respect to 
its posterior border. Slightly below the posterior bor-
der of  the proximal epiphysis, an articular facet for 
the ulna is found that is approximately pentagonal 
and that is 60 mm in transverse width and 35 mm in 
proximodistal diameter. Both the proximal epiphysis 
and the distal end of  the shaft are transversely com-
pressed and show an anteroposteriorly elongated 
and transversely narrow outline. The whole radius is 
transversely compressed and shows a lozenge-shaped 
outline in cross-section (not shown).

A fragment of  the distal epiphysis is detached 
from the radius and includes a small, irregular bony 

Fig. 20 - Distal forelimb elements of  
MGPT-PU 13864, holotype 
of  Eophyseter damarcoi gen. 
nov. sp. nov. Ulna in A) me-
dial; B) lateral; C) posterior; 
D) anterior; E) distal; F) pro-
ximal views. Radius in G) la-
teral view; H) medial view; I) 
fragment of  radial epiphysis; 
J) posterior view; K) anterior 
view; L) distal view; M) pro-
ximal view. Scale bar equals 
20 cm.
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element that fits the anterior portion of  the distal 
surface of  the bone. 

Ulna. The ulna is comparatively short and ro-
bust (Figs. 17, 20). Its posterior border is posteriorly 
convex and its anterior border is anteriorly concave. 
The anteroposterior diameter increases toward the 
distal portion where a long distal epiphysis is still at-
tached to the shaft. The proximal epiphysis is small 
and rectangular in outline. A small and elliptical ar-
ticular facet for the radius is located slightly below 
the anterior border of  the proximal epiphysis. The 
olecranon is lost; the place where the olecranon was 
attached is located below the posterior edge of  the 
proximal epiphysis and shows traces of  breakage 
and roundish borders suggesting that the detach-
ment of  the olecranon occurred before the burial 
of  the skeleton. Posterior and anterior edges of  
the ulna are sharp and crest-like and the ulna, like 
the radius, is transversely compressed with a more 
externally convex medial surface than the external 
surface that is almost flat.

Taken together, radius and ulna in articula-
tion are joined proximally at the level of  the articu-
lar faces located closely to their proximal epiphyses, 
and probably at the level of  the anteroventral cor-
ner of  the ulna and the posteroventral corner of  the 
radius; an olive-shaped window is located between 
their respective shafts as in the extant sperm whale.  

Morphological comparisons

Apart from the conspicuous differences in 
linear measurements of  the post-cervical portions 
of  the vertebral column that will be described else-
where in this paper, here we focus on the mor-
phologies of  the atlas (C1), the block including the 
axis and the other cervical vertebrae (C2-C7) and the 
forelimb.

Atlas
The atlas of  Physeter macrocephalus is schemati-

cally illustrated in Fig. 21A, B in anterior view. In 
this species there is a certain degree of  variation 
in this vertebra as the neural arch may be flat or 
arched, the neural spine may be absent or present, 
the ventral portion of  the neural canal may be trans-
versely narrow or wide, and the transverse process-
es are squared and protruding. In Eophyseter damarcoi, 

the atlas shows a mix of  the above characteristics 
in that its neural arch is arched but lacks the neural 
spine, the ventral portion of  the neural canal shows 
an intermediate proportional size with respect to P. 
macrocephalus (Fig. 21C). The transverse processes 
are short and rounded but this may be due, at least 
in part, to post-depositional erosion of  the external 
surface of  the atlas.

Among stratigraphically older species, the 
physeteroid atlas IRSNB M. 524 previously assigned 
to Eudelphis mortezelensis (Du Bus, 1872), that is now 
considered an indeterminate physeteroid species 
(Lambert 2008), shows an atlas that is similar to that 
figured in Fig. 21B in that is shows an arched neural 
arch bearing a neural spine, squared and ventrally-
protruding transverse processes but, differing from 
the more recent species, it shows a wide and broadly 
rounded neural canal and small articular surfaces 
for the occipital condyles (Abel 1905).

In Zygophyseter varolai Bianucci & Landini, 2006 
the atlas is morphologically divergent from that of  

Fig. 21 - Comparative plate showing the first cervical vertebra (atlas) 
in anterior view in the extant sperm whale, Physeter macro-
cephalus, and MGPT-PU 13864, Eophyseter damarcoi gen. nov. 
sp. nov. A) Scheme of  the atlas of  P. macrocephalus from sou-
thern hemisphere modified from Flower (1864). B) Scheme 
of  the atlas of  P. macrocephalus from northern hemisphere 
modified from Omura et al. (1962). C) Scheme of  the atlas 
of  E. damarcoi. Not to scale. Characters discussed in the text 
are indicated.
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IRSNM M. 524, E. damarcoi and Physeter macrocepha-
lus in that the transverse process is rod-like; in this 
species the neural canal is wide and rounded with a 
broadly triangular ventral portion (Bianucci & Lan-
dini 2006). A similar morphology is exhibited by an 
indeterminate physeteriod from the Miocene of  the 
Pietra Leccese Formation in southern Italy (Peri et 
al. 2020) and by Cozzuoliphyseter rionegrensis Paolucci 
et al., 2020. In these species the transverse process 
shows a rod-like morphology; in C. rionegrensis, the 
atlas is slightly more complete than in Z. varolai and 
the other Italian specimen and shows a wide and 
round neural canal together with an arched neural 
arch, and presence of  a neural spine. 

The partial atlas of  Placoziphius duboisi Van 
Beneden, 1869 from the Miocene of  Belgium shows 
a ventrally-protruding and roundish transverse pro-
cess and an arched neural arch with a broad neural 
canal characterized by a wide ventral portion (Lam-
bert 2008). In this species it is not possible to distin-
guish a ventromedial portion of  the articular surfac-
es for the occipital condyles. The atlas of  Physeterula 
dubusi Van Beneden, 1877 is scarcely preserved and 
shows only a wide ventral portion of  the neural ca-
nal with wide articular facets for the occipital con-
dyles (Lambert 2008).

In the living Kogia breviceps the atlas is trans-
versely shortened with respect to that of  Physeter 
macrocephalus and E. damarcoi; the neural process is 
present but the transverse processes are transversely 

reduced. In Kogia the cervical vertebrae are fused to 
each other with the exception of  the last cervical 
vertebra that is fused to the others only by its neural 
arc while its centrum is free (Pinedo 1987; Omura 
et al. 1984)

 
Axis
The block including the cervical vertebrae 

C2-C7 shows remarkable individual variation in the 
extant Physeter macrocephalus (Fig. 22A, B). In an in-
dividual from the southern population of  the liv-
ing sperm whale represented by Flower (1864), in 
anterior view, the axis shows a high and round neu-
ral canal with a wide and elliptical ventral portion, 
presence of  neural spine, roundish outline, small 
odontoid process and wide articular areas for C1 in 
which the ventromedial portion is small (Fig. 22A). 
In an individual from an extant northern popula-
tion (Omura et al. 1962), the outline of  the block is 
wider, the neural canal is low and almost rectangular 
with a triangular ventral portion, the neural spine 
is absent and the wide articular areas for C1 show 
an elongated and narrow ventromedial portion (Fig. 
22B). In Eophyseter damarcoi, the neural canal is low 
and almost rectangular with a narrow and squared 
ventral portion, the neural spine is lost but the up-
per portion of  the neural arch is eroded so that its 
presence cannot be ruled out, the articular surfaces 
for C1 are wide with an elongated ventromedial por-
tion, the odontoid process is large. In posterior view, 

Fig. 22 - Comparative plate showing 
the block of  cervical vertebrae 
including C2-C7 in the extant 
sperm whale, Physeter macro-
cephalus, and MGPT-PU 13864, 
Eophyseter damarcoi gen. nov. sp. 
nov. A) Scheme of  the cervical 
block of  P. macrocephalus from 
southern hemisphere in ante-
rior view modified from Flo-
wer (1864). B) Scheme of  the 
cervical block of  P. macrocepha-
lus from northern hemisphere 
in anterior view modified from 
Omura et al. (1962). C) Sche-
me of  the cervical block of  
E. damarcoi in anterior view. D) 
Scheme of  the cervical block 
of  P. macrocephalus from nor-
thern hemisphere in posterior 
view modified from Omura et 
al. (1962). E) Scheme of  the 
cervical block of  E. damarcoi 
in posterior view. Not to scale. 
Characters discussed in the text 
are indicated.
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it was possible to only compare one individual from 
Omura et al. (1962) and E. damarcoi because the 
posterior view of  the second cervical block is not 
represented in literature. The differences between 
this extant sperm whale individual and E. damarcoi 
are even more marked in posterior view (Fig. 22D, 
E) as it is clear that in the extant sperm whale, the 
ventral surface of  the block is triangular but it is 
flat-to-slightly convex in E. damarcoi, the outline of  
the neural canal is squared in the extant species but 
rounded in E. damarcoi, the posterior face of  the 
vertebral centrum is transversely narrow and heart-
shaped in the extant species but it is elliptical and 
comparatively much wider in E. damarcoi and the 
transverse processes are much more protruding in 
the extant species but short in E. damarcoi. 

In our knowledge there is only one descrip-
tion of  the axis of  a fossil sperm whale in the litera-
ture, that of  Cozzuoliphyseter rionegrensis (Paolucci et 
al. 2020). In this species, the block including the axis 
and the other non-atlas cervical vertebrae shows 
that the neural canal is high and dorsally rounded; 
moreover, the transverse processes of  the block 
are short and rounded and the posterior face of  
the centrum of  C7 is transversely short and vaguely 
heart-shaped. A large odontoid process and a high 
neural spine were figured in the indeterminate Mio-
cene physeteriod from Antwerp, Belgium, by Peters 
& Monteiro (2005).

Forelimb
A comparative plate showing the skeletons 

of  the forelimbs of  different individuals of  Physeter 
macrocephalus and Eophyseter damarcoi is presented in 
Fig. 23. As shown, the overall proportions of  the 
forelimb are similar in these three examples but 
differences are observed in anatomical details. In 
the the extant sperm whale scapula (Fig. 23A), the 
cranial margin may be convex or straight (Fig. 23B) 
and visibly concave in E. damarcoi (Fig. 23C). The 
supraspinous fossa is differently extended in the ex-
tant sperm whales where it may show scarce extent 
or wide extent with E. damarcoi sharing the small 
extent. The shape of  the acromion is variable in 
the extant sperm whale in that it may show a con-
cave dorsal border of  the acromion (like that of  E. 
damarcoi) or a highly arched anterior border with a 
comparatively higher process. On the contrary, in 
some extant individuals, the dorsal border of  the 
acromion is straight and the anterior border may be 

only slightly convex. More interstingly, the coracoid 
process develops from a surface that is anterior to 
the cranial margin in the extant sperm whale but 
posterior in E. damarcoi. 

The scapula is known also in some fossil 
sperm whales. In Zygophyseter varolai, the cranial mar-
gin of  the scapula projects anteriorly in a notable 
way providing an evident expansion of  the scapula 
along the anteroposterior axis with consequent in-
crease of  muscular attachment areas (Bianucci & 
Landini 2006). In this species, the acromion and 
the coracoid process are very close and, in medial 
view, it seems that the dorsal border of  the coracoid 
process covers the view of  the ventral border of  
the acromion. The acromion itself  is elongated and 
its dorsal border is scarcely concave. The scapula 
of  Brygmophyseter shigensis Hirota & Barnes, 1994 is 
highly divergent from those of  E. damarcoi and of  
the extant sperm whale in that it shows a marked 
elongation of  a narrow region of  the dorsal bor-
der of  the scapula in which both the anteroproxi-
mal and the posteroproximal corners protrude 
far more distantly than the respective cranial and 
caudal margins of  the scapula located below them 
(Kimura et al. 2006). In Brygmophyseter shigensis, the 
supraspinous fossa is reduced to a degree that most 
of  the portion close to the coracoid process is hid-
den by a well-raised scapular spine and only a nar-
row strip of  the supraspinous fossa is observed in 
lateral view as it approaches the dorsal margin of  
the bone. The acromion is approximately square in 
shape with straight dorsal and ventral borders and 
cranial border slightly convex and projecting sharp-
ly anteroventrally. The coracoid process develops 
from a surface that is located more posterior than 
the cranial margin.

In the extant species of  Kogia, the scapula is 
morphologically different from that of  the physe-
teroid species described up to now. Such a scapula 
is comparatively longer and dorsoventrally shorter 
with a remarkably expanded acromion and a large 
coracoid process. The latter is particularly different 
from that of  physeteroid because it is massively en-
larged (Pinedo 1987).   

In the extant Physeter macrocephalus, the humer-
us shows an anteriorly concave deltopectoral crest 
but in Eophyseter damarcoi the deltopectoral crest 
shows a straight outline. Such an outline is also ex-
hibited by a humerus that was reported by Kimura 
et al. (2006) and referred to Aulophyseter morricei. 
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However, in the same paper, two additional humeri 
were referred to the same taxon despite the pres-
ence of  an anteriorly concave deltopectoral crest. A 
straight deltopectoral crest is also observed in Bryg-
mophyseter shigensis (Kimura et al. 2006). In all these 
humeri and in Eophyseter damarcoi the posterior bor-
der of  the humerus is straighter than in the extant P. 
macrocephalus (Fig. 23A-C). Interestingly, in the spec-
imens referred to Aulophyseter morricei Kellogg, 1927 
the distal termination of  the deltopectoral crest cor-
responds to a protruding tubercle (= tuberculum 
deltoideum) resembling that of  the extant sperm 
whale; such a tubercle is present also in Eophyseter 
damarcoi but, in this species, it projects distally rather 
than anteriorly. In Kogia the humerus shows a short-
er deltopectoral crest, straight posterior border of  
the shaft and triangular and posteriorly-protruded 
posterodistal corner. 

In Eophyseter damarcoi, the epicondyle for the 
olecranon process of  the ulna is located more dor-
sal than in the extant sperm whale resembling that 
of  Brygmophyseter shigensis. In the humeri referred to 
Aulophyseter morricei the epicondyle is distally posi-

tioned and the crest separating the ulnar facet from 
the radial facet is visibly triangular and protruding. 
In B. shigensis, E. damarcoi and Physeter macrocephalus 
this crest is rounded and shallow. 

With respect to the extant sperm whale, Eo-
physeter damarcoi shows several different characters 
in the humerus: these include the straighter poste-
rior margin of  the bone, the higher epicondyle, the 
straight deltopectoral crest and a distally-projecting 
tuberculum deltoideum (Fig. 23). While the concave 
deltopectoral crest seems a fixed character states in 
sperm whales, the more or less linear outline of  the 
posterior margin of  the humerus could be due to 
individual variation. Again, more extensive study of  
the postcranial skeleton of  the extant sperm whale 
is necessary to test this hypothesis.

The radius of  Eophyseter damarcoi is charac-
terized by a stocky and rectangular shape with an 
anterior convexity, corresponding to the radial pro-
cess, that is located slightly distal from the proximal 
epiphysis. A possible radial process seems absent 
in Brygmophyseter shigensis based on the images pub-
lished by Kimura et al. (2006) but it is present in the 

Fig. 23 - Comparative plate showing the right forelimb in the extant sperm whale, Physeter macrocephalus, and MGPT-PU 13864, Eophyseter damar-
coi gen. nov. sp. nov. A) Right forelimb of  P. macrocephalus from southern hemisphere modified from Flower (1864). B) Right forelimb 
of  P. macrocephalus from northern hemisphere modified from Omura et al. (1962). C) Right forelimb of  E. damarcoi reconstructed from 
the preserved bones of  the holotype. Forelimbs are drawn at the same proximodistal size. Characters discussed in the text are indica-
ted. The black arrowhead indicates the posterior border of  the humerus that may be very concave, moderately concave and mostly 
straight. The white arrowhead indicates the relative development of  the radial process. The grey arrowhead indicates the position of  
the basis of  the coracoid process that may be at the level of   or posterior to the cranial margin of  the scapula.
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unidentified sperm whale MSNUP-I 17076 from 
the Miocene of  southern Italy as figured by Peri et 
al. (2020). In Kogia the radius is comparatively short 
and stocky, shows parallel and straight anterior and 
posterior borders and expanded and robust distal 
epiphysis. 

The radius of  Eophyseter damarcoi shows 
largely parallel anterior and posterior margins re-
sembling the radius of  B. shigensis but differing 
from that of  P. macrocephalus in that it lacks the tri-
angular protrusion observed at the posterodistal 
corner and the overall concave outline of  the pos-
terior margin (Fig. 237). As a whole, in the extant 
sperm whale the radius has a more robust aspect 
than that of  Eophyseter damarcoi that looks more 
slender.

As far as the ulna is concerned, in E. damar-
coi the posterior margin is convex and this is not 
observed in the extant sperm whale (Fig. 23). In 
the scarce ulnae reported in the sperm whale fossil 
record, the posterior margin of  the ulna is linear in 
outline in MSNUP-I 17076 (Peri et al. 2020) and 
Brygmophyseter shigensis (Kimura et al. 2006). We ob-
serve that in Physeter macrocephalus the distal portion 
of  the anterior margin of  the ulna projects ante-
riorly forming a triangular protrusion which gives 
the bone an anteriorly concave outline (Fig. 27A, 
B). The olecranon is well-developed in the extant 
sperm whale, MSNUP-I 17076 and Brygmophyseter 
shigensis but it is lost in Eophyseter damarcoi. Over-
all, the ulna of  Physeter macrocephalus looks more 
robust and stocky than that of  Eophyseter damarcoi 
which is moderately more robust than MSNUP-I 
17076 and comparable in proportions to that of  
Brygmophyseter shigensis. In Kogia, the ulna shows a 
reduced olecranon and slightly convex posterior 
border with anteroposteriorly expanded distal end.

Ribs
The articular head of  the first rib of  Eophy-

seter damarcoi differs from that of  the sperm whale 
figured by Omura et al. (1962) in that the tuber-
culum is more slender and the capitulum shows 
a proximal convexity instead of  a flat surface. A 
similar convexity, but developed at a higher degree, 
is observed in the first rib of  Rhaphicetus valenciae 
Lambert et al., 2020 from the Early Miocene of  
Peru and Zygophyseter varolai from the Late Miocene 
of  southern Italy (Bianucci & Landini 2008). In 
the latter, the tuberosity for the iliocostal muscle is 

well developed and triangular in the first and in the 
putative second rib whereas such a development is 
not observed in R. valenciae nor in E. damarcoi. The 
fragmentary ribs of  Physeterula dubusi and MSNUP 
I-17076 are too poorly preserved to allow detailed 
comparisons (Lambert 2008; Peri et al. 2020).

In the description of  the ribs of  Kogia brevi-
ceps, Omura et al. (1954) shows that the first rib 
does not show the distal expansion observed in E. 
damarcoi and the internal angle is more acute than 
that of  E. damarcoi and P. macrocephalus. Moreover, 
in K. breviceps the tuberosity for the attachment of  
the ileocostal muscle is triangular and well-devel-
oped in the 1st and in the 4th-to-10th ribs but it is 
only slightly developed and scarcely defined in E. 
damarcoi.

The distal end of  the first rib of  E. damar-
coi differs from the corresponding rib observed in 
the extant sperm whale because its lateral corners 
project laterally forming a sort of  rectangular ex-
pansion with concave lateral border (visible in Fig. 
15, ribs a and h) that is absent in both the mod-
ern Physeter macrocephalus and in Zygophyseter varolai, 
the only fossil physeteroid where the first rib is 
entirely preserved. Rib b (Fig. 15) differs from all 
the ribs of  Physeter macrocephalus in that it shows a 
higher and larger head with short tuberculum and 
scarcely concave proximal neck between tubercu-
lum and capitulum. Such a rib shows a higher de-
gree of  robustness of  the proximal portion even 
in comparison to Zygophyseter varolai.

Functional regionalization of the 
vertebral column

Conspicuous differences in the proportions 
of  the vertebral centra are observed in Eophyseter 
damarcoi with respect to extant Physeter macrocephalus. 
Lengths of  vertebral bodies increase their values 
along the vertebral column up to approximately 
vertebrae nos. 23-25 (Supplementary Information 
Fig. S2A). More posteriorly, the lengths abruptly 
diminish towards the posterior-most portion of  
the tail. This pattern is shared by both Eophyseter 
damarcoi and Physeter macrocephalus.

Widths of  vertebral bodies show limited 
variation in the extant Physeter macrocephalus up to 
vertebrae nos. 16-18 (Supplementary Information 
Fig. S2B), then the widths increase up to vertebae 
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nos.23-25; more posteriorly the widths abruptly 
diminish. This pattern is not completely shared by 
Eophyseter damarcoi in that in this species the widths 
do not increase their value in the vertebrae Nos 
16-18 and 25-26; rather, the width show very limit-
ed variation in the anterior and central portions of  
the vertebral column. The decrease of  the widths 
in the posterior caudal section is not as abrupt as 
that observed in the living Physeter macrocephalus.

A similar pattern is observed in the analysis 
of  the variation of  the width of  vertebral centra 
(Supplementary Information Fig. S2C). Also in 
this case, the variation of  the heights  in Eophy-
seter damarcoi is minimal and the heights are very 
similar up to vertebra no. 25 when heights sharply 
decrease. In Physeter macrocephalus, the heights grad-
ually increase up to a plateau approximately from 
vertebra 12 to vertebra 27 when heights steeply 
decrease in the posterior portion of  hte tail. These 
three analyses show that the outline of  the vert-
bral centra of  Eophyseter damarcoi is different from 
that observed in Physeter macrocephalus for a large 
part of  the vertebral column approximately rang-
ing from the first thoracic vertebra to vertebra 
25 corresponding to Ca6.  Apart from functional 
interpretations, these differences can be used to 
distinguish Eophyseter damarcoi from Physeter macro-
cephalus giving the postcranial skeleton a previously 
unsuspected importance. 

The above differences are even more evident 
when the above parameters of  Eophyseter damarcoi 
are plotted against those of  the four individuals 
of  the extant Physeter macrocephalus. As shown in 
Supplementary Information Fig. S2A, B, widths, 
heights and lengths of  Eophyseter damarcoi exhibit 
different relationships to each other with respect 
to what observed in the extant species. In particu-
lar, the most striking observation is about the ex-
istence of  a region of  the vertebral column where 
the lengths show higher values than both widths 
and heights in Eophyseter damarcoi. This pattern 
is never observed in Physeter macrocephalus where 
lengths are lower than heights and widths along 
the whole vertebral column. By means of  this, 
the geometry of  the vertebral centra of  Eophyseter 
damarcoi appears largely different from that of  Phy-
seter macrocephalus; in E. damarcoi the vertebrae are 
comparatively longer with respect to their heights 
at least in a region between vertebrae 12 and 26. 
Following the analyses of  Buchholtz (2001), com-

paratively longer vertebrae are related to enhanced 
flexibility of  the vertebral column and such an in-
creased flexibility is inferred in Eophyseter damarcoi 
with respect to Physeter macrocephalus.

The plot of  the relative centrum length 
(RCL) confirms the above observation showing 
that a long portion of  the vertebral column of  Eo-
physeter damarcoi is characterized by proportionally 
longer vertebrae with respect to their heights and 
widths (Supplementary Information Fig. S4A). 
This region is even more evident in this plot ap-
proximately from vertebrae nos. 13 and 35 (RCL 
> 1). In the extant Physeter macrocephalus, RCL < 
1 along almost all the vertebral column; RCL > 
1 only in the one of  the last caudal vertebrae. In 
Supplementary Information Fig. S4B and C, the 
%change values and the CW/CH ratios are shown. 
The %change values of  Eophyseter damarcoi show 
high variation with respect to Physeter macrocephalus; 
while the distribution of  the points of  this param-
eter follow quite precisely that of  the extant sperm 
whale, there are points falling outside the general 
distribution area that are difficult to interpret. The 
CW/CH ratios express the degree ovalization of  
the outline of  the vertebral centra; judging from 
Supplementary Information Fig. S4C, the verte-
brae of  Eophyseter damarcoi show a pattern of  varia-
tion of  this parameter that is fully consistent with 
that of  the extant Physeter macrocephalus. 

Based on the above comparisons we estab-
lish the following functional regions in the verte-
bral columns of  the extant Physeter macrocephalus 
and the fossil Eophyseter damarcoi: (a) the chest ex-
tends from vertebra no. 8 (T1) to vertebra no. 11 
(T4); (b) the torso extends from T5 to Ca14 or ver-
tebra no. 36; (c) the peduncle extends from Ca15 
(vertebra no. 37) to Ca20 (vertebra no. 46); (d) the 
fluke extends beyond Ca21 (vertebra no. 47). As a 
whole, in the vertebral column of  Physeter macro-
cephalus and Eophyseter damarcoi the torso represents 
the longer portion, chest and fluke are reduced 
parts (Supplementary Information Fig.4). Even 
though the functional regions of  the vertebral col-
umn have approximately the same extension in the 
whole sample examined, details of  variation within 
these regions (explained above and in Figs. 28 and 
29) are evident that suggest that the ways these re-
gions worked in Eophyseter damarcoi were different 
and this, in turn, suggests a different swimming 
behavior for this fossil species. 
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Phylogenetic analysis

Phylogenetic results
The TBR algorithm found six equally-parsi-

monious trees whose strict consensus is shown in Fig. 
24. The trees are 247 steps in length and show CI = 
0.514, RI = 0.714 and HI = 0.486. The strict consensus 
is rather well-resolved an shows that Physeteroidea 
is monophyletic and includes several sub-clades. The 
earliest-diverging physeteroid include Rhaphicetus and 
Cozzuoliphyseter. The subsequent clade includes the 
so-called killer sperm whales and their sister group 
represented by Eucetus mortezelensis. This clade is the 
sister group of  another large clade including a series 
of  sub-clades represented by Physeterula+Idiorophus, 
Placoziphius+Diaphorocetus+MUSM 3246, and a 
group formed by Orycterocetus, Kogia, their common 
ancestor and all the descendants of  this ancestor. In 
particular, this large group includes a clade formed 
by Angelocetus+Thalassocetus+Miophyseter that is the 
sister group of  the crown Physeteroidea including 
Kogiidae and Physeteridae. Physeteridae is formed 
by Idiophyseter, Eophyseter, Aulophyseter and Physeter. 
The sister group of  the living Physeter macrocephalus is 

identified in Aulophyseter morricei and Idiophyseter and 
Eophyseter occupy basal and unresolved positions in 
this clade. 

Bootstrap supporting values are low as ex-
pected judging from the results using the previously 
published part of  the present dataset. The mono-
phyly of  Physeteroidea is well-supported by boot-
strap but the other clades received bootstrap sup-
porting values lower than 50%.  

Synapomorphy reconstructions at selected 
nodes

We analyzed the distribution of  characters 
59-78 at the internal nodes of  the strict consensus 
tree by the maximum likelihood (ML) algorithm as 
implemented in Mesquite and found that most of  
these characters can be used to respectively diag-
nosize Physeteridae and Physeter as these have ML 
values higher than 0.8. The results of  this analysis 
are shown in Table 6. Interstingly, we found that the 
postcranial skeleton may be an important source of  
morphological data able to support a higher resolu-
tion of  the phylogenetic results. In particular, our 
analysis suggests that a robust radius (in the sense 

Fig. 24 - Fifty-percent, majority-rule 
Strict consensus (Nelsen) 
tree representing phylogene-
tic relationships of  Physete-
roidea. Main physeteroid cla-
des are indicated. Numbers 
above the rami represent 
bootstrap supporting values. 
Eophyseter damarcoi gen. nov. 
sp. nov. is in boldface. The 
extant Physeter macrocephalus 
is represented by four speci-
mens to include as much as 
individual variation is possi-
ble.
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specified in Supplementary Information Text S1, 
character 75), a large anterior protrusion of  the dis-
tal epiphysis of  the humerus (character 72), and a 
wide posterior epiphysis of  the axis-bearing block 
(in the sense specified in Supplementary Informa-
tion Text S1, character 65) may be considered as sy-
napomorphic for Physeteridae with a good degree 
of  likelihood (> 0.85). 

The monophyly of  Physeter is based on the fol-
lowing synapomorphies with ML values > 0.85: wide 
axis in anterior view (character 64), narrow supraspi-
nous fossa (character 68), ulnar epicondyle close to 
the articular facet for ulna (character 71), anteriorly 
concave deltopectoral crest of  humerus (character 
73), presence of  anterior protrusion of  the deltoid 
tubercle (character 74), and radial process reduced 
to a crest (character 76). None of  these characters 
have ML value = 1 and this means that convergent 
evolution of  some of  them can be observed in oth-
er physeteroid clades. However, the high ML value 
observed suggest that these character states are ple-
siomorphic for Physeter and the variation observed 
today may be attributed to secondary reversals to 
ancestral states or relaxed selection for given mor-
phological character states at particular districts.

Discussion

Postcranial skeleton and cetacean 
systematics

Postcranial skeletons are often neglected in 
cetacean paleontology and systematics. It is a com-

mon practice to make diagnoses of  new cetacean 
taxa based on characters observed in the skull and 
the ear bones, including periotic and tympanic bul-
la. In some cases, the ear bone characteristics are 
prevailing over the other cranial and postcranial 
districts as far as characters that can be used in phy-
logenetic analyses (e.g., Tanaka & Fordyce 2016; 
Tsai & Fordyce 2016; ). This practice is historically-
based on works about basicrania of  a number of  
mammalian clades and relies on the idea that this 
part of  the skull exhibits a high degree of  complex-
ity because it is related to the paths of  several cra-
nial nerves and brain vasculature; such a complexity 
offers the possibility to identify many potentially-
informative morphological characters (e.g., Luo 
& Gingerich 1999; Novacek 1993, 1986). While 
reasonable, this assumption does not preclude the 
possibility that also other parts of  the whole body 
of  the specimens under investigation may include 
unique, e.g. diagnostic, morphological characters 
that can be used to unambiguously distinguish them 
from all the other members of  their supraspecific 
group. According to diagnosis definitions proposed 
by Mayr (1969), Wiley (1981) and Dubois (2017) as 
reviewed by Borkent (2021), all the morphological 
characters can be used to establish a diagnosis of  a 
new species or genus or other suprageneric taxon. 

Recently, a detailed morphological investi-
gation revealed the presence of  unique character 
states in the postcranial skeleton of  a Pliocene 
balaenid from Reggio Emilia so that it was possi-
ble to distinguish that specimen from all the other 
balaenid cetaceans described up to now, and assign 

Tab. 6 - Synapomorphies of  postcranial skeleton supporting Physeteridae and Physeter. Numbers represent maximum likelihood probabilities 
(ML) reconstructed by MESQUITE.
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it to the new genus and species Charadrobalaena valen-
tinae (Bisconti et al. 2023b). The same applies in the 
present analysis of  the postcranial skeleton of  the 
Pliocene sperm whale MGPT-PU 13864. In the lack 
of  skull and ear bones, the detailed analysis of  the 
shapes of  the vertebrae and of  the outlines of  the 
vertebral bodies, together with an in-depth study of  
both humerus and ulna, revealed unique morpholo-
gies that unambiguously distinguish this specimen 
from all the other extant and fossil sperm whale 
species described up to now. In the present case, the 
vertebrae differ from those of  other sperm whales 
in the relative roundness of  the outline of  the cen-
tra and in the proportions of  lengths, heights and 
widths of  the vertebral bodies. The differences 
are presented in Supplementary Information Figs 
S2-4 and explained in the section titled Functional 
regionalization of  the vertebral column. Based on 
these distinguishing characters of  the vertebrae and 
on the peculiar morphologies of  the deltoid crest 
and of  the posterior convexity of  the ulnar shaft, 
we decided to unambiguously identify this combi-
nation of  morphological characters as the new ge-
nus and species Eophyseter damarcoi.

Unfortunately, only a handful postcrania are 
available for fossil sperm whale species in the lit-
erature and this limits the possibilities to perform 
extended comparisons. However, comparisons with 
the available materials revealed morphological dif-
ferences that still enable the recognition of  Eophy-
seter damarcoi as a different sperm whale taxonomic 
entity.

It is doubtless that higher importance has to 
be given to the postcranial skeleton in cetacean pale-
ontology. While it is certainly true that skull and ear 
bones exhibit most of  the morphological characters 
useful for phylogenetic analyses and taxonomic diag-
noses, the postcranial skeleton has recently revealed 
an unsuspected morphological diversity that may be 
of  great help in distinguishing between different taxa 
in the cetacean fossil record. It is to be taken in mind 
that some high-rank cetacean taxa have been defined 
based in part or completely on postcranial charac-
ters; these include, for instance, Neoceti (e.g., Boess-
enecker et al. 2020), Pachycetinae (Gingerich et al. 
2022) and some archaeocete genera (e.g., Gingerich 
2007, 1997).  Moreover, the postcranial skeleton is 
related to the biomechanics of  movements such 
as swimming in whales and can provide research-
ers with information about ecology and behaviors 

of  fossil species (e.g., Buchholtz 2001). We recom-
mend that future studies include detailed analyses 
of  the postcranial skeleton of  fossil whales in order 
to allow increased comparisons for a better under-
standing of  past diversity and ecology of  whales and 
dolphins.

The sperm whale fauna from the Pliocene 
of  Piedmont

Fossil sperm whales are known from the Plio-
cene Sabbie d’Asti Formation of  Piedmont. Portis 
(1885) described two specimens; one corresponds to 
Hoplocetus minor Portis, 1885, a specimen previously 
collected by the Abbott Sotteri and subsequently ac-
quired by Sismonda, and the other corresponds to 
Physotherium sotterii Portis, 1885, a specimen included 
in the Gastaldi collection before becoming part of  
the MGPT collection (see Bisconti & Damarco 2022; 
Bisconti et al. 2023a, 2020 for the reconstruction of  
the history of  the discoveries). These specimens (re-
spectively corresponding to specimens No. 13862 
and 13863 of  the collection of  the Geological and 
Palaeontological Museum of  the University of  To-
rino) are only represented by partial dentitions and 
are fully figured by Bisconti et al. (2023a). The recent 
revision of  fossil sperm whale teeth performed by 
Hampe (2006) did not include all the teeth repre-
sented in the Pliocene record of  Piedmont because, 
at the times, only a few of  them were available for 
study. However, these teeth represent evidence of  
sperm whale presence and diversity in the Pliocene 
of  Piedmont.

Unfortunately, both Physotherium sotterii and 
Hoplocetus minor are represented by dental material 
only and cannot be compared to the postcranial 
skeleton of  Eophyseter damarcoi and show enough dif-
ferences to be assigned to different taxa by Hampe 
(2006). 

Additionally, in one of  the skeletons (MGPT-
PU 13868) that was assigned to Berardiopsis pliocae-
nus by Portis (1885), the metapophyses are placed 
at a comparatively high position in the lateral sides 
of  the neural arch differing from those of  ziphiids 
and resembling those of  Physeteridae; this is clearly 
shown in Bisconti et al. (2023a) plate 70b. Vertebral 
size precludes the inclusion of  this skeleton within 
the known sperm whale species, including E. dam-
arcoi. A partial skull was also found in close asso-
ciation with this skeleton but it was never prepared. 
Recently, the skull was CT-scanned and the availabil-
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ity of  the new images will allow its full analysis and 
characterization. As Berardiopsis was discovered in 
the Asti province, it represents further evidence of  
another potential physeteroid taxon in the Pliocene 
of  Piedmont. The full analysis of  all this material 
will require some time and is currently in progress.

Phylogenetic remarks
Our anatomical work shows that the postcra-

nial diversity of  the physeteroid skeletons should 
be taken into account when trying to describe the 
phylogenetic history of  this group. The postcranial 
skeleton shows a wealth of  different morpholo-
gies that may be interpreted in both functional and 
evolutionary terms as they may give insights about 
the evolutionary patterns exhibited by extant and 
fossil sperm whales and the origin of  the adapta-
tions of  extant Physeter to the extreme habitat that 
it exploits. Unfortunately, the postcranial remains 
of  extinct sperm whale species are rare and for 
this reason all previously published phylogenetic 

analyses of  sperm whales relied on the morphol-
ogy of  the skull and ear bones. In any case, the 
use of  cranial characters was not enough to obtain 
well-resolved phylogenetic results; the most recent 
works, indeed, resulted in cladograms in which 
traditionally recognized physeteroids are variously 
subdivided into several branches in an unresolved 
polytomy (Fig. 25). This is observed in the results 
of  Peri et al. (2022), for instance (Fig. 25A). In that 
paper, Rhaphicetus and Acrophyseter+Zygophyseter+Bryg
mophyseter represent two separate clades that emerge 
from an unresolved polytomy including also a large 
crown physeteroid clade that, in turn, comprises 
Livyatan, modern physeterids and kogiids. Interest-
ingly, in that result, Livyatan is the sister group of  
Kogiidae; Physeteridae includes Physeterula+Idioroph
us+Idiophyseter+Aulophyseter and Physeter.

Alfsen et al. (2021) found the group includ-
ing Idiorophus+Idiophyseter+Aulophyseter+Physeter, and 
well-resolved groupings for the other physeteroid 
clades (Fig. 25B). Collareta et al. (2019, 2020) and 

Fig. 25 - Previously published phylo-
genetic hypotheses for 
Physeteroidea relationships. 
A, redrawn from Peri et al. 
(2022). B, redrawn from 
Alfsen et al. (2021). C, re-
drawn from Paolucci et al. 
(2020, traditional search, 
unordered characters, im-
plied weights). D, redrawn 
from Collareta et al. (2020).
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Benites-Palomino et al. (2020) found alternative so-
lutions (Fig. 25D); the results of  the latter suggested 
that Physeter is not closely related to Idiorophus.

The morphological support to the clades in-
dividuated in the previous phylogenetic analyses of  
sperm whales is low; this is shown by the bootstrap 
supporting values published in the papers published 
up to now and in the present work. Interestingly, 
Paolucci et al. (2020) concluded through their analy-
sis that Diaphorocetus sp. was particularly unstable be-
cause of  poor preservation and homoplastic distri-
bution of  character states (Fig. 25C). The instability 
of  taxa across the cladograms is an important prob-
lem for morphology-based phylogenetic analyses of  
sperm whales and probably requires more in-depth 
anatomical analysis of  extant and fossil physeteroids 
to be resolved. 

Our inclusion of  20 new morphological char-
acters to the dataset certainly increases the morpho-
logical sample together with our inclusion of  four 
specimens of  the extant Physeter macrocephalus (in-
creasing both morphological and taxonomic sam-
ples) was able to ameliorate the results. In fact, all 
this new evidence resulted in what is probably the 
strict consensus tree characterized by the highest 
resolution ever published up to now. The present 
results are thus based on both increased taxonomic 
and morphological samples including the usually ne-
glected postcranial skeleton even in the presence of  
some degree of  individual variation.

The functional regionalization of  the verte-
bral column of  Eophyseter damarcoi represents a clear 
example of  such a diversity in that it shows, for the 
first time, that the functional regions of  the vertebral 
column of  an extinct sperm whale exhibit morpho-
metric and morphological differences with respect 
to the extant Physeter macrocephalus. This suggests that 
aspects of  the swimming biomechanics and behav-
ior evolved differently in these two sperm whale 
lineages. Our analyses show that the main vertebral 
differences between Eophyseter damarcoi and Physeter 
macrocephalus are in the relationships between length 
of  the centra and height and width. According to 
Buchholtz (2001 and literature therein), these differ-
ences are related to differences in swimming behav-
ior because long centrum lengths are associated to 
column flexibility. As the relative centrum length val-
ues of  Eophyseter damarcoi are comparatively higher 
than those of  the extant sperm whale specimens, we 
predict a higher flexibility of  the torso in E. damar-

coi. In E. damarcoi we observe that the values of  the 
relative centrum length of  the peduncle and fluke 
approximate those of  the extant sperm whale speci-
mens suggesting similar decrease in column flexibil-
ity. Therefore, we expect that in the swimming of  
Eophyseter damarcoi, most of  the torso was able to ex-
hibit a higher dorsoventral undulation than the mod-
ern P. macrocephalus but in both species the peduncle 
and fluke had very similar functional performances.

These inferred differences highlight unsus-
pected functional diversity in the lineage leading 
to the extant Physeter macrocephalus.  This strongly 
suggests that postcranial skeletons of  fossil sperm 
whales have to be carefully collected and studied in 
order to better understand the evolution of  physe-
teroid diversity, relationships and ecology.

Conclusions

We report the discovery of  a new sperm whale 
genus and species, Eophyseter damarcoi, from the early 
Piacenzian of  Piedmont, northwest Italy. The holo-
type skeleton consists of  a partially articulated ver-
tebral column, ribs, three chevrons and portions of  
both forelimbs. 

Measurements of  the vertebrae revealed that 
Eophyseter damarcoi possessed a vertebral column 
profoundly different from that of  its extant rela-
tive, Physeter macrocephalus; such a vertebral column is 
characterized by more elongated vertebral centra that 
suggest different swimming abilities with respect to 
the extant P. macrocephalus (following the suggestions 
made by Buchholtz, 2001 about the correlation be-
tween height:width:length rations of  vertebral centra 
in extant and extinct cetaceans). The robustness of  
the proximal portions of  the ribs corroborates this 
conclusion because it is related to the expansion of  
the attachment sites for axial musculature active dur-
ing the generation of  the stroke in the swimming 
and shows conspicuous differences with the extant 
sperm whale species. 

Morphologically, Eophyseter damarcoi differs 
from the extant P. macrocephalus in details in the at-
las, axis, scapula, humerus and ulna. In particular, 
the lower robustness of  radius and ulna is a striking 
difference with the extant sperm whale species. Our 
comparative analysis reveals morphological variation 
between the northern and southern populations of  
the extant sperm whales.
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From a phylogenetic point of  view, our re-
sults show that the morphological support for phy-
logenetic relationships among Physeteroidea greatly 
benefits from adding more extended taxonomic and 
morphological samples even in the presence of  a 
certain degree of  individual variation. Our analysis 
resulted in a better resolved strict consensus clado-
gram than those previously published. Our results 
confirm the placement of  Eophyseter damarcoi within 
Physeteridae and the sister group relationship of  
Aulophyseter and Physeter.

Data Availability Statement
The data supporting the results of  this research are available 

upon request. Interested researchers may contact the corresponding 
author to obtain access.
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